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The effectiveness of organic polymers in the treatment of two types of
industrial wastecwaters has been investigated. The experimental study con-
gsisted of initially performing batch jar tests followed by continuous fil-
tration runs with the wastewater-, using the results obtained in the jar tests. .
Six polymers were used in the experiments to determine optlmum type and dosage i
required for effective turbidity removal. Cationic and non-ionic polymers
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‘ proved tu be the most effective in coagulation by the predominant mechar.isms
! ~of charge neutralization and interparticle bridging, respectively. Bentonite

“and . lime werc also used quite effectively as cougulant aids in conjunction o
with the vaprious polymers. '

¢

Two mcthods of feeding the palymer to the fllter were used: 1 - Con-
ventional addition of polymer to the wastewdler in a batch unit for coapula-
tion fellowed by flltration of supernatant, and 2 -Divect addition of polymer
to the filter., The latter process, known as contact codrulation-filtration,
’ was not successiul in the treatment of the wastewater because of its high

1 turbidity. A thick layer of cake at the surface (Formed Ly the larpe flogs )
3 following coagulation) caused an excessive head logs with an early termina- R
é‘ tion of the flltration operation.
[N
E' ) The best method selected for the treatmont of vastewater consisted of
E' ' * the additicn of 100 mg/l Cat Floc cationle polymar and 100 mp/l of powdered
4 bentonite clay to the wastewater in o batch unit and after sedimentation,
3 filtration of the supernatant at a flow rate of N'gpm/ sq ft. This treatment
3 yiclded a hipgh yuality filtrate with a 99.8% rcduction in turbidity.
'
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The filtration runs wera continued for 3 hours during which periodic
samples were taken from the effluent and analyzed for turbidity, net charge,
{ total organic cavkbon (TCC) and pH. The effect of filtration rate on effluent

Canoryi b

quality was alco Investipated, but It was ceen that a change in the rale of
£ flow only affected the head loss pattern of the filter.
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ABSTRACT

The effectiveness of organic polymers in the treat-
ment of two types of industrial wastewaters has been investi-
gated, The experimental study consisted of initially perfor-
ming batch jar tests followed by eontiﬁuoua filtration runs
with the wastewater, using the results obtained in the jar
tests. Six polymers were used in the experiments to determine
optimum type and dosage required for effective turbidity re-
moval, Cationic and non-icnic polymers proved to be the most
effective in coagulation by the predominant mechanisms of
charge neutralization and interparticle bridging, respectively.
Bentonite and lime were also used quite effectively as coagu-
lant aids in conjunction with the various polymers.

Two methods of feeding the polymer to the filter
were used: 1- Conventional addition of polymer to the waste-
water in a batch unit for coagulation followed by filtration
of supernatant, and 2- Direct addition of polymer to the fil-
ter. The latter vnrocess, known as contact coagulation-filtra-
tion, was not successful in the treatment of the wastewater
because of its high turbidity. A cthick layer of cake at the
surface (formed by the large flocs following coagulation)
caused an cxcessive head loss with an early termination of
the filtration operation.

The best method .telected for the treatment of waste-

water consisted of the addition of 100 mg/l Cat Floc cationic
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polymer and 100 mg/l of powderad bentonite clay to *‘he waste-
water in a batch wiit and after sedimentation, iiltsation of
the supernatant at a flow rate of 4 gpm/ sq ft. This treatment
yielded a high quality filtrate with a 99.8% reduction in tur-
bidity.

The filtration runs were continved for 3 hours du-
ring which periodic samples were taken from the effluent and
analyzed for turbidity, net charge, tctal organic carbon (TOC)
and pH., The effect of filtration rate on effluent quality was
also investigated, but it was seen that a change ir the rate

of flow only affected the head loss pattern of the filter.
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PART 1
INTRODUCTION

A fundamental requirement common to mogt industrial
waste treatment processes is solids-liquid separation. The ob-
Jective is to remove the suspended solidé from the wastewater
prior to its discharge or re-use wichin the plant. Most waste
systems contain both colloidal and gross (larger than;colloidal
size) suspended solids in varying proportions. The solids lar-
ger than colloidal size have a settling velocity usually suffi-
cient to assure ultimate settling and can be removed by a con-
ventional sedimentation operation. Those solids in the colloidal
size range (1-100 millimicrons) have an enormous surface-to-
volume ratio. Their behavior in the waste system is therefore
determined largely by the nature of their surface properties
and can remain in suspénsion inﬁefinitely making their removal
quite difficult.,

The most important property of colloid particles is
their electrical charge. The magnitude of the charge may vary
and depends on the natufé of the colloidal material. Many col-
loidal dispersions are dependent upon the electrical charge
for their stability. Similarly charged colloidal particles re-
pel, thus enabling them to stay apart to prevent agglomeration
into larger particles. The electrokinetic properties of colloids
are of great importance in sanitary engineering, as the appli-

cation of these properties is very important in the destruction
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of many forms of colloids. When a charged colloid particle

is immersed in solution, icns of opposite charge arrange
themselves in a layer around the purticle. Berause of the
attraction of these counter-ions to the surface, a concen-
tration gradient is established and diffusion of counter ions
takes place between the surface of the particle and the bulk
of the solution. The two competing forces, electrostatic
attraction and diffusion, distribute the charge over a second
diffuse layer. The boundary surface between the fixed ion
layer and the solution serves as a shear plane when the par-
ticle undergoes movement relative to the solution. The stabi-
lity of the colleoid is generally a function of the zeta poten-
tial, iy, which is defined as the magnitude of charge at the
surface of the shear plane.

Presently, electrophoretic mobility studies are
being used to determine the charge characteristics of colloi-
dal particles., In this method, the zeta potential is calcu-
lated from the migration velocity of the colloidal particles
determined by a special instrument. The zeta potential is
defined by the equation,
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where n solvent viscosity
V = measured velocity of the charged particle
D = dielectric constant

E = electric field strength
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Many types of colloidal particles can be found in naturally
turbid waters and the migration speea of a significant frac-
tion of these particles cannot be measured easily. In this
sense, accurate electrophoretic mobility measurements are
difficult to carry out. In this research, the application of
the colloid titration technique is use¢d1 to determine colloidal
charge. This method yields data similar to the electrophoretic
mobility measursments. The method is simple and easy to carry
out without the need for speclalized equipment and can be used
as an alternative to electrophoretic mobility measurements. A
more (.tailed discussion of the method iz presented in Part 4
of this report.

It is obvious that the magnitude of the charge on a
colloidal particle plays the most important role in its stabi-
lity. The object of coagulation then is to reduce the charge
and éestabilize the system to provide particle agglomeration.
Coagulation of colloids can be carried out in a number of ways.
The most common are the addition of potential determining ions,
the addition of chemicals that form hydrolyzed metal ions and
the addition of long-chained organic molecules (polymers) to
the colloid system. The common objective of these methods is
to destabilize the system in a way to promote the coagulation
and flocculation of colloid particles.

The use of polyelectrolytes for destabilization of
colloidal suspensions is perhaps the most significant recent

develcpment in water treatment technology. Their use has
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become increasingly important because hoth ladoratory and
plant work have demonstrated the!r effectiveness when used

in low concentrations. Polymers may be natural or synthetic.
{mportant natural polymers are of biological origin and are
derived from gtarch products and cellulose derivatives. The
other class consists of synthetic, long-chained high molecu-
lar weight organic substances. Depending on whether their
charge when placed in weter is negative, positive, or neutral,
these polymers are classified es anionic, cationic, or non=-
ionic, respectively.

Polyelectrolytes are being used in two main cate-
gories in filtration operations. In the first category, poly-
electrolytes are applled as primery ccagulants neutralizing
the charge of the particles to promotle coagulation. During
the flocculation stage, the organic polymers also act to
bridge the particles and aggregates togetlher to form much

‘larger flocs which can easily be removed by sedimentation and
filtration. The action of polyelectrolytes‘are similar to the
hydrolyzing inorganic coagulants. However, due to the very
long polymer lengths and the number of charged sites along
the polymer chains, the organic polymers are much more effec-
tive both for neutralizing particle charges and for bridging
than the inorganic alum and iron salts. Another advantage of
using organic polymers in the conventional clarification pro-
cess is the considerable reduction in both the weight and the

volume of the settled sludge. Non-ionic and anionic polymers
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do not neutralize particle charges themselves since in most

wastewater nystems the suspended colloid particles are nega-

tively charged, but improve the bridging action of the primary

coagulation. Since non-ionic and anionic polymers have much

larger molecules and lon~zr chaln lengths than either inorganic

or organic cationic polymers, they are the most effective

bridgers or flocculators. Moreover, when the suspended particles

are very concentrated or large in size, the particle charge
becomes much less important so that a non-ionic or anionic
polymer may cause coagulation without neutralizing particle
charges. This phenomecnon is encountered more frequently ia
waste treatment than in water treuiment.

In the second category, polyelectrolytes are being
used as filter alids in wastewater treatment. In this process,
called contact coagulation-filtration, the wastewater is
pumpéd directly to the filters and the polymer is introduced
prior to entering the filter. This process has gained popu-
larity recently to clarify low turbidity waters since it has
the advantage of omitting the sedimentation and flocculation
units. The organic polymers as filter aids provide tougher
floecs which resist shear, resulting in better turbidity re-
moval and longer filter runs even at high rates of flow. In
some cases the filter media can be "preconditioned" with an
organic polymer so that removal of turbidity, algae and bac-
teria can be obtained for a considerable length of time even

though no polymer is added to the water during filtration.
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The use of polyelectrolytes ss filter alds has been
made possible with the design of the dual or multi-media fil-
ters which provide deeper penetration of the floc into the bed
without causing excessive head loss. When a filter composed
of a single type of granular medium ir used, during backwashing
the medium will grade hydraulically, with the finest particles
rigsing to the top of the bed. As a result, most of the material
will be removed very near the surface of the bed. Only a small
fraction of the total voids in the ted have been used to store
particulates and the head loss increases very rapidly at high
filter rates or high solids loadings. 1t is very typical for
75-90% of thu head loss to occur in tha upper inch of recpid
sand beds. It can be seen that the limitations of the single
media rapid sand filter result from its behavior as a surface
filtration devica. In oxder tec increase the effictive filter
depth, dual media (a layer of coarse coal above a layer of
fine sand) is being usaed. In this way, the storage capacity
and the efriciency of vremoval with depth of the filter is in-
creased, This also makes it possible for higher rates than the
once conventional maximum rate of 2 gpm/sq ft to be used, but
the selection of lhe filter rate depends on the characteristics
of the raw water and the type of pretreatment.

The ohjectives of this research were to investigate
several treatment mcthods and their effectiveness on two spe-
cific wastewaters: 1- synthetic wastewater and 2- actual waste-
water (cellulose nitrate) in the presence of organic polyelec-

trolytes. The objective was to select the best type of treatment
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for the wastewater. The following factors were investigated

throughout the researchi

i
%
E
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1- The type of polymer (cationic, anionic, non=ionic)
? that provided efficient turbidity removal for a
‘ given wastewater,
é 2- The cptimum dosage of polymer to be used in the ;
7 treatment. i
é - 3- The point of addition of polymer to the treatment
- gystem as follows:t :

a- Conventional process- Addi .on of polymer,

then coagulation, flocculation, sedimentation é

E» in a batch unit, followed by filtration of
” supernatant. 1
b- Direct addition to the filter, ]

4- Effects of filtration rate on the removal efficiency

of the systeum.

5- The use of possible cnagulant aids such as bentonite

clay or lime in conjunetion with the various polymers. j
6- Effects of treating colloidal wastewater by powdered
carbon udsorption and by high-lime preecipitation

with and without polymers.
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To achieve these objectives, batch jar tests and con-

tinuous filtratien runs were carried out in the lahoratory under

varyine controlled operating conditions. The system efficiency é
was evaluated by carrying out analyses to determine various

physical and chemical variables.
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PART 2
THEORETICAL CONSIDERATIONS

2.1 Bagic Concepta of Colleld Chamistry

A colloideal sysiem is a two-phase system in which
one of the phases is dispersed in the other in the form of
firely divided particles or droplets. Various types of dis-
perse systems are known depending on whether the physical
rature of the two phases are solid, liquid, or gascous. Colloid
particles normally range in gize from 1 to 100 millimicrons
and are not visidble even with the ald of an ordinary high-
powered mlicroscope. Because colloidal particles are so smull,
their surface area in relation to mass is very great, As a

~8ult of this large area, curface phenomena predominate and
control the dbehavior of colloidal suspencions.

There are tvwo general types of colloidal solid par-
ticle dispersions in liquids. When wiater is the solvent, these
are called the hydrophobic or "water-hating" and the hydrophilic
or "water-loving" colloids. In terms of stability, colleidal
systems are again divided into two groups. Thermodynamically
stable colloidal systems have been named reversible; thermo-
dynamically unstable collids are termed irreversidle (33).
Examplies of reversible colloids include scap and detergent
micelles, proteins, and starches; examples of irreversible
systems include clays, metal oxides and microorganisms. In
water and wastewater treatment, coagulation is concerned pri-

marily with the aggregation of thermodynamically unstable
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(irreversidle) collolda.

All colloidul p&rticlcn are electrically charged.
The cherge varies consideradbly in i{ts magnitude with the
nature of the colloidal material and may be positive or ne-
gative. The sign and magnitude of the primary charge is also
affected dy pH and ionic content of the aqeous phase. Surface
charge develcps mostly through preferential adsorption and
ionigation dut regardless of how it is developed, thin stadbi-
lity must be overcome .f these particles are to be aggregated
into larger particles with enough mass tc settle easily.

Colloidal particles are bomharded by molecules of
the dispersion medium, and because of their small mass, they
move in a random manner under the impact of the bembardment.
This is known as Brownian movement.

Because collioidal particles have dimentions greater
than the average wavelength ol white light, they interferec
with the passage of light. As a result, a beam of light
passing through a colloidal suspension is visible to an obser-
ver at right angles to the beam of light. This phenomenon is

known as the Tyndall effect,

2.2 Congulation Theory

In the field of colloid scien::, two different
theorics have been presented (29) to explain the basic mecha-
nisms involved in the stability of colloid systems. The first

theory is the chemical theory which assumes that colloids are
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aggregates of definite chemical structural units and emphasitzes
specific chemical interactions between the coagulant and the
col)loids., According to this theory, the coagulation of colloids
is the result of a precipitation of insoluble complexes that

are formed by specific chemical interactions., The second theory-

the physical or double-layer theory~ emphaslzes the importance
of the electrical doudble layers surrounding the colloidal par-
ticles in the solutions and the effecta of counter-ion adsorp-
tion and reta-potential reduction in the destabilization of
colloidn) systems. Thls theory has replaced the older chemical
theory and is presented in more detail below. A very recent
chemical vridging model has nlso he=n proposed as a mechanism
in coagulation in the presence of organic polyclectrolytes,

This model will Le discussed in Section 2.3,

2.2.1 Electrical Double=~Tayer Theory

The stability of hydrophobic colloids depends on the
electricnl charge of the particles. Since a colloidal disper-
sion (the solid and aqeous phases together) does not have a
net electrical charge, the primary charge on the particles must
be counterbalanced in the aqeous phase. This can be described
with the nid of Figure 2.1 (34,17).

When a particle is immersed in ageous solution, it
can develop a surface charge by adsorbing ions denoted as po-
tential determining ions on to its surface. As a result of this
surface charge, ions of the opposite charge will be attached

to the surface while those of the same sign will be repelled.
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Figure 2.1

Electrical Double-Layer of a Colloid Particle
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These are known as counter lons and are held there through
electrostatic and van der Waals forces. This layer is known
as the Stern. layer and is of the order of hundreds of angs-
troms thick which depends on the ionic strength of the solu-
tion. The thickness of this layer is such that it contains a
sufficient number of counter ions to neutralize the surface
charge to preserve electrical neutrality.

Due to the attraction of counter-ions to the sur-
face of the particle, a concentration gradient is formed and
there is a diffusion of ions from the surface of the particle
toward the bulk of the solution where their concentration is
lower. These two competing forces (diffusion and electrostatic
attracticn) spread the charge over a diffuse layer, within
which the excess concentration of counter-ions is highest
ad jacent to the surfacg of the particle and decreases gradually
withiincreasing distance from the solid-liquid interface. The
overall potential drop between the surface of the particle and
the bulk of the solution is the Nernst potential. The potential
drop in that part of the diffuse layer between the plane of
shear- separating the water bound to the particle from the
free water- and the bulk of the solution is called the "Zeta

Potential".

2.2.2 Colloid Interactions

When two colloidal particles having the same sign

of charge approach each other, the poséibility of their coa-
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gﬁlation will depend on the difference in their resultant

interaction energy and kinetic energy. The interactions are

caused by the electrostatic forces which are repulsive for

EQ like charged surfaces and attractive for unlike charged sur-
faces and the London-van der Waals attraction due to the di-

pole moments of the materials. These forces operate indepen-

dently of each other so that their effects are additive. The

'.ﬁﬁ'ﬁ"mf.h TR

general form of the potential energy of the particle inter- 3

.n‘t,.i. F

action for two like charged surfaces is shown in Figure 2.2

(34,2).

i I.;"" :!' W

When two similar colloidal particles approach each

DRI AV 5 JERHEVE SOOI I P AP AN

other their diffuse layers begin to interact. This electro-
static interaction between particles of similar charge pro-
duces a fepulsive force. A repulsive potential energy, Vi,
arises which increases‘in magn;tude as the distance separating
the particles is decreésed. There are also the attractive
forces that decrease with increasing distance separating the j

particles which produces the attractive potential energy,V,.

The net interaction energy (V. + V,) can be determined by

summing the repulsive and attractive ene._ s of interaction.

A

This net repulsion can be considered as an activation energy

barrier which must be overcome for particle aggregation to

§
;
4
3
1

occur. As long as the zeta potential is great enough to pro-

e T

duce repulsive forces in excess of the van der Waals force,
the particles cannot aggregate. The objective of chemical

coagulation is to reduce the magnitude of the zeta potential
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Figure 2.2

Potential Energy of Interaction of Colloidal Particles
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so that repulsive forces hetween particles are less than the
van der Waals forces of attraction. Then coalescence of colloi-

dal particles will occur, and coagulation can be accomplished.

2.3 Degtabilization of Colloids
Particle charge reduction and &estruction of hydro-
phobic colloids may be accomplished in the following ways (27):
1- Boiling
2- Freezing
3- Addition of potential determining ions (which
will be taken up by or will react with the colloid
surface to lessen the surface charge)
4- Addition of chemicals that form hydrolyzed metal
ione
5- Addition of long-chained organic molecules(wolymers).
Boiling of a hydrophobic colloidal suspension often
results in ccagulation of the colloidal particles. This action
is not usually attributed to a reduction in the zeta potential
but rather to modification in the degree of hydration of the
particles, or sometimes to increased kinetic velocities which
increases zeta potential requirements to maintain stability.
However, boiling is considered to be too expensive for general
industrial application.
Freezing is another method for coagulation of col-
loids. During freezing, due to crystal formation of pure

water, the colleidal materials are forced into a ccncentrated
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state. In this way, the zeta potential required to maintain
stabllity increases and at the same time, the concentration
of electrolytes lncreases therefore decereasing the zeta po-
tential., Tha combined effect is the coagulation of the colloid.

The addition of potential-determining ilons will ‘
cause them to be taken ﬁp and reacted with the colloid sur-
face to lessen the surface charge. An example for this is
the .ddition of strong acids or bases to reduce the charge of
metal oxides or hydroxides to near zero, so that coagulation
can occur. The addition of electrolytes will reduce the thick—
ness of the diffuse electric layer and thereby reduce the zeta
potential.

The trivalent salts of iron and aluminum used in
coagula. "n of water act in several ways. When added to water,
these salts ionize to yield trivalent metallic ions, the amount
depénding ¢+ the pH of the water. Some of the trivalent ions
neutraliyx “he charge on the colloidal particles but the ma-
jority of the trivalent ions form colloidal metallic hydroxides
which carry a positive charge. The positive hydrolyzed metal
ions are more than sufficient to neufralize the negative charged
colloidal particles and the excess remaiiaing is neutralized
by the negative ion of the metallic salt. This is a fairly
complex process and will not be considered in detail here.

For a more complete review on the chemistry of the process,

articles by Stumm and Morgan (29) and Stumm and O'Melia (30)

are recommended.
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Within the last decade, synthetic organic polymers

have gained extensive use as destabilizing agents in the treat- .
F* ment of water and wastewater. Although the actlon of the
various polyelectrolytes is quite different, the reason for

their use is the same- to improve the removal characteristics

s

of suspended solids. The action of polyelectrolytes as applied

Lo

i O ot gt
il

to the filtration of wastewater may be dividgq into two gene-

ral categories.

e t Ll

In the first category, polyelectrolytes act as coa-
3 gulants neutralizing the charge of the wastewater particles.

Used in this application, polyelectrolytes are considered to

T T T

i be primary coagulants. In principle, once the particle charge

has been neutralized, the particles can be flocculated and

T
=

removed either by settling or filtration or flotation. When

polymers are added to the wastewater directly prior to its
entr& into the filter bed, the upper portions of the filter
bed will act as a flocculation basin. By controlling the point

of injection, the degree of bed penetration can be varied.

Interparticle bridging is the second mode of action
S of polyelectrolytes in the application to filtration. Ruehrwein

and Ward (26) were the first investigators to propose a polymer-

o el A

- bridging mechanism for the flocculation of highly concentrated

g
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clay suspensions. The bridging theory postulates that the
polymer molecules attach themselves to the surface of the sus-
pended particles at one or more adsorption site, and that part

of the chain extends out into the bulk of the solution. When

)
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iii these extended chain segments make contact wlth vacant adsorp-

-
ST NI

tion sites on other suspended particles, bridges are formed. ‘ f

The particles are bound into small packets that can grow in

N FEUITN T

size limited only by the shear gradient imposed by the degree
E of agitation.

If there is excess polymer in solution, then all
the adsorption sites on the particles can be taken up by in-

oo ot T e p

dividual molecules and interparticle bridging will be proht.
bited because stabilization of the colloid will occur due to 3

i the protective adsorbed layer of polymer. This can be under-

stood by the fact that as the concentration increases, more
of the available adsorption sites are taken. In order to pro-
mote attachment of a suspension particle to a bed particle
there must be sufficient free sites on the colloid particle :
gsurface sc that the free end of a polymer chain attached to

the éurface of the bed particle can alsoc hecome attached to

the colloid particle. Initially, increasing the polymer con-

centration promotes the bridging mechanism but when this con-
centration is too high, adsorption sites are no longer avai-
lable on either surface ol the bed or colloid particles,

Figure 2.3 shows a schematic representation of

§ the bridging model for the destabilization of colloids by ¢

polymers. At low polymer concenirations, a large portion of

the surface area of each colloidal particle remains exposed,

%[5 and a given polymer chain can be adsorbed on two or more
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Figure 2.3
Bridging Model for the Destabilization of Colloids

by Polymers
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particles (Figure 2.3a and b)., Thus, polymer “bridges" are
formed which tend to draw the colloidal prarticlea together
sufficlently close for the van der Wanls attraction between
them to become dominant. At higher polymer concentrations,
however, each individunl colloidal particle becomes covered
with polymer chains, and the resultant coatings prevent mu-
tual approach to sufficiently small distances for coagulation
to occur (Figure 2.3c and d). In short it can be saild that
for a given system there ls o polymer concentration at which
the flocculation efficiency ls optimum., Below this concen-
tration, there is insufficient polymer to form bridges,
whareas above it the polymer chains coat the particles pro-
tectively and floec formation is inhibited,

La Mer and Healey (135) have emphesized that the
bridging mechanism i more important in forming the flocs
than electric-charse effectis, for they find that negatively
charged polyelectrolytes can be effective in flocculating
even negatively charged colloids. They also state that the
ageregcating action of anionic or non-ionic polyelectrolytes
is caused by adsorption (via ester formation or hydrogen
bonding) of hydroxyl or amide groups on the solid surfaces
with each polyrner chain forming bdbridges between more than
one particle.

The effects of polyelectrolytes as filter aids
can be seen in Figure 2.4 (4). Figure 2.4.a illuntrates the

results of a weak floc which penetrates the filter and causes

20
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Figure 2.4
Effects of Pogmers as Filtration Alds
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termination of the run due to excessive effluent turbidity.
If the polymer dose is too high, then the floc is too strong
to penetrate through the filter causing a rapidly develo-
ping head loss in the upper portion of the filter and the
filter run is stopped due to excessive head loss. The opti-
mum polymer dose will cause the terminal head loss to be
reached at the same time there is an initial increase in the
filter 2ffluent turbidity as can be seen in Figure 2:4.c.
The stabilizing and destabilizing factors influen-
cing coagulation and flocculation of colloids and the cha-
racteristics of the two particle destabilization theories
discussed in this section are shown respectively in Tables

2.1 (11) and 2.2 (17).

2.4 Mechaniems and Mathematical Models of Filtration

i

Although water filtration is among the most widely
used and extensively investigated process in the field of
sanitary engineering, a clear understanding of the mechanismsg
by which particle removal takes place is not yet available
and pilot testing has still remained necessary as a basis
for filter design.

The basic thcories in filtration can be classified
as physical and chemical. Physical filtration theories con-
sider the physical characieristics of the filter bed, its
method of operation and the suspension under treatment. These

theories deal mostly with media size, filtration rate and

22
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Table 2.1

Factors Influencing Coagulation _and Flocculation

Stabilizing Factors

1- Electric double layer

repulsion

2- Srort range hydration
repulsion (caused by

adsorption of solvent)

3- Protective colloids
(adsorption of a protective

layer on the particles)

Destabilizing Factors

1- Reduction of zeta potential
to a critical value where
attractive forces are

predominant

2- Bridging »f particles with
the proper flocculant
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water temperature. Theories which consider the chemical charac- _ é
[ teristics of the aqeous phase and the surface characteristics .. § }
of the suspended particles and the filter media are called % ;
chemical filtration theories. j Z
2.4.1 Phygical Filtration Theories f ]
}f The investigations of Ives (11) represent the best | 2
available in the field of water filtration theory. He begins :
é} with two equations suggested by Iwasaki (13) in 1937: é
NI 1
§§ T ﬁ (1) :
.{ % T ;e @
!
where C = volumetric concentration of material entering ; é
a unit | E
L = filter depth §
A = coefficient of probortionality (Tfilter coefficient) 2
35 t = filtration time E
: ¢ = volume of suspended material retained per unit S
§ of filter volume 3
€ = porosity of deposited material §
v = superficial filtration velocity :
Equation 1 states that the removal of suspended §
;f particles is proportional to the concentration of particles %
x: present in the water. Equation 2 is based upon a mass balance ?
Sg and states that the volume of material accumulated in the fil-

Ly ter equals the volume removed from suspension. This assumes
ii ‘ ‘
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that the density and porosity of the deposited material do
not change during the course of a filtration run, and biologic ..
and chemical reactions do not cause soluble materials to either
accunmulate in the deposits or be released from them.

The filter coefficient ( A) varies with time and
depth in the filter and is a function of the specific deposit
(9). Ives has developed a general relationship between X and
¢ based on the hypothesis that the filter coefficient is a
function of the changing specific filter surface (surface arca
per unit filter volume) available for deposition and the in-

creasing interstitial velocity. He proposed that:

A= Ao + Co - $o? (3)
(e-0)

where A, »C and ¢ are filter coefficient constants and e is
the initid filter bed vorosity. Equation 3 is an empirical
expression which describes the variation of the filter coeffi-
cient with the specific deposit.

Substitution of Equation 3 in Equation 1 yields:

C . 2

X rw-Ec (4)
Equations 2 and 4 describe the changes in filtrate quality
with depth and time. Equation 4 can only be solved incremen-
tally using a digital compu*ter, but the constants in the

equation must first be evaluated empirically which introduces




& number of difficulties. One of the difficulties is that the

specific deposit must be expressed in units of volume per unit
filter volume. However, water quality at any depth is usually ,
measured in units of mg/l or in turbidity units. The relation

- between these units and the desired specific deposit units is

;IJ difficult to obtain. %
Fox and Cleasby (6) pointi out some of the difficulties |
t’ and deficienclies of the Ives' filtration model. They state that , E
| the assumptions made in deriving the model were too general .
i {i and oversimplifying. These assumptions aret | i
i} ' 1- The suspended material is & homogeneous, discrete,

unisize flnc which is more dense than the fluid
and about two orders of magnitude smaller than the
filter pores.

2- The filter medium is granular, homogeneous and
unisize.

3- The fluid is in laminar flow. L

. 3} The Ives' filtration equation was developed using the experi-

mental results obtained in the filtration of algae. The authors i

{ state that this equation cannot be extended to a floc such as
? hydrous ferric oxide floc since it is not of uniform size and
| has low density. In general, it seems that, because so many
variables affect the removal of solids in sand filters, all of
. them cannot be included and correlated in one filtration equa- §
1!! tion.

é {! Ives has also shown that rate of head loss development
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in the filter is a function of specific deposit. The well

known Carmen-Kozeny equation for head loss through porous

media is as follows:

where hf

Nee

"

v
L l-€ s
h = £ ——— — 5
£ (3:1);) ( = )(gc) | (5)
£ =150 1€+ 1,75
N (6)

frictional head loss across bed, (ft)(lb force)/
(1b mass)

depth of bed,ft

particle shape factor, diménsionless

particle diameter,ft

hed porosity, dimensionless

superficigl velocity, ft/sec

Newton's Law conversion factor, (ft)(1lb mass)/
(1v force)(sec?) |

Reynold's Number, dimensionless

Beginning with this .quat. , Ives developed the following

expression for the rate of head loss development in the filter:

sh sh
e ) ©

where k is a head loss constant. Thus the head loss can be

approximated by the initial head loss (determined from the

Carmen-Kozeny equation) plus a constant times the specific
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deposit. Ives reported that integration of thls equation through !
the full filter depth, when the filter concentration is small
(less than 5%) of the influent concentration, leads to a linear
head loss versus time curve.

In order to use the equation developed by Ives, it is
necessary to determine experimentally the set of five coefficients
(A2C8, kie ) for each filter bed, flow rate and pretreatment
condition to be used. Ives and Sholji (12) have investigated
the effects of certain physical filtration variables on the
filter coefficient and have reported that for the particulate
suspension used, the filter coefficient»is inversely propor-
tional to the filtration rate, the filter grain size and the

square of the viscosity of water.

2.4.2 Chemical Filtration Theorieg

~ In recent yeérs some investigators have directed
attention to the effects of chemical parameters on the fil-
tration process. To some extent these investigations have ﬂ é
been motivated by the inability of physical theories to ex- ;
plain observed filtration data or to predict filter perfor- ‘
mance,

0'Melia (22) and Yao (35), et al. have developed ; ;

models of filtration focusing on thé basic mechanisms in- |
volved in suspended solids removal. They state that until now
only the physical phenomena were considered in design. The

important role of electrochemical phenomena in filtration
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and the similarities between it and coagulation are now being
realised. Electrokinetic and chemical phenomena are important
in filtration because it has been observed that the surface
charge of the bed and the particles are significant factors

in determining and controlling the removal efficlency of the
filter. Efficient filtration is a physical-chemical process in-
volving particle destabilization and particle transport similar
to the mechanisms of coagulation. Good coagulants are also
efficient filter aids and the processes of coagulation and fil
tration are inseparable, therefore interrelationships must be
considered for best treatment results.

The removal of suspended solids by a granular filter
is very complex. Removal of solids by the filter may be pri-
marily at the bed's surface by the formation of a cake of re-
moved solids and is accomplished by a simple mechanical strai-
ning[mechanism. Removal efficiency should improve with time,
but due to the cake's compressibility, an exponential head loss
development is observed.

More commonly, however, removal of suspended solids
takes place within the filter bed (depth filtration). Efficiency
during depth removal depends on a number of mechanisms. Some
solids are removed by interstitial straining. Removal of other
solids, particularly the smaller solids, depends on other me-
chanisms outlined below., 0'Melia and Stumm (22) present a fil-
tration model by considering that suspended particle removal

within a filter bed involves two separate steps:
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i- Transport of the suspended particles to the filter

! surface,
2- Attachment of the particles to the filter media.

ol Wbt sl 22 1t

Perticle transport is a physical-hydraullc process consisting
of phenomena such as straining, sodimontafion. inecrtial im- E §
pingement, intercepition and Brownian diffusion whereas particle é }
attachment is basically an electrochemical process influenced |
! by both physical and chemical parameters. Both of these steps
are rate controlling in water filtration but the predominance
of one over the other is dependent on the size of the particles o
being filtered. For large particles (diameter> 30u ), the physical .
phenomena control the rate of filtration while for smaller par-
ticles (diameter < 1lu) the chemical effects are rate controlling.
For intermediate particle sizes (3u - 30u ) both mechanisms are
I important. : '
Figure 2.5 (35) shows the basic transport mechanisms
in water filtration. The c¢5llector iq\g;single particle of fil-
ter media. The main flow directi&n is'khat of the gravitational

force. A suspended partiéle following a streamline of the flow
may come in contact with the collector by virtue of its own
gize (case.A)g this transport process is interception. If the
density of the suspended particle ié greater than that of wa-
ter, the particle will follsw a trajectory due to the influence

of the gravitational field (case B); this process is sedimen-

b _ tation. Finally, a particle in suspension is subject to random

bombardment By molecules of the suspending medium resulting in

-
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Brownian movement of the particle; this mass transpoirt ls
called diffusion (case C). Transport mechanisms are also af-
fected by physical characteristics such as media size, fil-
tration rate and fluid temperature.

As the particle approaches the surface of tha me-
dium or previounly deposited solids on the medium, an attach-
ment mechanism 18 required to retain the particle. Particle
attachment, like particle transport, can be accomplished by
a number of different mechanisms. The attachment mechanism
may involve electrostatic interactions, chemical bridging,
or specific adsorption., all of which are affected by the
coagulants applied in the pretreatment and by the chemical
characteristics of the water and the filter medium.

In actual filtration practice, removal results
from a combination of these mechanisms. As a filter run prog-
ressés. the dominant transport and attachment mechanisms may
change, causing unusual and different patterns of effluent
quality and head loss behavior.

O'Melia and Yao, et al.(22,35) developed their model
by trying to show the similarities between coagulation and
filtration processes. In coagulation, the overall rate of
aggregation is evaluated by determining the rate at which col-
lisions occur between particles by fluid motion (orthokinetic
flocculation) and by Brownian diffusion (perikinetic floccu-
lation), multiplied by a "collision efficiency factor". It

b))

is stated that a similar approach should be used in estadblishing
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_,a model‘for filtratlan processes. In both processes, the par-
fQ?jg; -tlcles to be removed are destablllzed and must be transported
o  1;:50 that contacts can occur. In water filtration transport models
are belng derlved which are based on models developed by inves-
ftlgatorSfln air filtration (8). These models predict that sus-
f“ﬁi fpended partlcles larger than about 1 micron are transported to
" the filter media by settling and interception and smaller par-
- ticles are transported by Brownian diffusion.
| The model is stated in terms of a single collector :
efficiency, Ner defined as the rété at which particles strike
the collector divided by the rate at which particles flow toward

§ the. collector:

: a rate at whict particies strike the collector 8
= . e © Th? (8)
. - Vol T )

B2
r——

3
f= g
o
H
.
<
n

o velocity of particles

Ul L e Eeep 57 S i L

)
li

o = concentration of particles

i
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Separate equations for each trahsport mechanism have been

developed. For diffusion:

}

g.; (nc)D = 4.04 Pe | B 9) ;
g where Pe = Peclet number G%%@ ' dc = collector diameter i
P |

'UU
n

: particle diffusivity

A
UG

<
i

~velocity of particle
?LE at an infinite distance

?[[ _ from the collector
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3 For interception: [
¢ d S
| .3 2 L
(hJp = 7 (35) (20) b
| o
: where dp = particle diameter. :
For sedimentation (based on Stoke's Law): . E 3
b 2
(o =) 8 4, ro
! f N T an o
g{i where P = mass density of solid particle j
éAl ‘ ‘ Py = mass density of the liquid :
,; ¥ = viscosity of the liquid i
: The overall single collector efficiency is’approximated by the ]
? sum of the individual expressions: 3
‘f’(‘ i
L | | ne = (¢ )p* (M *+ (g (12)
gl% This expression can be substituted into Iwasaki's Equation 1 3
: ]
Tg with modifications as follows: ;
j
L __3 - :
P -7 (& me a3 |
I8 [ :
‘E i
i where n = collision efficiency factlor ;
} = number of contacts which succeed in broducing asdhesion %
I; no. of collisions which occur between rarticle and media g
t} = 1.0 in completely destabilized system. ;
STLY A S e 2
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Integration of Equation 13 leads to: » ;
C 3 L :
= - 5 (1-e)ny - 4
mro- z cd :
o 3 L
C'Coxe@[-f(l-&:)nncaz ;
Yao gt al. (35) concluded that the conventional deep i

granular filters provide ample contact oppurtunities for re-

3 moval of all particles which are applied to them. If filters

are not producing efficient removal of suspended solids, the

chemical pretreatmeit should be changed to alter the collision

efficiency factor.
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PART 3
LITERATURE REVIEW §

Intil recent years, the principal application of
filfration has been in the area of surface and ground water
treatment for municipal use therefore most of the information
in the literature on the design and operation of granular
multi-media filters has been hased on experiences in potable
water filtration. With the current trend of higher quality
standards for wastewater effluents, granular filtration is
becoming increasingly more important as a tertiary wastewater
treatment operation. The continued use of granular filters
for wastewater applications led to the development of new
pretreatment methods, an important one being the use of syn-
thetic organic polyelectrolytes as primary coagulants,coagu-
lant aids and as [ilter aids. While significant advances have
been'reported. investigations are continuing in order to

achieve further improvement in filter operation.

3.1 Early History

The first water filters used were the small sand
beds constructed in 1804 by John Gibb in Paisley, Scotland
and the large sand beds built by James Simpson in 1828 in
London, Englund (5). These filters.were operated at low flow
rates of 0.04 to 0.12 gallons per minute per square foot(gpm/
8q ft). The first filter of this kind introduced in the
United States was in 1872 by James P. Kirkwood on the Hudson

37
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River in Poughkeepsie, N.Y., These filters were not generally

successful on American waters due to their relatlvely higher

.!_é
3
1
]
q
2
1
i

turbidity and this ied to the development of coagulation and

sedimentation operations preceding rapid sand filtraticn ( 1
to 4 gpm/sq ft).

Slow and rapid sand filters differ not only in the
. rate of flow of water through the sand bed but also in design,
construction and operation. Aside from their low hydraulic

@ “ loading, some of the distinguishing features of slow sand : %

. filters are the small effective size and large coefficient of .

nonuniformity of the grains and the unstratified grain size

—
_ JUUS—.
L.,

distribution of the sand in the filter bed. The penetration
of suspended matter is very superficial compared with the

rapid sand filter causirg surface removal of wastewater sus-
pended solids by mechanical straining within several inches

of the top layer of the bed. The length of runs are usually

?1 30-40 days compared with 24-36 hr for a rapid sand filter.

Regeneration of the filter bed is also carried out differently

for the twn types of filters. The slow sand filter is cleaned

by scraping and removing from the filter an inch or two of
E : sand from the surface of the bed. The sand is washed and either
placed back on the bed immediately or put in the storage bins

and replaced after several scrapings and cleanings have accu-

m ] e b it L S G + iR 1 ek 10 3 Lm0 ik a5 4 el R Tt el Bt 2T ML) e e 1 akidh b o S

mulated. Because rapid sand filters operate at many times

]

the rate of slow sand filters, they need to be cleaned many

L

times as often. The filter units are washad from below with
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EF} previously filtered water, which by fluidizing the bed,dis-

E\-U lodges and removes the suspended matter trapped in the sand.

I‘ After the bed has been washed clean, it settles back into

L place. This rlso causes a stratification of the bed. The

£ amount of »: - waver used in cleaning is 0.2 to 0.6% of

3 filteir? water for a slow sand filter and &4 to 6 % of filtered

Ei} water for a rapid sand filter.

z The first sizable, municipal, rapid filter-plant

gj was designed by George W, Fuller for Little Falls,N.J.in

L] 1909. Although the high rates of flow and the backwashing
operation complicate the hydraulic design, rapid sand filters

X have almost totally replaced slow filters in North American
practice. This is explained by their convenience in size,
adaptability to changing raw-water quality, and over-all

economy of construction and operation under North American

conditions.

3.2 Wagtewater Applications

In advanced wastewater treatment, granular filters

are being used for the removal of:

]

1- the biological floc from settled secondary

EES o

treatment plant effluent,

2- the precipitates resulting from alum, iron or

- AR

lime precipitation of phosphates,
3- solids remaining after the chemical coagulation

{
L} of wastewaters in physical-chemical waste

" treatment operation.
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As an example of the first type of wastewater
application astated above, Tchobanoglous (32) has investi-
gated the filtration of an effluent from an activated
sludge treatment plant with and without chemical additions.
The chemicals us=ed were two different cationic polyelectro-
lytes which we.e added as primary coagulants to the set+led
effluent. He concluded that the effluent flltration without
the addition of chemicals is relatively ineffective in terms
of turbidity removal and is primarily a function of the
grain sige of the filter material. For a filtration rate of
5 gom/sq ft, the removal efficiency varies from 158 for a
sand size of 1.0 mm to 40% for a sand size of 0.5 mm. These
values represent the removal at 1 inch below the top of the
sand and are independent of time. He has reported that other
factors which influencg the removal efficiency are the rate
of filtration and the characteristics of the settled effluent.
However, it is indicated that sand size has a more pronounced
effect on removal efficiency than the rate of filtration. For
a sand size of 0.68 mm, the removal efficiencies at 1 inch
below the top of the filter media are 23% and 18% for corres-
ponding flow rates of 2 gpm/sq ft and 10 gpm/sq ft, respec-
tively. Among the lmportant characteristics of the settled
effluent stated that affect removal efficiency are the sus-
pended aolidé concentration, particle size distribution and

surface charge.
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It was observed that the efficlency of the filtra-

tion can be controlled effectively by the quantity and type
of polyelectrolyte added to the settled effluent. The effects
of ddding a cationic polyelectrolyte to wastewater effluent
were evaluated using dual mediu.- Fi;ter beds which consisted

of an anthracite layér of 12 in;”placed over & sand layer of

8 in. Typical results obtained in a run are shown in the table

below:

Run Data
Column area (8Q ft) tiveveentsresenressosnsasrnsneess 0,11
Filtration rate (gpm/sq ft)...............‘..f.......5.15
Length of run (Ar) ciiiseirevnrsvssnsertcnrsnccasanse 4.5
Total volume filtered (1) veiievenevssrvsssessensese 580
Influent SS concentration (ME/l) tvevviennsenrenness 23.5
Polyelectrolyte dosage. (m8/1) «ivvverernninvrnnnnnss 20

Effluent SS concentration (MZ/L1) «vveeevseosseseasse 1.0

M Bal A
Total SS in influent (ME) +vvvererivnsvnsvennsssenss 13,650
Total SS in effluent (M) .evvevevvsasrasenssannsess 580
Quantity theoretically removed in column (mg) ...... 13,070

Experimental Datg
Suspended 801ids removed .i.iitsrtirsesscersenseasse 12,300
It is seen from the table that the calculated theoretical
value and the experimental value for the amount of suspen-

ded solids removed are very close. With the use of polymers,
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it is also obse:ved that the removal of suspended solids is
91%. Results of experiments using cationic polyelectrolytes
indicate that the point of zero electrophoretic mobility
does not correspond to the condition which produces the best
filtration results. In the filtration cf settled effluent,
best results were obtained when the mobility of the influent
particles was in the range of 0.6 to -0.2 o/sec/v/cm (microns/
second/vol:./centimeter),

The advantages and economics of a mixed-media fil-
ter for tertiary treatment are discussed by Shireman (28).
Filtration is used as a polishing process to remove any solids
carried over from secondary or chemical clarifiers used in
the preceding treatment of wastewater. The use of filter aids
such as lime, alum or polymers are strongly suggested for
greater removal efficiency. Typical removals by the mixed
media beds at the South Lake Tahoe P.U.,D. Wastewater Treat-
ment Plant are reported below. In this process, lime was used
as & primary coagulant in a conventional clarifier and recar-

bonated to pH 7.0 before application to the beds.

sSubstance influent cone. Effluent conc. % Removal
Phos.total (mg/1) 0.65 0.05 70-99
Phos.dissolved (mg/1) 0.45 ' 0.05 65-90
Phos.particulate (mg/l) 0.20 0.00 100
CoOD (mg/1) 23 15 15-50
BOD (mg/1) 9 4 30-80
SS (mg/l1) 15 0 80-100
Turdidity (JTU) 7.0 0.2 60-95
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It should be noted from the results in the tadble that the
removal of soluble phosphorus by the separation beds is
something that could not possidly be achieved in a surface
filfor. The COD reduction in the beds reduces the COD load
applied to the carbon columns and the BOD in the filter in-
fluent is low enough to meet strict effluent standards even
without further treatment by carbon adsorption.

Treatment of oily wastewater streams generated by
refineries, petrochemical complexes, steel finishing mills
and machine shops has recently been investigated by Nebol-
sine (20). Deep bed high rate industrial type filters were
used to treat discharges from finishing stands of hot roll-
ing mills of steel plants. The main contaminant that the
fllters removed éonsisted of fine mill scale. However, it
was tound that a lerge portion of the oils carried by these
discﬁarges was also intercepted. This led to the design of
filter units especially adapted to treat oily waste streams.
The design of these units differed mainly in the backwash
mechanism. Air is used for backwashing and in some cases
heat is applied to keep the media from getting clogged with
oil. The standard filter units were cylindrical steel tanks
operated under pressure 6 to 15 £+ -in diameter and 12 to 20
ft in height, having a filter depth of 5 ft which usually
consisted of coarse sand. Under these conditions, it was
found that due to the effect of agglomeration, adsorption
and straining, up to 95% of the free oils and suspended
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solids as well as a part of the emulsified oils could de re-
moved from an influent containing 150 to 500 mg/l of total
oils. It was reported that no bulk chemicals were used, but
under some conditions the application of small doses of poly-
slectrolytes as filter alds could be required to achieve the

desired degree of oil removal.

3.3 The Use of Polvelectirolvtes in Filsration

Polyelectrolytes have been used basicly in two dis-
tinct areas in filtration operations. These include the use
of polyelectrolytes as either a primary coagulant or as a
filtof aid or in some cases both. Although much work has been
carried out in the application of synthetic polyelectrolytes
a8 primary coagulants in the treatment of potable water, only
few investigations have been reported in the application of
polyelectrolytes as direct filter aids.

Pressman (24) has conducted studies testing the
effectiveness of cationic polyelectrolytes as prime coagulants
in natural-water treatment. Initially a series of laboratory
Jar tests were carried out using eight cationic polyelectro-
lytes, Potomac River water, and, for comparative purposes,
natural water from four other ares sources. The jar tests
revealed that after the polymer was added, the negative charge
on the turbidity particles was reduced and increasing floccu-
lation took place and reached its optimum as the zeta poten-
tial was reduced to a value near gzero (+ 5 mV). If the dosage

of polymer was increased beyond the optimum, a charge reversal
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and dispersion of turdidity particles took place causing the
residual turbidity and the szeta potential to increase. Opti-
sum flocculation dosages of polymer were in the range of 2-

5 ppm with waters of less than 120 units of settled turbidity.
The predominant factor determining the optimum dosage was the
nature of the water being treated rather than the specific
type of polymer used. It was also noted that_;ower optimum
dosages of polymer were required for lower pH conditions. At
a high pH charge reversal took place at increasingly higher
dosages of polymer.

Larson gt al. (16) have carried out studies using
polyelectrolytes in treatment of comdbined neat-packing and
domestic wastes. After various preliminery Jjar tec’ deter-
minations, it was found that a dual system of terric chloride
and a high-molecular-weight anionic organic polyelectrolyte
decreased suspended solids concentration by 100 mg/l and BOD
by 140 mg/l, leaving effluent concentrations of 120 mg/l and
550 mg/l, respectively. These results are not the best that
could be obtained although the authors state that this sys-
tem proved to be the most success.ul. The primary floccula-
tion of the colloidal and fine particles by the ferric chlo-
ride produced a small floc that was further increased in size
and density by the secundary flocculation of the organic
polyelectrolyte, producing a settleable precipitate.

Freese and Hicks (7) report that high-molecular-
weight organic polyelectrolytes have been used successfully
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to flocoulatu raw wastewater and to increase the removal of _ %
pollutants from the wastewater during primary sedimentation. . E é
Three polymers, Dow's anionic A-21", modified with cationic : 3
C-31*, Hercules' cationic Reten 210*, and Calgon's anionic
ST 269" were added to raw wastewater for flocculation in a
plant with a capacity of 240 million gallons per day (MGD). : E
Various polyelectrolytes were tested for coagula-
tion of paper mill wastes by Susuki (31). Nonionic polyscryl-

TR Y SIRETY ORI P Pt

snide was the most effective for the purification and up to
80X removal of pulp fiber was obtained in a wide range of pH :
tested. Anlonic polyelectrolytes such as 3odium alginate and ;
sodium polyacrylate, however, dispersed the suspension of pulp
fiber instead of coagulating it. The ume of polyelectrolytes

for coagulation of pulp mill waste was advised if the waste

contained large fibder colloids.
Another application of polyelectrolytes in coagula-
tion of municipal wastewater was carried out by Mints gt al.

(18). Sewage was treated with a 1-2% solution of a cationic
polyslectrolyte followed by one hour of sedimentation and fil-

!
1
|

tration on sand filters. The content of suspended matter was
reduced by 72, COD by 50.5, BOD5 by 58% before filtration

and by 97, 7?4, and 82% respectively, after filtration. The
purified water had a BOD of 20, COD of 60 and suspended matter
of 2 mg/1. The presence of heavy metals ( Cr*®, cu*2 ) and

* commercial designations.
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dyes or surface active substances did not affect the purifi- :
cation process. . !
o The effects of polyelectrolytes a3 a filter ald 1
have been 1nvditignted by Garnell (9). Separan NP 10’. anionic
potable-water grade, a product of Dow Chemical Co., Midland,
Itch; which is a polyacrylamide with a molecular weight of ;
approximately 1,000,000 was used in the experiments. The poly- ‘
electrolyte was diluted to a 0,05 per cent concentration in
& 50-gallon drum and fed directly to the applied water as it
entered the filter. During each test the filtered-water tur-
bidity ranged from 0.3 to 0.4 units. Applied water turbidities
varied from 2 to 15 units and water temperature from §3° to
700 F, Filter rates were 2-5 gpm/sq ft and the effective sigze
of the sand 0.60 mm. It was concluded that with dosages of
10-30 ppd applied directly to the filters, polygcrylamide
effectively reduced filtered-water turbidity. At a continuous
dosage of 20 ppb the effluent turbidity was reduced from 0.%
to less than 0.1 units in about 2 hr. If dosing was discon-
tinued, turbidity reappeared after approximately 2 hr.
Conley and Pitman (3) have conducted filtration
tests on Columbis River water using polyelectrolytes as fil-
ter aids. It has been determined that various materials can
be applied directly to the filters in such a manner as to
cause floc particles to adhere to the filter grains very

* commercial designation.
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strongly. This process is called filter conditioning. They

have observed that the continuous application of a polyacryl-

S 0 e Sl A AP G ST e et

amide solution (5-50 ppb) improved the filtrability of alum
floc particles and postulated that the polymer bound the floc
particles both to the filter and to each other. Filter con-

ditioning also made it possible to filter water at very high

rates (10-15 gpm/sq ft) without excessive head loss. The re-
sulting filtered water was very clear with less than 0.0i ppm

turbidity.

T L L. .
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Conley and Hsiung (10) have reported that the addi-

tion of polymers to the filter influent have greatly increased

j the efficiency of filtration. When a polyelectrolyte coagulant
(polyacrylamide) was applied immediately ahead of the filter,

%j the performance of the filtration changed substantially. With %
: an influent of 30 standz 'd turbidity units and a 24 ! multi- ;
P media bed operated at a rate of 5 gpm/sq ft without polyacryl- '
i amide, the effluent turbidity was 17 J1U at the end of 4 hr.

. The effluent turbidity was 0.2 JTU under the same conditions,
when 0.1 mg/1 of polyacrylamide was applied directly to the
filter. The head loss changed from 3 to 6 ft when using the

polyacrylamide as a filter aid for the same length of filter

g; run.

; Robeck et 2l.(25) conducted pilot plant studies with

turbid water from the Little Miami River (Cincinnati,Ohio).
They used activated silica in many runs, but also made a run

: using a synthetic polyelectrolyte (Purifloc, by Dow Chem.Co.)




T} TR ) T e TR VT e T A T e T T R P I T Y LT W SO

=

T

]

Aal

P e DG S a
b 4

"which was fed into one of two filter influents. Although the
raw water turbidity was low, the filter with no polyelectrolyte
added to the filter influent had a breakthrough after 16 hr
at a head loss of 2 ft. With a dosage of 0.08 mg/l of poly-
electrolyte in the other filter, excellent quality water wess
produced for 22 hr with a 4 ft head loss. Thus, it was noted
that head loss is.greater when a polyelectrolyte is used.

0'Melia (21) has carried out research to determine
how destabilizing chemicals such as polyelectrolytes function
in improving the effectiveness of filtration processes, and
to consider selected applications of destabilizing chemicals'
in filtration for wastewater treatment. The investigations
included laboratory experiments using polymers and latex sus-
pensions; laboratory and pilot plant experiments using alum,
polymers and calcium phosphate_suspensions. Five homologs of
polyéthylenimine (PEI series, Dow Chem.Co.) with molecular
weights of 600, 1200, 1800, 40-60,000 and 50-100,000 were used.
It was reported that overdosing of polymers can occur due to
restabilization of the suspended particles. For the cationic
polymer series investigated, the optimum polymer dosage was
independent of the molecular weight of the polymer, but the
removal efficiency of filters operated at this optimum dosage
increased with increasing molecular weight.

Adin and Rebhun (1) have carried out the most recent
investigation of the application of polyelectrolytes to the

filtration process. They have proposed a direct, high-rate

§
H
3

- TR PR N

|



filtration system for low turbidity waters thus olimiﬁating the
need for costly flocculation and sedimentat;on basins. Contact-
flocculation-filtration, as it is called, ls carried out by
feeding the flocculant into the suspension immediately before

it enters the filtef. to bring about a strong attachment of the

particles to the grains, and to take optimal advantage of the
cepacity of the bed. A catlonic polyelectrolyte, polydialkyl-
dimethylammonium halide, was used as flocculant and polymer
doses of 0.05-0.06 mg/1l gave the best removal in filtration
for an influent suspended solids concentration of 20 mg/l. It
has been concluded that this process of contact flocculation;
filtration allows particulate removal from dilute suspensions -

without the need for separate flocculation and settling units.
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PART &4
APPARATUS AND PROCEDURES

4.1 Degsign of Experimental Study

The experimental investigations can be divided into
two groups: 1- batch jar tests and 2- coﬂtinuous filtration
experiments. Batcn Jar tests were initially carried out to test
the effectiveness (efficient turbidity removal) of various poly-
mers on the wastewater being tested. Six polymers were used in
the experiments to determine optimum type and dosage. In sowe
of the.tests. optimum pH for the particular polymer was also
determined. The parameters measured in the jar test studies were
residual turbidity, residual pH, residual net colloidal charge
and in some cases total organic carbon (TOC). The effects of
coagulant aids such as bentonite clay and lime with and without
the addition of polymefé were also investigated. Powdered car-
bon adsorption studies were carried out using the jar test appa-
ratus. The continuous filtration runs were based mainly on the
results obtained in the jar tests. Optimum polymer type, optimum
dosage and the most effeétive coagulant aid were selected to
be used in the filtration runs. Two types of continuous filtra-
tion runs were carried out: 1- Conventional tveatment- the coagu-
lant aid and polymer were added to fhe wagtewater. After initial
rapid mixing and flocculation, the system was allowed to settle
and the supernatant was pumped directlyIto the filter. 2- Direct
addition of polymer- the wastewater and polymer were pumped
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separately and contact ocourred just prior to entering the
filter media. The effluent from the filter was analyzed for
T0C, turbidity, pH and colloidal charge. Head loss measure-
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mehts were taken at periodic intervals. The effect of filtra-
tion rate on the effluent Qquality and head loss was also in-

vestigated. :

el bk ol e, v L

4.2 Materialsg Used :
4.2.1 Synthetic Wagtewater :
Synthetic wastewater was prepared for the initial
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experiments to study the basic mechanisms of polymer action
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in turbidity removal. It had the advantage of having a supply

of wastewater constant in concentration and characteristics.

The following components were used:

' 1- Bentonite clay (USP Volclay- supplied by American i
P Collcid Company, Stokie, Illinois). |
B Concentration: 500 mg/1

2- Laundry detergent (Tide, manufactured by Procter
B and Gamble, Cincinnati, Ohiv).
%1 Concentration: 100 mg/1 %

3- Motor oil (Penetrex W-30, Non-detergent, manu-
factured by Quaker 0il Corporation, St.Louis,

Missouri).

o
d Concentration: 50 mg/1 %
a - Tap water (Laboratory tap water at RPI, Troy,N.Y.) |

; Technical data on bentonite clay can be found in the Appendix
i (Table A-1).
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According to the formulation of the wastewater, the mqaaurod
amounts of clay, detergent and oil were placed in a 532gallon
POolyethylene tank with tap water and mixed rapidly withlé

heavy duty mixer for 15 minutes. The mixture was always mixed
again rapidly before any samples were taken for jar tests to

ensure uniformity. No cemperature or pH adjustments were made.

k.2.2 Actual Wastewater
The actual colloidal wastewater was supplied by the

U.S. Army Radford Ammunition Plant in Radford, Virginia. The
wastewater was generated from a nitrocellulose process and
was fermed the "alcohol rectification waste". A brief look
at the nitrocellulose process where the waste is generated
can be helpful.

Nitrocellulose (cellulose nitrate) is made by trea-
ting cotton linters or wood pulp cellulose with mixed nitric
and sulfuric acids at 30-34°C for about 25 minutes. After
this treatment, most of the acid is removed by "drowning"
the material in water. This product is then treated with
boiling dilute sulfuric acid for 70 hours. Following this,
the product is beaten and cut in alkaline water to remove the
residual acid and to reduce the average fiber length. It is
then washed and screened to remove the water. Nitrocellulose
powder is a highly flammable material and therefore should
be handled with appropriate precautions.

The wastewater was shipped from Radford, Virginia
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Table 4.1 , :
Analveis of Actual Wastewater | £

pH LI L I B I I I I IO N T B O I N B I I I Y INC B TN BN I T I O Y B Y N I ) 7!0

COD, ME Ll tiivivnnennnonnnne sesnnnsnveers 2915
TOC, ME/Ll tiivneinnnosnasescnnannearsrasess 878
Nitrates, Mg/l .viveincrtncsnnensenssnnsns 565
Sulfates, mg/l .....................;..... 16

é, Alkalinity, mg/1 Crerieeiieriiresiieiie, 225
é- Suaspended s0lids, MEZ/Ll ..ievevennessenasss 1800
FJ Dissolved 801ids, ME/1l .eieivvnrnrennnrsess 2716

COior’ units ..'..!..Q.'.l..l.ll..l..'..'l 1050
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in 55-gallon drums. Prior to the major shipment, a 5 gallon
sample of the wastewater was obtained to permit some preli-
minary experimental evaluations. This semple was diluted with
tap water to one-fifth its original concentration for use in
the initial jar tests. This is termed "actual diluted" waste-
water. The large shipment was used without dilution and is
designated as "actual undiluted" wastewater. The wastewater
had a turbid appearance and a brownish yellow color. An approx-
imate analysis for this wastewater was supplied by the Army
Ammunition plent and is presented in Table 4.1.

‘B.2.3 Orsanic Polvelectrolvtes

The following polyelectrolytes were used in the
experimental study:
1- Cat Floc T (cationic)- manufactured by Calgon
Corporation, Pittsburgh,Pa.

Cat Floc T is a liquid cationic polyelec-
trolyte used as a primary coaguiant in water
clarification. It is accepted by the EPA for
treating drinking water supplies at concentra-
tions not exceeding 5 ppm.

2- WT-2870 (cationic)- manufactured by Calgon
Corporation, Pittsburgh, Pa.

WT-2870 is a clear-white to yellow viscous

liquid, cationic polyelectrolyte. It is completely

soluble in water and can be used as a primary




E=

cosgulant, or in combination with ilnorganic
primary coagulants.

Cat Floc (cationic)- manufactured by Calgon
Corporation, Pittsburgh,Pa.

Cat Floc is a clear water-white to pale

yellow viscous liquid, cationic polyelectrolyte.

It is completely soluble in water and is accep-
ted by the U.S. Public Health Service for use
in the treatment of drinking water supplies.
WI-2690 ( non-ionic)- manufactured by Calgon
Corporation, Pittsburgh, Pa.

Calgon WT-2690 is an off-white flake-like,
non-ionic polyelectrolyte which is completely
goluble in water.

WT-2700 (anionic)- manufactured by Calgon
Corporation, Pittsburgh, Pa.

Calgon WT-2700 is an off-white, flake-like
anlonic polyelectrolyte. It is viscous but
highly soluble in water and can be used as a
coagulant or in combination with inorganic

primary coagulants.

6- Purifloc A-21 (anionic)- manufactured by Dow

Chemical Co. Midland, Michigan.
Purifloc A-21 is an off-white, flake-1like
anionic polyelectrolyte. It is highly soluble

in water.

it b B ot d et £ b st i £ b R w5t kil AT




e D e S ¢ ey AT e D b et Lais i e b § A et S eSS £e IS Al el il Sl e ¢ tedet e watiill meie cm mee’em mae mmeccatmeliicemicia tdemted

37

b b arhadiet s 2Fa. 1 aect 10 il &8

Technical specifications for these polymers are presented
in Table A-2 in the Appendix.

Special care must be taken ifor the preparation
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of stock solutions of organic coagulants. In general, the
polymer solutions were prepared by adding the polymer to
the vortex of approximately 500 ml of rapidly agitated dis-

e
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tilled water. Thirty minutes wexre allowed for complete
disc2lution. The stock solutions and the polymorl were stored C

in a dry area at room temperature. C

k.2.4 Filter Media
‘ The filter media used in the filter consisted of

gravel, sand and anthracite. The gravel and sand was supplied ]
by Northern Gravel Co. Muscatine, Iowa. Anthracite filter ]
media was obtained from Carbonite Filter Corporation, Delano,

Pa. Technical information provided by the suppliers on the :

et i

media is presented in Table 4.2.

The thickness of each layer of media and filling

H procedure is described in Section 4.3.1.1.

s 0o et T P

4.2.5 Lime and Powdered Carbon
Certified calcium hydroxide (C-97) distributed by

TN TR RN T P IE  ERAT - SRR m

the Fisher Scientific Co. was used in the high lime preci-
pitation studies. The powdered Qctivnted carbon used was
Darco S-51, supplied by the Atlas Chemical Industries,Inc.,
Wilmington, Delaware.
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Table 4.2

Iechnical Specifications of Filter Media

Anthracite Coal

Hardness ..c.vevvsonteastorscansassssssesssss 3.0 Mohs scale

SPQCific Gravity 9 060 0 860 08D 800 S ROE 00 1.6

Soludbility in alkaline and acid water

LR BN B} non.

8120 * e s 0N 9 & 32 4 4 20050 e NN YN 009 to 1.5mm

Uniformity coefficient .¢ie¢ veeveiteneeass 1.5 or less

Porosity (void fraction) .iceveveievacsneess 045

Zorpedo Sand

EffGCtive size L X T B I B N B B T B BN B B N NN BN NN N N B N RN B N 0080 to 1.20mm

Uniformity coefficient ..vieieeetvenseceees 1.7 or less

Porosity (void fraction) .eeeeeevcssenesees 0.36

Gravel

TYPOI 9 8100800000300 s00R0eTe 1/8.
TYPQZ TR BN S B BN SO BRI BN S Y B S 3 1/“'

TyPQB 08 0000000 QrR B OO NS 1/2‘
Typeu DO SN RS RN BRI S Y S I N S I ) 3/“‘

to 10 mesh
to 1/8"
to 1/4"
to 1/2"
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4. Exparivental Acvaratus and Procedures
4.3.1 Continuous Filtration Apparatus and Procedures

The flowsheet for the continuous filtration appa-
ratus is presentead in PFigure 4.1.

Tha wastewater for the filtration unit was stored
in a 55-gallon polyethylene feed tank and was mixed con-
tinuously with a single-speed "Lightnin" stirrer (Mixing
Equipment Co., Rochester,N.Y.) This stirrer is capadble of
mixing low-viscosity fluids in quantities up to 50 gallons
and lesser volumes of high viscosity. It operates at 1725
rpm, 1/8 HP and has a 3 blace propeller of 23/4* diameter
on a 24 inch sta‘nless steel shalt. A mounting clamp permits
clamping to any open vessel or to a separate aupport. The
wastewater was conveyed to a Manostat Varistaltic Pump
through a #" I.D. flexible Tygon tubing. The pump was sup-
plied by Fisher Scientific Co. and had a capacity of 15-
4500 ml/min. with + 3% reproducidbility. The pumping action
congsisted of two rollers squeezing flexible tube against
the wall of a horseshoe shaped housing, theredy producing
a peristaltic effect. The pump used tubing of 1/8" to 3/8"
I.D. with 1/16" thick walls. (See FPigures4.2, 4.3 and 4.4
for overall views of the actual laboratory apparatus).

The wastewater was pumped to the filter at the
various desired flow rates. The rotameters for flow mea-
surement used in the study were manufactured by Brooks

Instruments, Hatfield, Pa. They were the Sho-Rate "150"
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Pigure 4.1
Flow Diagram of the Continuous Filtration Apparatus
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Figure 4,2

Overall View of Actual Laboratory Apparatus
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éj Figure 4.3

Wastewater Feeding Apparatus

Figure 4.4
Polymer Feeding Apparatus
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flowmeters having a range of flow of 0.5 ce/min tn 2060 cec/min
of water. Reproducibility was within $% of instantaneous rea- °-

ding and maximum operating conditions were 200 psig and 2S50°F,

The range of flow could be changed easily by changing the
float material in the tube. Float materials that were available

for use were glass, sapphire, stainless steel, carboloy and

e em SRlRRE S Sasish,

tantalum. Calibration curves for the flowmeters are given in
Figures A-1 and A-2 in the Appendix.

The polymer feed solution was stored in a 15-gallon
polyethylene drum and fed to the filter by a Manostat Vari-
staltic pump similar to the one used for feeding the waste-
water. The same type of flowmeter with a different flow range
was a156 used for the polymer. The solution was pumped through
a 3/8" I.D. flexible Tygon tubing. This tubing extended into
the filter by means of a pulley system at the top of the fil-
tef and the polymer solution was discharged at approximately
1 ft above the filter media.

4.3.1.1 The Multi-Media Filter

The multi-media filter was constructed of tubular

Cadco Cast Acrylic (Cadillac Plastic and Chemical Co., Albany,

N.Y.) having an inside diameter of 3 in. and outside dia-

TGRS T T

L meter of 3% in. The height was 10 ft to provide sufficient
head for the filter. The filter was constructed by connecting

two pleces of acrylic tubing, one 6 ft, the other 4 ft. The
connection was made with a 2-inch ring of acrylic tubing

having an I.D. of 3% in. that slipped around the joint and

Rl bt £ 4 -t o s e
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was sealed by using s Plexiglas solvent (1,2 dichloro ethane).

The bottom end of the column was closed off with a #-inch o

Plexiglas plate having a #-inch outlet for the wastewater k 3

located at the midpoint. The bottom endplate was sealed to | %
Fl the filter by using dental cement. A #-inch diameter overflow :
é line was located 10 in. from the top of the filter. Tygon . lé
,ﬁ tubing of #-inch I.D. was used to connect the ovérflow line i
]] to the drain. The filter column rested on a wooden plate )
3 that projected from the laboratory wall, and was méihtainéd %
1j in position by several braces along the height of fhe column, E
E Two valve: .re located on the effluent line of the %
?5 filter. As can be seen in Figure 4.1, during operation. the 3

tap water inlet valve (used for backwashing) was closed and
the effluent valve was opened. A piezometer tube was located é
on the effluent line to measure the total head loss of the

filter.

The granular media (see Section 4.2.4) used in the
EH filter consisted of anthracite, fine sand and a gravel support.

The thickness of each layer from top tov bottom was: 3

AnthraCi.te 0 05 ¢ 600 ¥ 2T SO0 O 0D 21 inl

Fine Sand ....vievveeeveensss B in,
Gravel (Type 1) ..;.......... 2 in.
l, Gravel (Type 2) +ivevcesessas 2 in.
L; Gravel (Type 3) .vieiivennees 2 in.
Lj Gravel (Type 4) ...eceevevees 2 in.




The filter configuration can be seen in detail in Figures
k.5 and 4.6. Packing the filter with the media was carried
out by filling the empty filtration column with tap water
and dropping the media from the top until the desired height
was achieved. After this was dqmpleted. the filter was back-
washed to remove any dust or fcreign particles and to ensure
even settling and stratification of layers.
| 4.3.1.2 Start-up and Continuous Operation
The cdntinuous filtration unit was operated in

two ways: 1- Conventional treatment and 2- Direct addition

‘of polymer to the filter.

In the first process, the required amount of

polymer and coagulant aid were added to the wastewater in
a 55-gallon polyethylene drum. The suspension was stirred
rapidly for 2 minutes to achieve complete mixing to provide
contact for coagulation. The flocculated wastewater was then
allowed to settle for 2 hours. A sample of the supernatant
wag taken for analysis of various parameters. The super-
natant was pumped t¢c the filter at the desired flow rate and
was allowed to fill the column to a certain height. At this
point, the effluent valve was opened and the filtration run
was started.

The second method of continuous filtration was
carried out by pumping the polymer solution directly to the
filter at a flow rate that would give the desired concentra-

tion of polymer in the wastewater. The wastewater, mixed
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Figure 4.5
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with the coagulant aid, was pumped separately to the column <

and contact occurred at about I ft adbove the filter media.

P B B

The filter was operated on a constant rate (cons-

tant water level) basis. To achlieve this, the effluent

el |

valve was manually controlled to keep the water level in

e

@rrze b

the filter at a constant level. As the run proceeded, the

&

¢ffluent valve had to be opened slowly to maintain the same
;i% water height. This was due to the accumulation of solids in
the filter media. The headloss increase with time was noted

by observing the water level in the Piezumeter tube.

1L i1l arad Lt 1Lk

The filtration runs were usually terminated at
3 hours. Only one of the runs was made for S hours to see
any long term effects in the effluent quality and other
variadbles. During the length of the run, samples were taken

from the effluent at periodic intervals. These were analyzed

for various parameters discussed in detail in Section 4.4.

After the end of each run, the filter was back-

washed to rerove completely the solids arcumulated in the

3
b
E
[

filter media. Backwashing procedure consisted of closing ;

the effluent valve and opening the valve for the tap water

t0 s*art bed fluidization. The bed expansion was about 100%.
The backwaching was stopped when the twi'bidity in the over-
flow line reached a low limit (approximately the turbidity

of tap water). The cap water valve was closed and the effluent
valve opened tv permit drainage of the water to a lavel ahove
the filter media. The wastewater and polymer feed lines
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were also flushed with tap water to remove iny residue and

to make the unit ready for a new set of operating conditions.

k.3.2 Jar Test Avparatus and Procsdures
The laboratory jar test apparatus (see Figure 4.7)

consisted of a multiple stirring unit manufactured by Phipps §
and Bird Inc., Richmond, Virginia. The unit was equipped with
8ix 2-in. by 3-in. stirrers and a variable transformer that
provided speeds from 10 to 100 rpm. The stirrers were driven
by a 1/30 HP motor. The entire unit was mounted in an elon-
gated, cast aluminum housing, supported 9% inches above the
bench.

4.3.2.1 Jar Tests with Polymers and Coagulant Aids 1

Eight hundred milliliter quantities of wastewater

in 1-liter beakers were placed on the mixing stand. The
polymer solution of specified volume was pipetted to the
beaker and mixing was started at 100 rpm for 30 seconds.
Then the mixture was flocculated for 20 minutes at 30 rpm.
The flocculated sample was allowed to stand undisturbed for
30 minutes. Physical and chemical analyses were carried out

on the settled liquid sample (supernatant). When coagulant

aids were used, they were first added to the wastewater and
mixed completely at 100 rpm before the polymer was added to
the mixture.

4.3.2.2 Jar Tests with Lime

A similar procedure was carried ovt in the jar




tests when lime was boing,ﬁsod. The lime was added to 800
nl of wastewater at appropriate dosages and rapid mixing
was started at 100 rpm for 1 minute. After this the mixing
was stopped and the mixture was allowed to settle for 30
minutes.
4.3.2.3 Jar Tegts with Powdered Activated Carbon

Eight hundred milliliters of the wastewater were
placed in a 1-1iter glass beaker. Powdered activated carbon
of specified quantity was then added to the wastewater sam-
ple and thoroughly mixed at 100 rpm for 5 minutes. A mixed
sample of 40 ml was taken and immediately filtered with a
Whatman No.2 filter paper. The filtrate was analyzed for

total organic carbon.

L.4 Analytical Apparatus and Procedures
4.4.1 Total Organic Carbon (TOC) Analysis

A Beckman Carbonaceous Analyzer was used for mea-
suring carbon content of the sample (see Figure 4.8). The
analysis system consists essentially of a panel on which
are mounted a Beckman Model IR-315 Infrared Analyzer, a
Leeds and Northrup Type "H" Model "S" Strip-Chart Recorder,
and a special sampling system. Thg carbonate alkalinity in
the sample was removed by addition of 4N HCl to convert it
to CO,, then bubdling nitrogun gas to remove the CO;. In

this way, the total organic carbon contert of the sample is

measured.

¢ corie i oot L
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Figure 4.7

Jar Test Arparatus

Figure 4.8

Beckman Carbonaceous Analyzer
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Twenty microliters of the sample was injected into
the combustion tube with a hypodermic syringe. The combustion
tube was heated to 950°C and received a 150 cc/min stream of
oxygen. The heated oxygen oxidized any organic material yiel-
ding carbon dioxide which was detected by a Model IR-315
Infrared Analyzer. A calibration curve was prepared (see Fi-
gure A-3 in the Appendix) using various concentrations of
carbon (0-100 mg/l). The standards were made from oxalic acid.
Appropriate dilutions were made for samples that had a higher

organic carbon content than 100 mg/1.

4.4,2 Turbidity Measurement

The turbidity of the samples were measured using
a Model 2100 A Hach Turbidimeter manufactured by Hach Chemi-
cal Co., Ames, Iowa (see Figure 4.10). Turbidity standards
of 0.61, 10, 10C and 1000 FTU (Formazin Turbidity Units
which are equivalent to JTU) were available to be us 1 with
the instrument. The 10,100,1000 FTU standards were suspen-
sions of polystyrene latex in wrier and the o0.61 FTU stan-

dard was a chlorobenzene solution.

4.4,3 pH Measurement
pH was measured by a Fisher Accumet Model 220

General Purpose pH meter manufactured by Fisher Scientific

Co., Pittsburgh, Pa,.
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Fisher pH Meter
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Figure 4.10
Hach Model 2100 A Turbidimeter
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b.4.4 Dytermination of Collold Charge

Colloid charge was measured using an application
of the colloid titration method initially developed by
Kawamura and Kanna (14), and modified by Wang and Shuster (36).

The principles, reagents, and analytical and calculation procedures of
Wang and Shuster's new method are presented below.

This method is able to measure low concentrations
of polyelectrolytes and colloids and ir turn the charge of
the constituent can be calculated from these measurements.
The basic principle involved in the improved direct titra-
tion method is that a neutralization reaction occurs between
cationic and anionic polyelectrolytes. In titration of cationic
polyelectrolytes, poly(vinyl sulfuric acid) potassium (PVSAK)
is used as the standard anionic titrant. The cationic poly-
electrolytes show a light blue color in the presence of
toluidine blue-0 dye, and the blue color turns to bluish
purple when the titration end point is reached. Iﬁ titration
of anionic polyelectrolytes, 1,5-dimethyl-1,5-diazaundeca-
methylene polymethobromide (DDPM) is used as the standard
cationic titrant. The anionic polyelectrolytes show a bluish
purple color in the presence of toluidine blue-0 dye, and the
purple color turns to light blue when the citration end point
is reached.

Calibration curves should be prepared for each
polyelectrolyte to be used. The calibration curves for WT-2870
and Cat Floc T.are presented in Figures A-4 and A-5 in the
Appendix.
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L.4.4.1 Reagents

Toluidine blue-0 solution (TBO)- 1000 mg/l1 (Eastman
Organic Chemicals, Rochester,N.Y., Cat. No. C 1756)
Stock poly (vinyl sulfuric acid) potassium (PVSAK)
solution, 0.01 N (Eastman Organic Chemicals, Rochester,
N.Y., Cat.No. 8587)

Stock 1,5-dimethyl-1,5-diazaundecamethylene polymetho-
bromide (DDPM) solution., 0.01 N (Aldrich Chemical Co.
Inc., Cedar Knolls, New Jersey, Cat.No. 10768-9)
Sodium hydroxide (NaOH) solution, 0.1 N

Hydrochloriec acid (HCl), 0.1 N

b4, 4,2 Analytical Procedures
Measure 50 ml of sample into a 250 ml Erlenmeyer flask.
If the pH of the sample is not in the range of 3 to 9,
adjust the pH by NaOH or HCl addition.

Add 3 drops of TBO solution to the flask containing the

sample and mix well. If the color is blue, the sample
contains cationic¢ or no polyelectrolyte; then follow
procedures C4 through C6. If the color is purple, the
sample contains anionic polyelectrolyte; procedures Al4

through A6 should be followed.

Titrate the blue-colored water sample with PVSAK solution

(dilute if necessary) until the color of water sample
turns from light blue to bluish purple. Record the a-

mount of PVSAK solution used in titration.
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C5- A dlank is run by the same procedures from 1 to C4 using
distilled water,

C6- Determine the cationic polyelectrolyte concentration from
the calivration curve prepared previously.

A4- Titrate the purple-colored sample with DDPM solution
(dilute if necessary) until the color turns from bluish
purple to light blue. Record the amount of DuIM solution
used in titration.

A5- A bdlank is run by the same procedures using distilled
water.

A-6 Determine the anionic polyelectrulyte concentration from

the calibration curve prepared previously.

A slight modification of the procedure is necessary
when the concentration or net charge of an anionic sample is
being measured in the presence of suspended colloid particles
(negatively charged). These particles tie up the cationic
toluidine blue-0 dye causing an interference i~ the titration.
To overcome this, the anionic sample is first made cationic in
nature by adding a known amcunt of excess cationic reactant.
The procedure for this is as follows: A known amount of cationie
reactant and toluidine blue-0 dye are added to the sample., If
the color turns blue then this means there is a sufficient
amount of excess cationic reagent in the system. If the color
turns purple, this is an indication that not enough cationic
reactant was added and the procedure ..as to be repeated until

there is excess cationic reagent in the sample. Then the excess

: T T e e .—.-..,;..“ﬂ
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cationic reactant is dack titrated to determine the amount

that reacted with the anionic sample.

b.4.4.3 Calculation of Net Charge
A calibration curve for a specific polyelectrolyte
in routine analysis is suggested but is not absoclutely ne-
cessary since by knowing the sample size, the concentration
of the standard titrant and the volume of titrant used, the
concentration of polyelectrolyte in the sample can be calcu-

lated by the following equation:

Ny V, = Ny V,

where N, = normality of sample, eq/1
V4 = sample volume,l
N, = normality of standard titrant, eq/l
V2 = volume of titrant used, 1

Kriowing the normality and the mono-molecular weight, the
concentration of the polyelectrolyte in mg/l or the poly-
electrolyte's net charge in meq/l can be calculated.

In the case where excess cationic polyelectrolyte
is added to an anionic sample and back titration is carried
out, the following equation can be used to determine the

cencentration of the original polyelectrolyte sample:

44
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where N1 = normality of excess cationic polyelectrolyte

solution, eq/1

<5
[y
1]

volume of excess cationic polyelectrolyte added, 1

normality of anionic s~mple, eq/l

z
N
[}

V2 = sample size, 1
N3 = normality of standard anionic titrant, eq/1

V3 = volume of anionic titrant used, 1

This method, however, doces not differentiate between
two cationic or two anionic polyelectrolytes. The measurement
in this case is expressed as "meq/l of net colloid charge".

It is concluded that the direct titratiorn method presented

measures the "free" or "dissolved” polyelectrolytes, or the

"net charges" of colloidal matters.




PART &
RESULTS AND DISCUSSION

5.1 Baich Jar Tests
5.1.1 Experiments using synthetic wastewater

A synthetic wastewater was used for the initial
jar test experiments to ensure invariant concentration and
characteristics. This uniformity was de.ireble irn the initial
tests to aid in understanding the basic mechanisms and prin-
ciples involved in effective coagulation with polyme.s. Five
polymers (Purifloc A-21, wt-2700, WT-2690, Cat Floc T, WT-
2870) (see Section 4.2.3) were used as coagulants to determine
effectiveness in turbidity removal. The data obtained in these
experiments are presented in Figures 5.1 through 5.10. Resi-
dual turdbidity, total net charge a .d pH were plotted as a
functiorn of polymer dosage. In onc experiment using cationic
polymer WT-2270, the residual TO7 as a function of polymer
dosage was also analyzed.

The first general observation that can tc made from
these figures was that an optimum dosage of polymer for tur-
bidity removal exists and both underdosing and overdosing
could occur in the system. For ﬁhg cationic ard anionic poly-
mers that were effective in turbidity removal, the optimum
dosage was around 50 mg/). The single non-ionic polymer in-
vestigated gave an optimum dosage of 10 mg/l. It has been re-

ported that non-ionic pclymers usuelly have a larger molecule
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Figure 5.1
L Residual Total Net Charge and pH vs, Polvmer Dosage :

s
; {
i Figure 5.2
i
l Regidual Turbidity vs, Polymer Dogage
?[ {
I Wastewater: Synthetic i
b Initial Turbidity = 120 JTU (33 JTU after settling)
i Initial pH = 9.9
Initial Charge = -1550 * 10~% meq/1
Polymer: Cat Floc T (ca.lonic)
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Figure 5.3
Residual Total Net Charge and pH vs. Polymer Dosage

Figure 5.4

Residual Turbidity and TOC vs. Polymer Dosage

Experimental Conditions

Wastewater: Synthetic

Initial Turbidity = 110 JTU (32 JTU after settling)
Initial pH = 10.0

Initial Charge = -1600 * 10~% meq/1

Initial TOC = 39 mg/1

Polymer: WT-2870 (cationici
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Figure 5.5

Residual Total Net Charge and pH vs. Polymer Dosage
Figure 5.6

Resgidual Turbidity vs. Polvmer Dosage

Experimental Conditions

Wastewater: Synthetic

Initial Turbidity = 110 JTU (33 JTU after settling)

Initial pH = 7.4

Initial Charge = -1600 * ;0'4 meq/1 (-1200 * 107k meq/1
after settling)

Polymer: WT—2690.(Non—ionic)
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'fg Figure 5.7
! Regidual Total Net Charge and pH vs. Polvmer Dogage
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- Figure 5.8 ' j
. Resldual Turbidity vs. Polymer Dogage

¥ ;
18
g Experimental Conditiong : ]

Initial Turbidity = 120 JTU (31 JTU after settling)

ii; Wastewater: Synthetic
i

f Initial pH = 8,2

i

¢

ii Initial Charge = ~1400 * 10™% meq/1 (-1250 * 10~% meq/1

after settling)
li Polymer: Purifloc A-21 (anionic)
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Figure 5.9
Regidual Total Net Charge and pH vs. Polymer Dogage
Figure 5.10
Residual Turbidity vs. Polymer Dosage
Experimental Conditions

Wastewater: Synthetic
“ Initial Turbidity = 115 JTU (32 JTU after settling)
Initial pH = 8.3
Initial Charge = -1500 * 10~% meq/1 (-1300 * 10-4 meq/1
- after settling)

Polymer: WT-2700 (anionic)
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size and a longer chain length than cationic polymers (19).
¥oy th's reason, they can extend ovutside the electrical

douvle layer of the suspended colloidal particle to bdbring

[T SIS T

avout coasgulation and flocculation by an effective bridging
mechanism. The amount of non-ionic polymer needed is usually
less than that of a cationic polymer. Experimental observa- j
tions also showed that larger flocs were formed with the non- E
ionic polymer than with the cationic polymers. This concept :
also supports the effective bridging mechanism (8,9) that %

took place during flocculation.

In Figures 5.1 to 5.4, the relation between charge
neutralizaticn and optimum turbidity removal can be seen.
Charge neutralization, like the bridging model, is another
mechanism in coagulation and flocculation with polymers., It
is usually dominan% when *the ',astewater and the polymer to be ?
usaﬁ are opposite in charge. In these experiments, the waste-

water was anionic in nature due to the negatively charged

colloidal bentonite particles and the anionic surfactant in %

its composition. Cati nic polyelectrolytes, therfore, were

L'ﬁj expected tov give the best turbidity removal, with the mecha- 1
L nism of charge neutralization being predominant. This is ve-
; rified in the experimental data. The results show that the
total net charge is highly anionic initially and then a re-

ductior in the net negative charge takes place as the polymer

dosage approaches its optimum value. The most effective re-

;. moval in turbidity corresponds to a point where the net charge

i
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is near zero. This shows that effective turbidity removal
(at the optimum polymer dosage) corresponds to nearly com-
plete neutralization of the collidal particles. It can bde
concluded that coagulation by charge neutralization is a
dominant mechaniam for cationic polymers when the waste-
water is oppositely charged although some bridging action
may also be observed.

Charge neutralization, however, was not 1 domi-
nant mechanism for non-ionic and anionic polymers since the
wastewater used in the experiments was negatively charged;
This does not imply that all of these polymers were com-
pletely ineffective in turbidity removal. In Figures 5.5
and 5.6, it can be seen that the non-ionic polymer was quite
effective in turdidity removal although some charge reduction
took place. The removal could be predominantly brought
about by an effective bridging mechanism and the reduction
in charge was caused not by charge neutralization dut by
the removal of the negatively charged colloid particles in
the supernatant where the charge measurement was made. It
is noted that the non -iocnic polymer is effective in a very
narrow range and overdosing of polymer results in a high
residual turbidity due to the protective coating of poly-
mer surrounding the colloidal particles preventing coagu-
lation. It is also seen that beyond the optimum polymer
dosage the net negative charge increases correspondingly

with the increasing residual turbidity.
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A point of interest ls that although the initial
turbidity of the aynthetic wastewanter is 110 JTU, the resi-
dual turdbidity of the settled sample where no polymer addi-
tion is made iz 33 JTU. This means that a ?70% reduction in
turtidity takes place just by allowing the wastewater sample
to settle for 30 minutes and indicates that most of the sus-
pended particles in the wastewater were larger than colloidal
size. Therefore the effectiveness rating of the polymer in
turbidity removal should be based on an initial “"c¢olloidal"
turbidity of 33 JTU and not 110 JTU,

The effect of anionic polymers in removing turbi-
dity of the synthetic wastewater can be seen in Figures 5.7
to 5.10. Whon WT-2700 was used as coagulant, (Figures 5.9
and 5.10) a slight removal in turbidity was observed with
the optimum polymer dosage being 50 mg/l. In correspondence
with this turbidity removal, the net negative charge first
decreased slightly (due to the removal of negatively charged
colloidal particles from the supernatant) then increased
beyond the initial net charge of the wastewater due to the
addition of increasing amounts of anionic polymer. The tur-
bidity removal that took place was slight and was not due %o
charge neutralization. Bridging between particles was the
dominant mechanism in the system. Another anionic polymer,
Purifloc A-21 (Figures 5.7 and 5.8) was not effective at all
in coagulating the syithetic wastewater. The addition of
polymer in increasing dosages only resulted in an increasing

residual turbidity and iricreasing negative charge. Even the

TR s o e e e s o) i R =
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siight turbidity reduction brought about by the other anionic
polymer WT-2700 was not possible with Purifloc A-21. This
could be due to the difference in their structure, size and
chain length since these characteristics play an important
role in effective bridging and flocculation.

he addition of the anionlic polymer iIn this system
increased the repulsion forces between the negatively charged
sugpended colloidal particles. This effect prevented the par-

ticles to come into ceatact and agglomerate into flocs which

could be removed by settling. The overall result was the in-
crease in residual turbidity with increasing dosage of anionic

polymer. The increase in the net charge was due to the addi-

tive effects of the charge of the colloidal particles and the

anionic polymer.

In the data presented so far, the residual pH did
noﬁ change significantly with polymer dosage. To further
test the effect of pH on this system, the following experi-
ments were conducted: Jar tests were carried out by using
a constant polymer dosage and varying pH for the wastewater
samples. The polymer dosage used was the or*imum doscge de-
termined r-eviously. These tests were made to see if an op-
timum pH existed in coagulation of the wastewater. Data ob-
tained in these experiments zre presented in Figures 5.11
through 5.13.

A general look at the data indicates that the de-

pendence of turbidity removal on pH is not very significant
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Figure 5.11
Residual Turbdidity vs. pH

Experimental Conditions

Wastewater: Synthetic

Initial Turbidity = 110 JTU (32 JTU after settling)
Polymer: WT-2690 (Non-ionic)

Polymer Dosage: 10 mg/l
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Figure 5.1z
i Residual Turbidity vs. pH

Experimental Conditiong
Wastewater: Synthetic

éti Initial Turbidity = 120 JTU (32 JTU after settling)
\ Polymer: Wt-2870 (cationic)

é Polymer Dosage: 50 mg/1
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i Residual Turbidity vs. pH ;
f i
J Experimental Conditions ;
¢
. Wastewater: Synthetic
3
: Initial Turbidity = 115 JTU (32 JTU after settling) 1
4 . Polymer{'Cat Floc T (cationic) ;
Polymer Dosage: 50 mg/1 ;
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with the possible exception of Figure 5.13. Although there
is some variation in the data points, the residual turbidity
range under consideration is so low that it is probable the
variation is due to errors in experimental measurement.

During the course of the experiments with the syn-
ithetic wastewater, a gradual decrease in pH was observed which

could not be explained.

5.1.2 Experiments using actual wagtewater
5.1.2.1"Diluted"actual wastewater

The initial shipment of wastewater from the Radford
Army Ammunition plant was 5 gallons. This wastewater was di-
luted 5:1 (16.7% of original concentration) with tap water
to carry out the initial experiments.

A colloid net charge determinatior .-° the waste-
water indicated that it was slightly positive ‘herefore,
first the anionic polymers were tested as coagulants in the
Jar tests since they were of opposite charge. The non-ionic
polymer was also used as a coagulant for the actual waste-
water. Results obtained from these initial jar tests are pre-
sented in Figures 5.14 through 5.17.

The results show tﬁat the anionic and non-ionic
polymers were not effective in coagulating the wastewater.

To test a wide range of polymer dosages, the dosage was varied
from 0.2 to 100 mg/l for the anionic polymefs (see Figures
5.14 and 5.15). This was done ‘to ensure that the system was
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Figure 5.14
R T j vg. P D
Experimental Conditiong
Wastewater: Actual "diluted"”
Initial Turbidity = 255 JTU
Polymer: WT-2700 (Anionic)

Figure 5.15
Resgi T idj vs, Po Do
jmental C itj
Wastewater: Actual "diluted"
Initial Turbidity = 250 JTU

Polymer: Purifloc A-21 (Anionic)
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To Net Ci e and pH vs, P

Figure 5.17
R Turbidj \'s Po Dosga

Experimental Conditions

Wastewater: Actual "diluted"
Initial Turbidity = 255 JTU
Initial pH = 8.2

Initial Charge = +12 .10~k meq/1
Polymer: WT-2690 (Non-ionic)
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not "underdosed" or "overdosed" with polymer. However, as
can be seen from the results, all of the polymer dosages
tested did not give any turbidity removal. One reason for
this was the very slight positive charge of the wastewater.
This net charge was probably made up of positively and ne-
gatively charged colloid solids in the wastewater. The over-
all net charge was positive. However, this positive charge
was 80 low that coagulation by charge neutraiization could
not be made possible., In Figure 5.16, the total net charge
vs. polymer dosage curve is nearly close to zero in the
first place, therefore charge neutralization could not be
effentive in coagulation., It should be noted that although
the non-ionic polymer was effective in turbidity removal
for the synthetic wastewater,( see Figure 5,6) the same ac-
tion could not be seen in the actual "diluted" wastewater.
It‘was mentioned previously that the non-ionic polymer's
coagulating action was due mainly to interparticle bridging.
This mechanism depenas largely also on the characteristics
of the wastewater. One possible explanation is that the ben-
tonite particles in the synthetic wastewater were larger

than the colloidal suspended particles in the actual waste-

-water, thus the bridging mechanism was much more effective

in the synthetic wastewater than in the actual wastewater.

5.1.2.1.1 Tests uging coagulant aids
At this point in the research, it was decided that

the characteristics of the wastewater had to be changed in
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some way to improve the coagulaticn process. From the previous
experiments it was known that the catlonic polymers worked
quits effectively on the highly anlonic synthetic wastewater.
Jar tests were then carried out by adding a certain dosage of
bentonlte to the system before the polymer was added. Results
of these tests are presented in Figures 5.18 through 5.21.
The addition of bentonite (negatively charged)

neutralized the siightly positive charge of the wastewater

and made 1t highly anionic in nature. Cationic polymers acted

on this anionic system predominantly bty charge neutralization

to bring about effective turbidity removal. It can be seen

in Figures 5.18 and 5.20 that the net charge of the system

is reduced to near zero at the point of highest turbidity
removal., This indicates that rcoagulation took place predomi-

] nantly by the mechanism ot charge neutralization. The residual
TOC of the supernatant was also measured in these jar tests.
The results show that TOC removal took place in correspondence
with the turbidity removal. The TOC removal was due to the
removal of suspended solids in the system; the remaining TOC

was due to the dissolved organic scolids in the wastewater

which could not be removed.

The bentonite added to the system as a coagulant
aid acted not only to make the wastewater anionic in nature
but also to provide sites for particle attachment that would
allow the colloidal particles to grow in size. This action

ig termed the nuclei effect. The following test was carried

s i et et i L e, bt St sk
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Figure 5.18

Residual Total Net Chargse and pH vs, Polymer Dosace

Figure 5.19

Residual Turbidity and TOC vs, Polymer Dogase
Experimental Conditions

Wastewater: Actual "diluted"
Initial Turbidity = 270 JTU
Initia) pH = 8.9

Tnitial Charge = +12 * 10~% meq/1 (-920 * 10~%

meq/1
after bentonite addition)

Initial TOC = 145 mg/l

Polymer: Cat Floc T (Cationin)

Coagulant aid and dosage: Bentonite, 1.25 g/1
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Figure 5.20

Residual Total Net Charge and pH vs., Polymer Dosage

Figure 5.21

Residual Turbidity and TOC vs. Polymer Dooage

Experimental Conditions
Wagstewater: Actual "diluted"
Initial Turbidity = 260 JTU
Initial pH = 8.9

4

Initial Charge = +12 * 10™% meq/1 (-1120 * 10~% meq/1

after bentonite addition)
Tnitial TOC = 145 mg/1
Po o jmer: WT—28?O (Cationic)

Coagulant aid and dosage: Bentonite, 1.25 g/1
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out to see if the dosage of pentonite could be reduced without
changing its favorable effect in turbidity removal, A jar
test was conducted where Cat Floc T polymer was added at a
constant dosagé of 50 mg/l to the wastewater samples. Varying
dosages of bentonite were added and residual turbidity of the
supernatant was measured. The data obtained can be seen in
Flgure 5.22. It was observed that even with.0.1 g/1 of ben-
tonite, a 91.6 % reduction in turbidity could be achieved.

As the bentonite dosage was increased, the turbidity removal
also increased. In an actual treatment process a compromise
would have to be made between the turbidity removal desired
and the amount of siudge formation due to the increased
amounts of bentonite. From the experimental data, it was as-
sumed “hat a bentonite concentration of 0.5 g/1 would give

a balanced compromise.

A test was conducted with the wastewater and anionic
polymer WT-2700 using the optimum dosage of 0.5 g/l bentonite
as a coagulant aid. Figures 5.23 and 5.24 show the data ob-
tained from the test. The results indicate that this system
did not work effectively and very little turbidity removal
was achieved. The increase ir the negative net charge was due
to the increased amounts of anionic polymer. The reason why
the anionic polymer did not work was because both the waste-
water containing bentonite clay and the coagulant were nega-
tively charged and the magnitude of the repulsion forces

between the like-charged particles prevented contact so that
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Figure 5.22

; Regsidual Turbidity vs. Bentonite Dosage g
! :_‘
|
E Experimental Conditions %
| Wastewater: Actual "diluted" é
Initial Turbidity = 250 JTU
3 Polymer: Cat Floc T (Cationic)
; Polymer Dosage: 50 mg/1 ?
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Figure 5.23
Residual Total Net Charge and pH vs. Polymer Dosage

Figure 5.24

Regidual Turbidity vs. Polymer Dogsage

3

Experimental Conditions

Wastewater: Actual "diluted" }

3 Initial Turbidity = 250 JTU

Initial pH = 7.2

; Initial Charge = +12 * 10-% meq/1 (-624 * 10~% meq/1
| after bentonite addition) :
Polymer: WT-2700 (Anionic) ;
Coagulant aid and dosage: Ben%onite, 0.5 g/1
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ne bridging action was possible.
5.1.2.2 "Undiluted”

The experiments were continued when 15 55-:;allon
drums of actual wastewéter were shipped from the Radford
Army Ammunition plant. Since there was adequate wastewater
to continue the experinments, no dilutions were made. Unfor-
tunately, the two shipments of wastewater did not possess
the same concentration and characteristics, therefore direct
comparison of the results obtained from the two batéhes of

actual wastewater could not be made.

5.1.2.2.1 Tests using bentonite as a coagulant aid

Inicially two jar tests were conducted tsing catio-
nic polymer: “at Floo and WT-2870 and powdered bentonite clay
as a coagulan% aid. The two polymers gave good results in
terms of turbidity removal (see Figures 5.25 through 5.28).
The optimum polymer dosage was around 100 mg/l for both poly-
mers. In tests with the synthetic wastewater, the optimum
polymer dosage for *h: :ati:s.. . polymers was around 50 mg/l.
Higher dosage of polymer was required for the actual waste-~
water because the concentration of the suspended colloid par-
ticles were greater than in “ synthetic wastewater. The
higher concentration required greater amounts of polymer.
The data also shows that near the point of optimum turbidity
removal nearly complete charge neutralization has taken place

and the residual net charge is close to zero. This indicates
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Figure 5.25

E Regidual Total Net Charse and pH vs, Polymer Dosage

Figure 5.26

Residual Turbidity and TOC vs. Polvmer Dosace

Experimental Conditions

Wastewater:t Actual "undiluted"

Initial Turbidity = 245 JTU

Initial pH = 7.1

b L

Initial Charge = +200 * 107" meq/l (-980 * 107" meq/l
after bentonite addition)
Initial TOC = 610 mg/l ;

Polymer: Cat Floc (Cationic)

Coagulant aid and dosage: Bentonite, 1.25 g/1
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Figure 5,27

Regidual Total Not Chargse and pH vs., Polymer Dosage

Figure 5.28

Regidual T idi nd TOC vg. Polymer Dosage

Experimental Conditions
Wastewater: Actual "undiluted"
Initial Turbidity = 245 JTU

Initial pH = 7.1

b -4

Initial Charge = +200 * 107" meq/1 (-1100 * 10
after bentonite addition)

Initial TOC = 610 mg/l

meq/1

Polymer: WT-2870 (Cationic)
Coagulant aid and dosage: Bentonite, 1.25 g/l
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again that the dominant mechanism for coagulation of negn-
tively charged wastewater with a cationic polymer is charpe
ncutralisation. The TOC removal is due to the colloidul sun-
pended solids removed in coagulation and flocculntion and the
remaining TOC is accounted for in the disgolved organic solids
left in the supernatant.

Since the two nitrocellulose-manufacturing waste-
waters that were shipped were different in concentration and
characteristics, it was necessary to repecat the determination
of the effecct of bentonite deaage on turbidity removal with
the second shipment of wastewnter. In this Jjar test, Cat Floc
was used as the coagulant at a constant dosage of 100 me/l
with varying dosages of bentonitce clay. The results of this
exper.ment are presented in Figure 5.29. It is seen that a
bentoni ic clay dosage of 0.1 ¢/1 was quite sufficient in brin-
ging about a 98% reduction in turbidity. The much smaller
dosage of bentonite that was required in this case could be
due to the different polymer and a high polymer Jdosage being

used and also due to the different wastewater being tested,

5.1.2.2.2 Powdered Carbon Adsorption Study

Jar tests were conducted to test the effect of
carbon adsorption in removing organic impuriilies in the
wastewater. Powdered activated carbon was added in varying
dosages to the wastewater samples and the residual TOC of the
samples were measured. The data obtained has been graphed in

Figure 5.30. The TOC removal was not significant. Even when




Experimentnl Conditiong

Wastewater: Actual "undiluted"
Initial Turbidity : 240 JTU
Polymer: Cat Floc (Cationic)

Polymer dosage: 100 mg/l
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Figure 5.30

Residual TOC vs. Powdered Carbon Dosage

ke Lo

Experimental Conditions

Wasteviater: Actual "undiluted"

ot i

Initial TOC = 600 mg/1

b ol

Contact time = 5 minutes
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a carbon dosage of 2000 mg/l was applied, the TOC removal was
37%. Therefore, further tests with powdered carbon and various
polymers were not carried out. The ineffectiveness of this

test was probably due to the short contact time of 5 minutes.

5.1.2.2.3 Tests using lime as a precipitant and

as a coagulant aid

High-lime precipitation was performed on the waste-
water to observe its effectiveness in turbidity removal. The
wastewater samples were dosed with varying amounts of calcium
hydroxide and after initial mixing and sedimentation, the re-
sidual turbidity and pH of the samples were measured.(see Fi-
gure 5.31). Observation of the data reveals that high-lime
precipitation is effective in turbidity removal. A lime dosage
of 3 g/1 gave a 82.4% turbidity reduction. The pH increase
was due to the increasing hydroxide ion concentration. The
effectiveness of lime in removing colloidal suspended solids
was due to the enmeshment of these colloidal particles in the
precipitate formed by the addition of lime (23).

It was decided to test lime in conjunction with
other polymers to see ii further turbidity reduction of the
wastewater woulld be achieved. The lime dosage of 3 g/1 was used
since it was the lowest dosage which gave a significant tur-
bidity removal (see Figure 5.31). Two polymers - cationic

Cat Floc and anionic Purifloc A-21- were used as coagulants.

Significant reduction in the turbidity was obtained(see Figures

5.32 through 5.35).
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Figure 5.31

Regidual Turbidity and pH vs.

Lime Dosage

Experimental Conditions
Wastewater: Actual "undiluted"
Initial Turbidity = 245 JTU
Initial pll = 7.1

Polymer: None
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; Residual pH vs. Polymer Dosage |
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Figure 5.33 1

Residual Turbidity and TOC vs. Polymer Dosage

B .

i

Experimental Conditions

Wastewater: Actual "undiluted"
Initial Turbidity = 245 JTU u
Initial TOC = 600 mg/l B i

Initial pH = 7.1

Polymer: Cat Floc (Cationic)

Coagzulant aid and dosage: Lime, 3 g/1
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Figure 5.34
Regidugl pH vs. Polyvmer Dosace
Eﬁ
1
;
Y Figure 5.35
‘ - Regidual Turbidity and TOC vs. Polymer Dosage 3
L- ) . L
3 .
Experimental Conditions 5
Wastewater: Actual "undiluted"
] Initial Turbidity = 250 JTU
L
f Initial TOC = 610 mg/l
f Initial pH = 7.2
4 b
| Polymer: Purifloc A-21 (Anionic) !
§ Coagulant aid and dosage: Lime, 3 g/l
}
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It was observed that whoen no polymer was added, the
lime was able to reduce the turbidity from 250 JTU to 42 JTU,
The additional turbidity removal was brought about by the
coagulating action of the polymer. It should be noted that
although the anionic polymer, Purifloc A-21, did nol work ef-
fectively with the synthetic wastewater, it worked quite well
with the actual wastewater. This was due to the fact that the
synthetic wastewater was negatively charged énd the actual
wastewater had a positive charge of about 200 * 10‘“ meq/1.
The positive charge of the actual wastewater and the anionic
nature of the polymer brought about charge neutralization, and
turbidity removal could be achieved. The high pH was due to
the presence of lime in high concentration. However, it should
also be observed that when lime was used as a coagulant aid
instead of bentonite,_the optimum polymer dosage required was
considerably lower. High-lime precipitation was able to reduce
the TOC by 22% without any polymer addition. The addition of
polymer increased this removal only to 31%. Thig indicates

that most of the TOC was present in dissolved form.

5.2 Continuous Filtration Experiments

Six continuous filtration experiments were conducted
with the actual undiluted wastewater using the information
obtained in the jar tests. These runs have been outlined in
Table 5.1. The experimental data has been graphed and is pre-

sented in Figures 5.36 through 5.52.
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Figure 5.36

T Net Chars nd pH vs

Figure 5.37

Experimental Conditions
Wastewater: Actual "undiluted"
Initial Turbidity = 240 JTU
Initial TOC = 530 mg/l

Initial Charge = +200 * 10‘“

meq/1
Initial pH = 7.5

Flow rate = 2 gpm/sq ft

Polymer: None

Coagulant aid: None

T
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Figure 5.38

Head loss vs., Filtration Time

Experimental Conditions

Wastewater: Actual "undiluted"
Initial Turbidit, = 240 JTU
Initial TOC = 530 mg/1

Initial Charge = +200 * 10-% meq,/ 1
Initial pH = 7.5

.Flow rate = 2 gom/sq ft

Polymer: None

Coagulant aid: None
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N Figure 5.39 b
L ;
g Effluent Total Net Charge and pH vs. Filtration Time ;
|
. Figure 5.40
1 Effluent Turbidity and TOC vs. Filtration Time :
| - |
§
‘i
Experimental Conditions :
Wastewater: Actual "undiluted" 1
Initial Turbidity = 260 JTU 1
Initial TOC = 530 mg/1l
Initial Charge = +200 * 107% meq/1 ( -380 * 10~% meq/1 %
after bentonite addition) 1
Initial pH = 7.5
Flow rate = 2 gpm/sq ft
Polymer and dosage: Cat Floc, 100 mg/1
- Method of polymer addition: Directly to the filter
L _ Coagulant aid and dosage: Bentonite, 100 mg/1
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Figure 5.41

Head loss vs. Filtration Time

Experimental Conditions

Wastewater: Actual "undiluted"

Initial Turbidity = 260 JTU

Initial TOC = 530 mg/1

Initial Charge = + 200 * 10~k meq/l (-380 * 10'4meq/1
after bentonite addition)

Initial pH = 7.5

Flow rate = 2 gpm/sq ft

Polymer and dcsage: Cat Floc, 100 mg/l

Method of polymer addition: Directly to the filter

Coagulant aid and dosage: Bentonite, 100 mg/l
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Figure 5.42

Effluent Total Net Charge and pH vs. Filtration Time

Figure 5.43

Effiluent Turbidity and TOC vs. Filtration Time

Experimental Conditions

Wastewater: Actual "undiluted"

2 gpm/sq ft

Polymer and dosage: Cat Floc, 100 mg/l

Flow rate

Method of polymer addition: Conventional process
Coagulant aid and dosage: Bentonite, 100 mg/1
Supernatant Turbidity = 5 JTU (after coagulation)
Supernatant TOC = 365 mg/l (after coagulation)
-L

Supernatant Charge = +48 # 10" meq/l (after coagulation)

Supernatant pH = 7.7 (after coagulation)
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Ll Figure 5.44 1

f Head loss vs, Filtration Time 1

EL% Experimental Conditions

?? Wastewater: Actual "undiluted" :

éLI Flow rate = 2 gpm/sq ft %

] Polymer and dosage: Cat Floc, 100 mg/1 i
Method of polymer additiont Conventional process

] Coagulant aid and dosage: Bentonite, 100 mg/l :

? Supernatant Turbidity = 5 JTU (after coagulation)

B Supernatant TOC = 365 mg/l (after coagulation) ;

i] Supernatant Charge = +48 *# 10~k meq/1 (after coagulation j

¢ Supernatant pH = 7.7 (after coagulation)

;

.
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Figure 5.45

Effiuent Total Net Charme and pH vs, Filtration Time

Figure 5.46
Effluent Turbidity ¢

Experimental Conditions

Wastewater: Actual “undiluted"

Flow rate = 4 gpm/sq ft

Polymer and dosage: Cat Floc, 100 mg/1

Method of polymer addition: Conventional process
Coagulant aid and dosage: Bentonite, 100 mg/l
Supernatant Turbidity = 4.5 JTU (after coagulation)
Supernatant TOC = 355 mg/l (after coagulation)

Supernatant Charge = +52 * 10'“ meq/1 (after coagulation)

Supernatant pH = 7.5 (after coagulation)
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Figure 5.47
E Yead logs vs, TFiltration Time

Wastewatert Actual "undiluted"

Flow vate = 4 gpm/sq ft

Polymer and dosaget Cat Floc, 100 mg/1

Method of polymer addition: Conventional process
Coagulant aid and dosaret: Bentonite, 100 mg/1
Supernatant Turbidity = 4.5 JTU (after coagulation)
Supernatant TOC == 355 mg/1 (after coagulation)

g Supernatant Charge = +52 * 1074 meq/1 ( after coag.)
Supernatant pH = 7.5 (after coagulation)
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Figure 5.48

Head loss and pH vs. Filtration Time

Figure 5.49

Eff .ent Turbiditv and TOC ves, Piltration Time

Exrerimental Conditiong

Wasiewaters Actual "undiluted"

Flow rate = 2 gpm/sq ft

Polymer and dosaget Cat Floc, 50 mg/l

Method of volymer additiont: Conventional process
Coagulant aid and dosage: Lime, 3 g/1
Supernatant Turbidity = 7 JTU {(after coagulation)

Supernatant TOC = 375 mg/l (after coagulation)

Supernatant pi = 11.8 (after coagulation)
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Figure 5.50

Effluent Total Net Charge and pH vs. Filtration Time !

Figure 5.51

EBffluent Turbidity and TOC vs, Filtration Time

cdhiile

Experiment.l Conditions
Wastewater: Actual "undiluted"

Flow rate = 2 gpm/sq ft

Polymer and dosage: Cat Floc, 100 mg/l

Method of polymer addition: Conventional process

ity

Coagulant aid and dosage: Bentonite, 100 mg/1
S ,ernatant Turbidity = 3.5 JTU (after coagulation)

Supernatant TOC = 375 mg/l (after coagulation)

-4

Supernatant Charge = +52 * 107 ' meq/l (after coagulation)

Supernatant pH = 7.7 (after coagulation)
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Figure 5.52

Head loss vs, Filtration Time

Experimental Conditions

Wastewater: Actual "undiluted"

Flow rate = 2 gpm/sq ft

L Polymer and dosage: Cat Floc, 100 mg/1

Method of polymer addition: Conventional process
Coagulant aid and dosage: Bentonite, 100 mg/l
Supernatant Turbidity = 3.5 JTU(after coagulation)

: - s
[ [P

Supernatant TOC = 375 mg/l (after coagulation)

ety

Supernatant Charge = +52 * 10-% meq/l (after coag.)

g! Supernatant pH =7.7 (after coagulation)
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5.2.1 Filter Effluent Turbidit Charge and pH

Figures 5.36 through 5.38 present the experimental
data obtained in the first continuous filtration experiment.
This run wag performed as a control run therefore no coagu-
lant aid or polymer was added to the actual wastewater. The
initial turbidity of the wastewater in the filter infiuent
wvas 240 JTU. As can be seen in Figure 5.37, the effluent tur-
bidity was in the range 235-240 JTU., This indicates that nep-
ligible turbidity removal was achieved in the filter. This
was due to the very small sgize of the colloidal suspended
particles in the wastewater; the size was small enough to
pass through the pores in the filter media. It is also observed
that the pH and net charge of the effluent are nearly constant.
Since the net charge was not changed, 1t was an indication
that no particle neutralization or attachement took place
within the filter media and the wastewater simply passed
through the filter without any changes taking place.

The second continuous run was performed by directly
adding the polymer continuously within the filter (see Sec-
tion #.3.1.2 for procedures). This process is a recent deve-
lopment in wastewater treatment and is called contact floc-
culation-filtration (1). Some of its advantages and disadvan-
tages are discussed in Section 5.2.5.1 . The effluent tur-
bidity in this operation was quite different from the other
continuous runs. Initially, the turbidity was quite high

(200 JTU), then at a filtration time of about 20 minutes

PR PR TUP
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it decrcased suddenly to a low value of 1.0 JTU (see Figure
5.40)., This was due to the fact that at the beginning of the
run there was no time for flocculation to take place with

initial contact of the wactewater and polymer and the eff-

luent turbidities in the earlier stages of the Tiltration were

high. An approximate calculation shows that about 15 minutes
are required for the wastewater to flow through the column.
Therefore, even if coagulation took place at initial contact
this amount of time would be required to affect the quality
of the cffluent. As time elapsed, flocculation took place,
the large flocs were held up in the filter and the effluent
Turbidity was lower. A sharp decline in the net charge also
indicates that at thatpoint, the removal of solids was in-
creased., No pH changes could be observed throughout the run.
In the remaining filtration runs, the conventional
method of pretreatment of wastewater was used (sce Section
4.3.1.2 ). This meanl that the wastewater was already coa-
gulated, flocculated and settled prior to filtration and
the clear supernatant was pumped to the filter. For this
reason, the turbidity of the wastewater in the filter in-
fluent was quite low (approximately 5 JTU). In nearly all
of the following runs, the filter effluent had a constant
turbidity of about 0.5 JTU (see Figures 5.42 through 5.52).
The last filtration run was carried for 8 hrs instead of the
usual 3 hrs to see if there would be any degredation of eff-

luent quality with time. The results show that the effluent
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turbidity did not change during this time. This was due to
the low turbidity of the wastewater entering the filter. The
suspended solids concentration was so low that clogging of
the filter and degredation of effluent quality would probably
take a few days instead of a few hours.

The net charge and pH of the filter effluent were
also quite constant. Some variations occurring in the value
of the net charge were not significant since charge magnitu-

4

des were expressed in terms of 10, The small variations could

also have been due to errors in analylical measurement,

5.2.2 Total Orgenic Carbon (TOC) »f Filter Effluent

In the control filtration run with only the actual
wastewater passing through the filter, negligible TOC remo-
val was achieved (see Figure 5.37). The influent TOC was
530 mg/1 and the effluent value averagced to be 510 mg/1.
Since an insignificant turbidity removal took place, the
TOC removal in the form of suspended solids was small and
most of the remaining TOC was in dissolved form.

The TOC removals in the remaining filtration runs
were also not very significant. The highest removal achieved
was close to 50%. When the conventional treatment of waste-
water was used, most of the TOC (40%) was removed in the
batch coagulation, flocculation, sedimentation process be-
fore the wastewater entered the filter. Only up to 5% addi-

tional TOC removal took place within the filter itself. In
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conclusion, it was noted that the TOC removal was achieved

in correlation with the turbidity reduction taking place.

The suspended solids being removed also caused a partial
reduction in the TOC. The remaining TOC was due 1o the dis-
solved organic matter which could not be removed by the fil-
ter. Some graphical variations are present in the TOC values,
however, the range of TOC in consideration is very small to
make these variations significant and essentially the measure-

ments can be considered to be close in magnitude.

£.2.3 Heod Iogs Development

The head loss taking place in the filter was measured
periodically with the aid of a piezometer tube. These values
were graphically represented as inches of head loss vs, filt-
ration time (see Firures 5.38, 5.41, 5.44, 5.47, 5,48 and
5.52).

Head loss curves reveal considerable information
on how suspended solids removal took place in a filter. Gra-
nular filters remove suspended solids in one of the following
ways (33): 1- Removal of suspended solids at the surface by
the media at the top of the filier, 2- Depth removal of sus-
pended solide within the voids of the media ¢nd 3- Combi-
nation of surface removal and depth removal.

Solids removal may take place at tlre surface if
the filter media is too small or if the filtration rate is

low. Surface removal of a compressible solid results in a
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head loss curve that is exponential. Increusing the terminal
head loss will not increase production per filter run with

this type of head loss pattern.

1f removal of solids occurs within the filter media,
the head loss curve (of head loas ve. total volume filtered)
will be quite linear. Increasing the [iltration rate will
increase the initial head loss but the head loss curves will
still be parallel with inecreasing filtration rates. Increasing
the terminal head loss inereases both the run length and tlhe
production per run sinca the curves are nearly linear., This
pattern is the most common pattern obisierved in coarse-to-
fine filtration.

When the solids are partly removed on the surfuce
and partly in the depth of the filter, surface removal will
predominate at low filtration rates., With higher rates, the
solids ore carrvied dceeper into the ‘rarular medium and nmore
filtrate is yproduced before the surface cake forms., The rate
may become hirh enourh to prevent surface eake formation and
the hecad locs will then be controlled only by depth iltra-

tion.

{ The experimental data for the first continuous

t filtration run showed that the head loss curve was linear
in the earlier parts of the run and then it becnme exponen-
tial (see Figure 5.38). This indicates that initially for
the first 2 hrs,surface cake formation did not become sig-

nificant and suspended solids removal in the filter was
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smull, The exponential section of the curve indicates the
formation of n surface cake ot the top of the filter media.
In the second filtration run, the polymer wau
added dircectly to the filter and coagulation and floccu-
lation took place in the upper po:tions of the I'iltoer.
Th: floce that were formed were larger than the coaruest
filter media (:0 thracite) and therefore formed a ihick cuke
at lthe top or tle tTilter wmedia. The head loce curve for thie
run was a typlceal exponertial curve ns wans predicted theo-
retically (33) (see Figure 5.41). The filiration run luas-
ted only 53 mirutes and hnd to e terminated due 1o the
exconasive inerease in heand loss,

The remainiy - Jlltration experinments were carried

2

out by the couventionel procesn, (oeo Section h.3.1.72)

therefore thoe turbidi by of the wistewanter ¢ntering the filter
was quite low, The low concentration of suspended colidc
prevented surfice cake {formation and the removal took ﬁlace
predoriiantly in the filtor bed, This type of removal recul-

ted in nearly lincar head loss patterns.

5.2.% Effects of Flow Rate

411 or the continucus f'ltration runs with the
exception of one were carried out at a filtration rate of
2 ¢gpm/sq ft. The other flow rate used was 4 spm/sq ft. Al-
though only one run was repeated at two different flow rates,
the experinental data still revealed considerable information

on the effect of flow rate on physicul and chemical parameters,
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The initial head loss of the filter with the higher
flow rate was approximately 3 times rreater than the initial '
head losas at the lower flow rate (sec Figures 5,44 and s,b4y),
Theoretically, this ratio should have been Mt o L.ce g
head lors is proevortionnl to the square of the veleois, us
shown in the cquation by Coarmen-Kouveny. Db 3ir - ihoe v laeity
should 'ave civen a teoad logs fonr tinee wo rrond, T ine
consinle oy »eonlty fron the limitoricns or the Corr -Koreny
equatic: (¢ ¢ deserite the Ao Tos af o multiencdin
gronulee "1 Lt
Daranctors auch o ns of fluee s tuvliAiee, TOC, et
charge coxd 1 H wore o0 ctrected Yy o th o dreroaee 1 flow rate

N S oyt VT e S ¢ 5
as con Ve sedr bLoecnrar e Plevre s S0 nra f LY wity Firures

T T S T N SV T PR P ST
B S T S U U A N SO ST S A ST e S
» " 4 [
holosaot e e * R
I thie inveot” atier, polurer addition to the

wastewiter was necomylicnad in two Gl tferent waye- the df -
rect addition of peiyner to the filter ond the convertional
type of ireatnent of weotewnter, Theoe metlods have teoen
described in detuil in Section L,3.1.2,

The direct addition of polymer to the filter is a
recent trend ir water treatment technology nnd also is app-
lied ir the filtration of low turbidi*y wastewaters. The
advantare of this "contact coarulatior-Tiltralion prorcess

is the omitturce of costly flecculutico: and cedimentation
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units. This process, however, did not work efficiently in
the present investigation. The main reason for the ineffec-
tiveneas was the high turbidity of the wastewater. Suspended
80lids concentration was o high that when coagulation and
flocculation took place in the filter, the flocs that were
formed were too large in size to enter the voids in the
filter media. A thick surfuace cake developed and the run
had to be terminated in 53 minutes due to excessive head ;
loss. Backwachinge of the filter also caused some problems
since thc larcer floces (3-4 mm) could not be removed completely
and total regencration ol the filter could not be achieved.
In conclusion, the method of directly adding the polymer to
the filter did not work cffectively for wastewaters ol high
turbidity,

The conventional processt of adding the polymer to
the westewater in a pretreatment system provided very low
turbidity wastewnter for the filter influent. Since the sus-
pernded solids concentration in the influent was low, the ?
head loss build up over a period of time was not excessive
and longer filtration runs could be achieved. On the other

hand, because of the low turbidity in the filter influent,

A mmssmi

siFnificant chances were not observed experimentally in the

relatively short term filtration runs (3 hr).

5.2.5.2 Disadvantages of uging lime as a coasulant aid

In some of the tests conducted, lime was used as

a precipitant and a coagulant aid to provide effective
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turbidity removal. The following disadvantages were noted

when using lime: ;
1- Due to the very high concentration of lime

required (3000 mg/1 = 12.% tons/million gal.),

considerable amounts of sludge were formed. 5

2- The addition of lime increased the pH of the

system to nearly 12. This brings about the re-
quirement for a neutralization process to re-
duce the pH of the effluent before re-use or
discharge to a stream.

3~ The problem of calcium carbonate formation was
encountered due to the reaction of calcium

with dissolved carbonates in the system.

The reasons pointed out above show that lime is not
very practical as a coagulant aid in the treatment of waste-
water. None of these disadvantages were encountered when using

. powdered bentonite clay as a coagulant aid. The concentration
that was effective was 100 mg/l (0.4 ton/million gal.) and
Eo the pH of the system was not altered during coagulation. In

conclusion, bentonite clay is recommended as a coagulant aid i

f in the treatment of the actual wastewater since it is more
| effective and does not have any of the disadvantages associated }

with lime treatment.
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PART 6
CONCLUSIUNS

The following conclusicns were drawn from the

results of the experimental investigations:

1~

An optimum dosage of polymer exists in tur-
bidity remcval and underdosing and overdosing
can occur., The optimum polymer dosage depends
on the properties of the wastewater,

Cationic polyelectrol:rtes are quite effective
in treating a negotively charged synthetic
wastewater by the mechanism of charge neutra-
lization. The optimum dosage was around 50 mg/l.
Anionic polymers did not provide significant
turbidity removal for the anionic synthetic
wastewater because of the magnitude of the
repulsive forces present in the ystem.

The non-ionic polymer gave a high tarbidity
removal for the synthetic wastewater at a lower
optimum dosage than the cationic polyelectro-
lytes. Turbidity removal was accomplished by

a bridzing action rather than charge neutrali-
zation.

The dependence of optimum polymer dosage on the
pH of the system is not significant.

The polymers tested for the coagulation of the

actual nitrocellulose-manufacturing wastewater
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are ,.0t effective by themselves primarily due

to the very low net positive charge of the waste-
water. Charge neutralization can not be a domi-
nant mechanism in turbidity removal because of
the insignificance of the charge of the wastewater.
Bentonite is a successful coagulant aid when used
in conjunction with the cationic polymers in
coagulation of the actual nitrocellulose-manu-
facturing wastcwater. With a bentonite concen-
tration of 1.25 g£/1 and a polymer dosage of 50
mg/l, a 98.5% removal in turbidity can be achieved.
The TOC removals in the Jjar tests,due to the
coafgulation and removal of suspended solids,

are not significant since most of the TOC is in
dissolved form.

A stoichiometry exists between the optimum polymer
dosage and the concentration of solids in the
wastewater; higher polymer dosages are required
for more turbid wastewater.

High-lime precipitation (3000 mg/1) by itself
reduces the turbidity of the actual wastewater

by 84%.

Lime is also an effective coagulant aid when

used with the polymers in the treatment of the
actual wastewater. With a lime dosage of 3 g/1

and a cationic polymer dosage of 50 mg/1, a

98.7% turbidity removal is achieved. However,
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the use of lime brings abovt severnl disadvan-
tages such as high pH, large amounts of sludre
formation and CaC05 precipitation problems,
Without the addition of a coagulant aid or poly-
mer, direct continuous filiration of the actual
wastewater is very ineffective in terms of tur-
bidity removal.

The process of contact coagulation-filtration
where the polymer is added continuously directly
to the filter is not successful for the actual
wastewater due to its very high turbidity. Sur-
face removal is predominant giving an excessive
head logs that causes early termination of the run.
The conventional pretreatment process using the
optimum dosages of coagulant aid and polymer ob-
tained in the Jjar tests is successful in giving

a high quality filter effluent,

Head losa increase with time is a linear relation-
ship if in-depth removal of suspended solids is
taking place. The head loss pattern is exponential
if the particles are being removed predominantly
by mechanical surface straining.

The increase in flow rate causes only an increase
in the head loss and does not affect parameters

such as effluent turbidity, TOC, net charge and pH.
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PART 7
SUGGESTIONS FOR FURTHER STUDY

The polymers used in this study consiated of three cat-
ionic, two anionic and one non-ionic in naturc. More
expe.'iments are needed with non-ionic pelymers to sup-
port the results obtained in this investigation.

The filtration apparatus cuan be conntructed in a way to
provide sampling along the filter bed. Samples taken

from thegse ports will give a better indication of how
removal o' suspended solids changess with the depth of

the filter. Head loss measurcments taken at various
depths will also provide more detailed head loss patterns
and will indicate the type of removal taking place in

ithe filter,

Filtration should be further studied under different
types, vizes and depths of filter media.

In this investigation, the polymer addition in the con-
tinuous filtration runs was carried out by two different
methods. These methods did not include initially "“precoa-
ting" the filter bed with a concentrated solution of
polymer before filtration of the wastewater. Another
possible treatment method to be studied is the continuous
flow of polymer to the filter in addition to "precoating"
the filter bed. The point of injection of the polymer in
the filter column can also be varied to obtain different

effluent quality.
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Only few tests have been performed to examine the effect
of filtration rate on effluent quality. More investiga-
tions should be carried out with different flow rates

to verily the data obtained in this study.

Suspended solids analyses (in mg/1) should be made and
correlated with the turbidity values obtained for the
samples.,

Powdered activated carbon adsorption studies should be
made with longer coniact times to ensure complete ad-
sorption of crganic particles.

The duration of the filtration runs in this study was

3 hr. Only one run was carried out for 8 hr and no change
in effluent quality was observed during this time. Longer
runs should be performed to observe the opzration and
characterisrics of filiration normally associated with

actual long term operation.

From the viewpoint of the treatment of the actucl waste-
water, reducing the TOC of the filter effluent should
be considered. Biological treatment or granular carbon

adsorption can be studied as possible treatment methods.
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Table A-1

Technical Specificaticns of Bentonite

Grade:

Comiposition:

Purity:

Chemical composition:

Formula:

Moisture content:

Size:

pH:

Swelling:

Packaging:

USP Dust Grade Volclay Bentonite

145

Bentonite- a hydrous silicate of
alumina comprised essentially of
the clay mineral montmorillonite

Montmorillonite content about 99.75

minimum. Contains small portions

of

feldspar, biotite, selenite, etc.

Silica 63.02%
Aluminum 21.08%
Iron (ferric) 3.25%
Iron (ferrous) 0.35%
Magnesium 2.67%
Sodium & Potassium 2.57%
Calcium 0.,67%
Crystal water 5, 64%
Trace elements 0.72%

as
as
as
as
as
as
as
as

Si02
A1203
F0203
FeO
MO
Nao0
Cal
H,0

A tri-layer expanding mineral structure

of approximately:

( Al, FU1.67’ MgO'BB

) S1,01, (OH)pNz Ca

++
0.33

Minimum 5%, maximum 8% as shipped

99.75% minimum finer than 325 mesh

(44 micron)

2% suspension 9.5 to 10.5

2 gms. allowed to swell freely- 24 ml

minimum swellen volume

Multiwall paper bags, 50 1lbs. net
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% Table A-2 %
} ;
1 Technical Specifications of Organic Liquid Polymers 3
i

i

Cat Floc T

f  APPEAYANCE srsssrssssssarssvsssssssssy Clear to pale yellow
l S01ubility seeser sesesisensssessssss highly soluble in water

weigh‘t/gallon ® 0 0 4 8 B B 2 8 A ¥ st 8.6 J.b

TR R T P CPRTIA DS ST T

VISCOSLITY +evvvesvsrnserssarasassssss 35 cps (minimum) at 250C

l; pH (as supplied) +ivevrivervivenseenss 3.5 0.2 3

fJ.aSh pOint I N B A R A A A N A A A A R N N above zoooF

:L'" freeZinngint T R R R B N T T I T AT TN S B I I I I ) 2?0F

i_ WT-2870
1- APPEATANCE 4 vresessssssssrsasssssssss Clear pale yellow liquid 1
;
:

SOIUDIlitY +eevie vrvesasansasiases., highly soluble in water

3 specific gravity .ivevevvean veaaase.. avg, 1,022 %
VISCOSItY vt tieriiarasanssacsasss 2000 cps at 25°C maximum 7

‘i—/ pH (as Supplied) [ RN B B B A BN B B B AR B AR A u-ZiO-S
s £1lash POINT  veeveviesnesnsessasssssss above INOF

freezing point ..evetverriersvesonssss 27°F

T

Cat Floc

E APPEATANCE +stssvrsassssrsnssssesssss Water-white to pale yellow
b liquid

S01ubility +esveevvsenssnnncasiasssss highly soluble in water

g e

specific gravity .eeviaicisensiienaes. avg, 1,022

3 VIiSCOSItY +vvevevrnnesnansnsanesssess 2000 cps at 25° C max.
pH (as supplied) tvieevrnnnrsnnrsacess B2 + 0.5

j £128H POINT  +evvrernrevnrsnsvesesssss above 200°F

freezingpoint 8 ¢ 8 8 0 0 8 b ¥ e s s TN 27OF
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Table A-2

WT-2690
appearance 9 1 9 ¢ 8PP B S 0N St

golution viscosity secerctirininisiianns

PH of 0.5% s0lution .ivvvervnosnnsnnonns
bulkdensity (avg.) 6 8 0 0 g 4 9 0 Ve 0 YRt N

particle Size S 0 % 0 0 4 8 % %AV LAt R

WT-2700

appearance ¢ 8 B 8 % 8 O S s 8 L g o

snlution viscosity vvivieriirriieriianens

PH of 0.25% solution .icvvvrionesennnnns
bulk densSity v etrisrionaennans

L N 2N B N B BN BN B

partiCle Size EEEEE R )

off-white, dry flake

75 cps at 259C for
0.8% concentration

7.0
27 lvs/cu %

100% through 10 mesh
60% through 30 mesh

off-white, dry flake

1800 eps at 25°C for
0.5% concentration

7.5
20-25 1lbs/cu ft

100% through 12 mesh
60% through 30 mesh
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Figure A-1
Rotameter Calibration Data
Tube No: R-2-15-B
Float material: Glass
Metering Temperature: 700F

Metering Pressure: 14.7 psia

Figure A-2

Rotameter Calibration Data

Tube No: R-6-15-B
Float material: Stainless steel 316
Metering Temperature: 70CF

Metering Pressure: 14.7 psia
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on CGurve for WT-25370 Polvelectirolyte
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Fipure A-5
Calibration Curve for Cat IFloc T Polvelectrolyic
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your interests probably have entered the col-
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Subscribe to the Weekly Government
Abetracts series that will bring you sum-
maries of new reports as soon as they are
received by NTIS from the originators of the
research. The WGA's are an NTIS weekly
newslette: service covering the most recent
research findings in 25 areas of industrial,
technological. and sociological interest—
invaluable information for executives and
professionals who must keep up to date.

The exncutive and professicnal informa-
tion service provided by NTIS in the Weekiy
Governmant Abefrscts newsistters wi'' give
you thorough and comprehensive coverage
\ of government-conducted or sponsored re-

search activities. And you'll get this impor-
tant information within two weeks of the time
it's released by originating agencies.

WGA newslietters are computer produced
and electronically photocomposed to siash
the time gap betweer: the release of a report
and its availability. You can learn about
technical innovations immediately—and use
them in the most meaningful and productive
ways possible for your organization. Please
request {TIS-PR-205/PCW for more infor-
mation.

The weekly newslietter series will keep you
currant. But /learn what you have missed in
the past by ordering a computer NTiSearch
of all the research reports in your area of
interest, dating 3 far back as 1964, if you
wish. Pleasze request NTIS-PR-186/PCN for
more information.

WRITE: Managing Editor
5285 Port Royal Road

Springfieid, VA 22161 j

\

SRIM (Selected Research in Microfich4)
provides you with regular, automatic distri-
bution of the complete texts of NTIS research
reports only in the subject areas you sealect.
SRIM covers aimost all Government re-
search reports by subject area and/or the
originating Federal or local government
agency. You may subscribe by any category
or subcategory of our WGA (Weekly Govern-
ment Abstracts) or Goverrment Reports
Announcements and Index categories, or to
the reports issued by a particular agency
such as the Department of Defense, Federal
Energy Administration, or Environmental
Protection Agency. Other options that will
Qive you greater selectivity are available on
request.

The cost of SRIM service is only 45¢

vomestic (60¢ foreign) for each complete

4 Xeep Up To Date With SRIM

microfiched report. Your SRIM service begins
as soon as your order is received and proc-
essed and you will receive biv~ekly ship-
ments thereafter. If you wish, yuur service
will be backdated to furnisk you micrnfiche
of reports issued earlier.

Because of contractual arrangements with
several Special Technology Groups, not all
NTIS reports are distribuied in the SRIM
program. You will receive a notice in your
microfiche shipments identifying the excep-
tionally priced reports not available through
SRiM.

A deposit account with NTIS is required
before this sarvice can be initiated. If you
have specific questions concerning this serv-
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NOTATION

Clearance between the calm water surface and the ship
cross structure or frecboard at longitudinal location L(

Dratt at L,

Longtudinal metacentne heght

Transverse metacentne haght

Significant wave heght. average of e |3 hughest waves
Lateral acceleration in g

Longtudinal location for which relative motion between
shup and water surface was predicted

Length between perpendiculars

Venucal acceleration in g

Response amplitude of operator

Relative bow moiion at L.

Root mean sqﬁarc. square root of vanance

Natural heave penod. p+nod corresponding to maxunmum
value of beam=ea, zero-speed heave RAO

Natural roll penou. peniod corresponding to maximum
value of beamsea, zero-speed roll RAO

Natural pitch penod. period corresponding to maximum
value of head-sea. zero-speed pitch RAG
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ABSTRACT

The wakceping charactenmtics of v bascaliy ditterent shap dosaigns were
cvaluated to determine their comparative ctfectveness as 0 U S Nany
workbaat  Three ot the designs represert comentiongl monohalls with
ditterent saze and specd capabilities. Stap A represents the currenthy empiosved [or
redo retnever boat. and Ships B and O represent farger s vons of A with cxpanded
capabibiies  Two designs (Shups D and B represent smalt waterplane vehicles
which have the same mission capabilities o8 B and ¢ Again. Shups 1D and
ditter pnmanis ain thewr speed capabthities The remaming candidate desgn
4 column-statlized catamaran represents o sehiicde which has two distingt
operating churactenstics  in the transiing condition. thas sbap s eswenbialiy
a0 occangoing catamaran and i donoted as Ship o Once the workimg station
o reached, this ship Qoads down and becomes o ven small waterplane arca
vehicie. The submwerged catamaran hulls are connected 1o the supentructure
ty tour <lenrder elhptical sertscal struts I this contiguration the shap s
desgnated o Shap G

Bused on the weighed charactenstios ot all shap candidates in transat s
wel' ovan the station-keeping mode 1t aas estaidished that Ship b oca 20-knot
smali waterplane arca twia ait SWATH design) s the most suitable shup tor
the detined massion ot o Navy worhboat, This condlusion s based entirely on
the seakeeping responses of the candidate designe without reterence to cone-
struction or npcr.mn_; I Y A

ADMINISTRATIVE INFORMATION

This work was conducted at the Naval Ship Rescarch and Deselopmem ©enter ¢« NSRDC)Y
by Ship Pertormance Departmment Code 1368 gt the request of NSRDCS Systems Deselop-

ment Department Fhe work seported herem was tunded ander Work Uont T To0ss

INTRODUCTION

he US Ny has been emploving a simoll SS-Foot hardohine boat i oos
Hawauan operations. This boat has been tound to be tar trom ideal as a work boat in its present
role because of ats limited size and the associated scakeeping charactenstics. NSRIX was
requested to pertorm g tcasiihity design tor g o workboat that s more siitable tor
present and projected tasks in the Hawanan arca. The seakeepmng analyss uadertaken for
this feasibility design s the subject of the present report.

Ship motions, including accelerations, and the relative shop to water motions were pye-

dicted in long-crested. arregular seas for & senes of v ships of basically difterent design.
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Fave represent competing teaabithty desgns tor g workboat 1o e ased by the Ny,
nd the othor ropresants the usten w ok hoar Since thie Tive comipe e 1o aabenty
cesgns all have the same misaon motion predictions were made tor o serres of realistically
tebated dups by e o vancty b dovumented and undocamented shup motion Computer
Programs

Theee gspects ot these proedic ion proccdurnes were somewhat unusual tor this vpe ol
motion insestigation  The g was the tse of Tour distimc b wave speatrg To represent sy
condiions at 2 speatie swea state or wave hearht lesel The second was that shap responses
were evaluated tor dup misvomr-onented condetions, Lo transiting i head seas to the work
wie and stationkecping gt the work st The third aspect was that ther cttectieness was
cvalugted by conadenag bow well the yvgnous candadates mect speaitic ship response

JAtena tor the two operating Comhitions

PREDICTION PROCEDURE

i OVERVIEW

I'wo programs descloped the responses in the trequency domaimn. and the other two descloped
and reduced these responses i the time doman

Ihe tiest program descloped the response amplitude operators tRAOW and the second
proeram calulated the responses o the varoogs sheps tor o osenos of foir disdiinded sea cone
diions selected trom the intended operating arca ot the workboat. The third program con-
verted the resalts of the tinst program inte the tme domain, and the tourth program
computed the cntical wave heghts at which shep pertormance would be degraded by mission-
interrupting cvents such as slamnung «©r deck wetness. Tt s ponted out that the resuits of
the second progmam were used primaniy to check the time domain ship responses ot the thn
COMPpUter program.

Three ditterent computer programs were used (e calculdte the RAOs which characternize
ship responses 1o particular load  specd, and heading condinons. Monohull RAOs were

. o . 3 .
obtained trom the NSRDC Sp Motion and Sea Load Program.!-* Both head and beam sea

l\h‘n‘n W el UM sl NSRRI Ship Metion and Ses Poad Computer Program NSRRI Report 3376
19T N Comphetc listine b reterenoes v eiven on page 33,

Sabesen. Noet al Shep Motions and Sea Doads TSNS AME Taans s Vol TR pp 20 IRT (19T

; b our basic computer programs or groups of programs were used te o develop ship responses
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RAON were obtained fou the monohulls trom this program. RAOs trom SWATH znd column-

;{ stabihized catamarans 1n head seas were obtained from an undocumented, modified version of

4

the Frank Close-Fit Shup Motion Computer Program.***  In turn, the beam sea RAOs for

these ships were calculated by using an undacumented computer program as v.ell as roll

© —

Jamping cocttiaents measured dunng SWATH model expenments.

The RAOS caleulated by the vanous programs were converted to g single consistent
coordingte system pror to their use as imput to the third or time domain conversion pro-
gram.  The nme domain conversion was pertormed by using the procedures of weveral investi-
,\:.‘llur\.(

The relative bow monons calcubated in the fourth program were developred according to
the procedure given in Appendin A Simple devel crossivg techniques were employed to
establish the number of cntical events Glamming, deck wetness or crosssstructuie impacts) :
that would interrupt ship nusston dunng 30 punutes of operation in the selected seaways. [t
shourd be noted that all ships were subjected to exactly the same seaway time history at a ‘
parnicular modal wave penod and speed conditon, Thus the responses of the individual

candhidate vetucles are directly comparable at the vanous conditions,

SHIP AND PREDICTION PARTICULARS

Frigure | presenis the particulars of the seven contigurations tor which response pre-
dictions were made. Shap AL g small X3-toot hardehine boat, was included because it
represents 4 workboat whose response Characterstios as o Navy workboat are
already hnown,  The obectionable charactenstios ot this boat when tmansiting to the work
sate Glammuang, wetness) as well as dunng statonkeeping at the site (excessive roll) thus

represent response levels against which the new workboat candidates can be compared.

Both the cross sections of the candutate boats at a tongitudinal location L(‘ and the

location of Leon the calm-water waterplane arca are shown in Figuee 1. L. was the

3 oo .
Lrank, W. and N, Sahesen, UThe |rank Close-b it Ship-Motion Computer Proeram,” NSRIX Report 3289 (1970,
41«\m-\. H.DL, Catamaran Motion Prediction in Revular Waves,” NSRDC Report 3700 ¢1972),

£ " 5 .
Zasawh, .1, and LA, Dasban, “Modeling Techngjues tor the Fygluation of Anti-Roll Tank Devices,” Third Ship Contro,
Sy mposium, Bath, Fneland (Sep 1972,

b\\nhnnglun. 1.K.. “Analy ical Methods tor Ventying the Structural Integnty of LNG Carniers.”  Third International
Conference on Liquified Natural Gas, Washington, D.C. tSep 19720

Battis, A, ot al., "ING Cargo Tanks A Ship Motons Analysis of Internal Dynamic 1 oadings.” GASTFCH 74,
International ING and [ PG Congress, Amsterdam (Nov 1974).

__W
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location at which relative motions between the ship and the water were computed for all
ships in head seas The reasons for this choice of location are discussed later. Both size and
arrangement of the waterplane area of the condidate boats are shown in order to demon-
strate their significant differences. Two points should be noted in this regard. First, the
waterplane areas essentially represent a measure of the static restoring force potential of thc
different ships, i.e., the tons per inch immersion. The three monohulls (Ships A, B, and (),
for example, respectively require 2.72, 8.69, and 10.49 tons to increase draft by 1 inch. On
the other hand, the 15- and 20-knot SWATHs (Ships D and E) respectively require only 2.78

and 3.20 tons to increase the draft by 1 inch. The column-stabilized ship requires an in-
crease of 8.96 tons per inch of draft in the surfaced condition (Ship F) even though it has
essentially twice the displacement of the monohu!l with equal 15-knot design speed. Once
the hulls ot the ~olumn-stabilized catamaran are submerged (Ship G), o~ly 1.64 tons are required
to increase draft by 1 inch. This, of course, is even less than the very much smaller Ship .5
slinough ballast pumping would alleviate this very low extra payload-carrying capacity. The
key point to note is that monohulls are much less sensitive to payload increase than are
SWATHs. Thus, one of the significant differences between these two types is their sensitivity
to payload increases. It is important to recognize this fundamental difference in the payload
growth potentials of the two types.

The basic motion behavior in seaways represents a second major difference between the
ship types. The small waterplane area SWATH and the column-stabilized catamaran both
have very large natural motion periods, particularly for angular ship responses. The naturul
periods shown in tabular form (Figure 1) were obtained from the zero-sneed, beam-sea, roll
and heave RAOs and the zero-speed, head-sea pitch RAQs. The importance of the long
natural periods is that motion responses due to seas generated by local winds are thus lower
for the SWATHs than for the monohulls or the catamaran (Ship F).

The major ship dimensions and particulars are given in Figures 1 and 2. Figure 3 was
prepared to demonstrate in detail the specific input to the various computer programs that
produced ship .....on RAOs. Note that these programs consider only the below-the-
waterline hull form. Forward sections are shown on the right-hand side and aft sections on
the left-hand side of the figure. The large difference in the beam and drafts of the various
ship types is clearly dzmonstrates. Monohulls (Ships A, B, C) clearly have both the most
shallow drafts and the largest v uterplane areas whereas the SWATHs (D and E) and Ship F/G
have the deepest drafts and the greatest beam and deck areas.

Ship responses were calculated for operating conditions which represent two specific
elements of the ship mission, namely the in-transit and stationkeeping operating modes.
Stationkeeping was considered to consist of head and beam sea responses at 0 and 5 knots.
The in-transit operating mode was considered to be represented by head sea responses at
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speeds up to the design speeds of the candidate ships, i.e., 15 and 20 knots. It should be
noted that Ship G, the column-stabilized catamaran in the submerged condition, has a top
speed of 5 k..ots and thus response predictionc were made for 0 and 5 knots in head seas,

Figure 4 summarizes the individual responses predicted for the varius craft in head and
beam seas. Head sea responses were developed for essentially four different locations on the
ships and beam sea responses for only two locations. It was considered that head sea or in-
transit ship responses couid best be represented by vertical accelerations at three longitudinal
locations as well as by pitch and the relative motion at a critical longitudinal location L.
(Point £), Points | and 3 represe;n the furthest practical forward and aft locations at
which ship mission-related work might be required during the in-transit operating mode.
Point 2 represents the location of the center of gravity (CG) at the main deck level.

Beam sea responses were calculated only to amplify the head sea stationkeeping responses
at 0 and 5 knots. Only roll, lateral, and vertical acceleration at the CG (Point 1) were cal-
culated in beam seas at 0 knots. The vertical and lateral accelerations were calculaied at the
aftmost, outboard location on the decks of the various ships, i.e.. Point 2. These
acceleration predictions were made on the assumption that Point 2 would be the furthest aft,
practical location at which such mission-_elated work as launch and retrieval of buoys could
be made. The transverse distance from the centerline is tabulated as B in Figure 1. The
furthest practical forward acceleration responses may be assumed to be essuntially identical
to the Point 2 predictions.

Figure 5 presents the range of theoretical wave spectra used to represent the range of
irregular sea conditions which the workboats are expected to encounter during operation.
Figure 6 indicates the various ship and sea conditions for which ship respcnse predictions are
made. The sea reprosentation is described in greater detail in the following section.

SEA REPRESENTATION

Realistic seas are composed of a mixture of locally generated wind waves and swell from
distant storms. Swell differs from locally generated waves primarily in that waves due to
swell are very much longer and somewhat more regular or periodic than short, choppy wind-
generated waves. The mixture of such seas can result in waves whose spectra may have two
or more distinct modal periods or spectral peaks depending on the differences in the modal
periods of the local seca and the swell as well as on their characteristic wave heighis, Several




authors have noted®- 12 that the variahility of realistic sea spectra cannot be adequately
accounted for by means of a single-parameter Pierson-Moskowitz wave spectrum formulation.!?

At present, there are two basic schools of thought as to how the accuracy and realism
of the sea description can be improved for pusposes of predicting ship response. One’!!
favors some type of idealized spectral family and the other® !0 favors use of a weighted set
of real, measured spectra. Baitis et al.” have demonstrated the equivalence of these two
approaches for design purposes.

Simulation techniques, such as those recently employed by Baitis et al.,* can be employed
to generate any arbitrary set of realistic waves. Their recent sea simulation considered both
swell and wind-driven seas together with their relative directions and their respective character-
istic wave heights. However, consideration of all possible combinations of the relevant seaway
parameters wo. 'd result in an extremely large data base, at least as large as that from all
previously measured wave spectra. Simplification of such a complex sea model is obviously
desirable.

Fortunately, the matching of any particular realistic wave spectrum with an idealized
spectrum is of little importance in ship motion-related design because any particular wave
spectrum is not likely to be encountered by a ship. It is of the utmost importance, however,
to develop sea models which will accurately define the range of ship responses that are likely
to be produced by the almost limitless set of real sea conditions (spectra) a ship may
encounter. By definition, such a range mnst include all possible responses that can occur due
to widely different, real seas.

‘Hndla. J.B. and T.H. Sarchin, “*Seakeeping Criteria and Specifications,” SNAME S -skeeping Symposium, Webb Institute
of Naval Acchitecture, Glen Cove, N.Y. (Oct 1973),

9ldﬁl. A.E. et 3l., “Design Acceleration and Ship Motions for LNG Cargo Tanks,” Tenth Symposium on Naval
Hydrodymamics (Jun 1974),

l()Clumnbn. W.E., “Prediction of Seakeeping Performance.” 17th American Towing Tank Coaference State of the Art
Report - Seskeeping (Jun 1974),

"Hoﬁm. D., “Analysis of Mcasured and Calculated Spectra.” International Symposium on the Dynamics of Marine
Veohicles and Structures in Waves, University College, London (Apr 1974),

2o ffman, D., “Environmental Condition Representation,” 17th American Towing Tank Conference State of the Art
Report— Seskeeping (Jun 1974),

Dpierson, J.W. and L. Moskowitz, “A Proposed Spectral Form for Fully Developed Wind Seas Based on the Similarity
Theory of S.S. Kitaigordskii,” J. Geophys. Res., Vol. 69, No. 24 (1964),

‘Reponed informally by A.E. Baitis ct al., in NSRDC Evaluation Report 563-H-01 (May 1974)
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This range of ship responses was obtained here by the use of a series of two-parameter
wave spectra (significant wave height and modal period) of the form developed by
Bretschneider.!* Table 1 defines sea conditions in terms of significant wave heights and
presents the associated modal wave periods of seas generated by purely loca! winds. Thus,
the table gives essentially the normally accepted definition of sea states in terms of wave
height as well as the shortest modal period waves associated with a particular wave height. It
is to be noted, of course, that when the addition of swell is considered, longer modal wave
periods may occur as sea and swell mix.

Table 2 presents the statistical constants by which the RMS wave hcieht or ship
responses may be related to statistical levels such as the average, the average of the 1/3 highest
amplitudes, etc. It should be noted that this average of the 1/3 liighest amplitudes is
generally referred to as the significant response or wave amplitude. Double amplitudes or
wave height statistics are obtained from the RMS values by multiplying the single-amplitude
constants by 2.

In the present investigation, the seas were represented by four different modal wave
period spectra. Modal periods of 6. 8. 10, and 14 seconds were chosen because they
represent the range of sea and swell conditions which typically occur (see Table 3) at the
anticipated work site. Typical characteristics of the seas in this locality, taken from recent
references, are discussed in somewhat more detail in the following section.

Figure 5 illustrates the Bretschneider wave spectra used to represent the range of local
sea conditions. Thesc wave spectra are shown for a 1-foot significant wave height. Table 2
presents the statistical constants as well as the equation for the Bretschneider spectra in
terms of the significant wave heights and modal periods which are related to the various sea
states defined in Table 1.

Two important results come about because of this choice of sea spectral representation.
The first is related to the linecarity of the responses and the second to the physical in-
terpretation of the range of responses associated with the four distinct modal periods. Since
ship responses are linear for engineering purposes. responses can then be determined forany
wave height from the results of the unit or 1-foot significant wave height.

The physical interpretation of the range of responses varies somewhat with wave height.
The given modal period wave spectra represent different mixtures of sea and swell at the
various wave height levels. When considered for a significant wave height of 2 fcet, the

“Bnlu‘hneider. C.L.. “Wave Variability and Wave Spectra for Wave Generated Gravity Waves,” Department of the Army,
Corps of Engineers Technical Memorandum 118 (1959).
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8-second period spectrum, for exampic, represents a very gentle, local wind-generated sea with
a minor swell at 8 seconds. For these same conditions but a significant wave height of 4 fcet,
both the wind-generated local 22a and the 8-second swell increase in severity, the latter some-
what more than the local sea. As the significant wave height is increased to about 8 feet, this
spectrum represeats a {ully developed wind-generated sea without swell. If the significant
wave height is again increased to, say, 12 feet, the 8-second spectrum now represents the
steepest, partially developed, hurricane-generated sea commonly found in the open ocean.
Further increases in significant wave height at this modal period tend to produce very rare,
steep seas which can occur only in land-locked bays or lakes.!5-!¢ Certainly at steepness
ratios (significant wave height/wavelength corresponding to modal wave period) of greater
than 1/9 or 1/8, the wave spectrum becomes physically unrealizable.

The most important fact to note in the discussion of sea representation is that this
series of different modal period wave spectra establishes the range of the motion responses
that can be expected due to the variability of the seas.

SEA CONDITIONS IN OPERATING AREA

Sea conditions in the ocean area (Hawaiian islands) in which the workboat is to
operate were recently analyzed both for short-term and long-term characteristics.!’ Based
on measured and observed wave data,!®1? the analysis indicated that seas in the operating

area can be grouped into four basic sets according to their independent generation mechanisms:

(1) waves generated by northeast trade winds, (2) waves gerierated by the local Kona storms,
(3) swell originating in the North Pacific, and (4) southern swell. The Kona wind waves and
the trade wind waves are mutually exclusive; all other combinations of swell and wind waves
may or may not occur simultaneously.

For each of the basic wave systems, the analysis!’ presents the frequency o occurrence,
the direction from which the waves originated, the average yearly significant wave heights,

l5I’ore. N.A, et al,, “Wave Climatology for the Great Lakes,” Nat. Ocean Atmosp. Admin. Technical Memorandum NWS
TDL40 (Fe) 197)),

16P1oeg, J., “Wave Climate Study Great Lakes and Gulf of St. Lawrence,” SNAME T & R BuBletin 2.17 (1971),

7 .
(0;81‘912;'“' M.. “The Winds, Currents, and Waves at the Site of the Flosting City Off Waikiki,” Univ. Hawaii Report 7

IIH .
omer, P.S., “Characteristics of Deep Water Waves in Oshu Area for a Typical Year,” Report prepared by Marine
Advise 3, Lalolla, California, for Board of Commissioners, State of Hawasii, under Contract 5772 (1964).

19
Ho F2. and L.A. Sherretz, “A Preliminary Study of Ocean Waves in the Hawsiian Area,” Univ. Hawnii, Hawail Inst.
Geophys. Report H 16-69-16 (1969). ) -
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and the average significant wave perivds. The significant wave periods may be regarded as
equivalent to the modal periods of the waves/wave spectra. The results, summarized in
Table 3, demonstrate that the modal periods of the local sea conditions range from about 6
to 14 seconds, i.e., the range of periods for which ship motion predictions were made.

It is aiso of interest to know the relative frequencies at which individual wave systems
or combinations thereof occur. These frequency results were therefore prepared from the
data of Table 3 and are presented as Figure 7 in the form of a Venn diagram. The frequency
of occurrence of individual wave systems is represented by the total area within the circle
labeled by the namc of the system. For example, northeast trade wind seas aic represented
by a circle (75.3 percent) composed of four distinct areas of wave system combinations. In
turn, each area represents a different combination of wave systems. For example, northeast
trade wind seas and calm seas occur together only 9.2 percent of the time, northeast trade

wind seas and southern swell occur together only 10.4 percent of the time, the combination *

of these two with North Pacific swell occurs 29.5 percent of the time, and the combinatior of
northeast trade wind seas and North Pacific swell occur 26.2 percent of the time.

Several important points are demonstrated by these frequency results:

1. The scarcity of single direction or single wave system seas, i.e., pure®* wind-generated seas
(92 + 1.3 = 10.5 percent) and pure swell seas (5.0 + 2.0 = 7.0 percent).

2. The scarcity (5.7 percent) of pure** mu!,tidirectional swell in the absence of wind waves.
3. The large percentage (29.5 + 4.0 = 33.5.peroent) of wind seas and two-component

swell seas of nearly the same period, i.c., about 13 to 14 seconds.

4. The predominance of a mixture of sea and swell (75.1 percent}

This fourth point emphasizes the importance of using a sca represeatation model of the type
selected here for an analysis of comparative seakeeping capability.

Thus the occurrence of pure wind-generated seas is expected to affect the response of
monohulls, especially the small one, more severely than Ge other ship types. Conversely. the
occurrence of pure swell seas consisting of either a single swell or two different swells of
nearly equal periods is expected to be of greater iraportance for the seakeeping of the
SWATH ships and the column-stabilized catamaran than for the monohulls.

Some comments on the relative importance of various combinations of wave systems
are relevant here. St. Denis,!” calculated that the yearly average significant wave height due
to sea and swell from all directions was equal to 6.25 feet and that the average significant

.Wind seas or calm seas, swell or calm seas.

“Here the term pure implies wing seas withou! background swell, and, inversely, swells without the presence of local
winds and wind scas.
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wave period of these scas was equal to 11.45 seconds. He also presented the expected yezrly
maximum values of significan: wave heights: about 5 feet for the southern swell, 12 feet for
the Kona storm waves, !5 feet for the trade wind waves, and 19 fe:t for the North Pacific
swell. It is clear from these data that southern swell is not likely to attain heights that will
make operation difficult when they augment the heights of waves for other directions. Thus
southern swell is not likely to cause difficultics for workboat seakeeping. On the other hand,
the combination of extreme Kona winds with North Pacific swell is likely to produce
occasional difficulties. Finally, the combination most likely to produce difficulties is the
extreme northeast trade wind waves and North Pacific swell.

Based on the above results, it has been concluded that a yearly average wave height of
6.25 feet (due to all waves) will not often be exceeded. More specifically, the wave height
due to all seas will be greater than 7 feet only about 13 percent of the time and greater than
10 feet only about 3 percent of the time. Therefore, it has been concluded on the basis of
these local sea characteristics that the behavior of the candidate ships in waves up to 6 feet
high is of primary importance in establishing their comparative seaway performance. Conse-
quently their survival capabilities have not been examined to any significant extent in com-
paring the feasibility of designs,

CALCULATION OF ROLL

As mentioned earlier, the monohull responses were calculated in head and beam seas by
using the NSRDC Ship Motion and Sea Load Program. The responses were calculated both
with and ' iithout bilge keels in accoodance with standard procedures that are incorporated as
part of that program.

The roll motions of the SWATH ships were calculated according to the procedures of
Lee and unpublished damping data from recent NSRDC model experiments. The simplified
program (unpublished) developed by Lee was used to predict roll/heave motions of the
SWATHs in beam seas. This program essentially considers the ship as a constant cross-section
body with length and mass equivalent to the actual ship. Experimental roll damping was
used to limit the predicted roll response to realistic values.

Th: experimental roll damping was obtained from a model whose geometric proportions
were similar (but not identical) to those of Ships D, E, and F. Model motion decay experi-
ments had been conducted both with the bare hull and with a variety of damping devices
such as fixed fins, blisters* near the waterline, and bilge keels; results have not yet been
publistied. Bilge keels resulted in the largest damping increase above the base hull.

*Blisters are appendages added to the hull at/near the waterline to increase the restoring buoyancy forces that result
when the hull is depressed below its waterline.
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The measured percentage inciease in hull damping due tc bilge keels was then used to
increase the bare hull SWATH hull damping. In determining the motions of a SWATH with
bilge keels, this approach considers that the measured damping modifications are applicable
to Ships D, E, and F despite differences in geometry, that is, measured damping increases
are considered to be physically realizable with reasonable. though unspecified, bilge keels,

The predicted roll RAOs are considered to be ingccurate primarily in the frequency
range where resonance occurs, i.e., inaccuracies are associated with the damping. However.
since the RAOs are intended for use in predicting roll in seas whose modal periods are far
removed from those of resonant rcil, the predicted roll is considered adequate for establishing
a relative ranking of the various ship candidates.

A similar procedure was employed to predict the effect of bilge keels on the SWATH
heave responses in beam seas and the SWATH pitch. heave. and acceleration responses in
head seas.

CRITERIA FOR COMPARATIVE PERFORMANCE

The assumption was made that the consequences of excessive relative motions at section
L. would be exactly the same for all ship types, riamely. interruption of mission, and there-
fore that such motions constituted a criterior: for comparative performance. More
specifically, it was assumed that when a particular statistical level* of relative motions ex-
ceed=d the clearance or draft of the ship at L, the mission would be interrupted by keel
emergence or slamming and deck wetness in the case of monohulls and by crossstructure
impacts in the case of SWATHs. Figure 2 was prepared to demonstrate the plausibility of
this assump:tion.

All response predictions were made, of course. by assuming linearity. i.c.. a |-foot wave
would yield one-third of the response of a 3-foot wave of iden*ical period. The applicability
of the linearity assumption to predict the magnitudes of extremes of responses (e.2..
occurrence of deck wetness, keel emergence, or siamming) is, of course, highly questionable.
However, it was considered that an accurate, relative ranking of the performance of the
candidate ships could be established in terms of such mission-irterrupting cvents by extending
the relative motion responses linearily to the draft or clearance (freeboard).

The average of the 1/10 highest single amplitudes of relative motion was selected as the
criterion for exceeding draft/clearance because this measure ensures that within a practical

.Avenge of the 1/10 highest single amplitude of relative motion at Lc




time span of ship operation (e.g., 30 minutcs) a motion cycle will be sufficiently severe so
that cither disruptive mission-interrupting slamming or deck wetness results. The greater
precision attainable by specifying extreme response levels inherent in the use of such con-
cepts as threshold velocities for slainming or variations in the statistical motion level (e.g..
the average of the 1/3 highest or some other level) is not warranted. Neither the resnonse
characteristics at these nonlinear ranges nor the specific consequences of exceeding particular
relative motions 1s known for the different ship types. Moreover, it is emphasized that
these specific in-transit ship response criteria were selected in order to achieve a fair, accurate
ranking of the candidate ships during this fcasibility design stage. However, to resolve the
aforementioned limitations of the predictions and to examine ship behavior under survival
conditions. it will be necessary to conduct model experiments for two candidates that our
predictions indicate are best suited as Navy workboats.

CALCULATION OF RELATIVE BOW MOTIONS
IN TIME DOMAIN

The calculation of relative bow motion was based on the difference between the wave at
the longitudinal location L. and the absolute motion of the ship at that location. No
correction was included in the calculation for trim or sinkage due to forward speed; these
factors have insufficient impact on the accuracy of the calculations to alter the relative rank-
ing of the different ship candidates. A precise definition of the relative bow motion calcu-
lation is given in Appendix A

It should be noted that the prediction for relative bow motion is made in the time domain
developed from the spectral representation of the sca. Each relevant sea condition was con-
verted’-¢ from the frequency domain into the time domain for every modal period wave
spectrum by decomposing the wave spectrum into about 10" evenly spaced (in frequency)
sine waves whose ampiitudes are related to the ordinates of the modeled wave spectrum.
Random phases were assigned by means of a random number generator to each of the 100
component frequencics. The wave at L. was obtained from the wave at the origin by shift-
ing the phase of each sine wave by the product of the wave number and the distance |¢| .
Figure A.1 of Appendix A illustrates the relative locations of the waves and presents a simple
summary of how the various component time histories were combined to yield the relative
bow motion.

The pitch and heave RAOs were defined with an interpolation routine for exactly the
same frequencies as the components of the wave spectrum. The product of the sine wave
components of the wave, the response at the appropriate frequencies, and the appropriate
phases were summed for all frequencies to yield the resultant time histories. The appropriate
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phase at each frequency was defined as the sam of the random phase and the phase
associated with the particular response. This procedure of time-history generation which
associates the random phases with the wave time history thus made it possible to expose all
candidate ships to exactly the same wave time history.

After the component time histories of the absolute motion at L- had been generated.
the absolute motion time history at L. was obtained simply (rom the sum of the heave time
history and the product of £ times the pitch time history; see Figure A.1. Finally, the
relative bow motion at L was obtained by subtracting the wave at L. from the abso-
lute motion at L. These arithmetic operations were performed for each instant in time,

PRESENTATIONR OF RESULTS

The various ship and sea conditions for which predictions are made have beer summarized
in Figure 6.

Tabulated results (Tables 4—11) were utilized 10 prepare three basic groups of graphs
(Figures 8—-12).

The first group preseats ship responses at various modal period seas for significant wave
heights of 1 foot (Figures 8 anc 9) 2nd 6 feet (Figure 10).

The second group (Ti_arves 11a and 11b) presents the significant wave Leight level at
which mission-interruoting svents are expected from linear ship motion theury (see the dis-
cussion of linearity given in the s#.aon on criteria for comparative performance). Thus these
figures enatle a simple ranking of the candidates in terms of the seas which limit their in-
transit operating mode. The higher the limiting sea state, the more capable the ship is
to fulfill the defined mission.

The third group (Figures 12a cn. 12b) presents the results of the time domain repre-
sentation of ship responses. The actual number of times that the relative motions are expected
to exceed either the 1raft at location L. or the freeboard or cross-structure clearance was .
calculated by a level crossing subroutine in the time-history-generating computer program. It
was considered appropriate to perform these calculations at the average yearly s‘gnificant
wave height that typifies the intended work site area.!’

The basic graphical format is identical for all three groups of figures and was developed
to facilitate a visual comparison of the different ship types. Thus each figure consists of at
least three graphical frames, one for each basic ship type (monohull, SWATH, and column-
stabilized catamaran). Response magnitudes of each ship are plotted as vertical lines at each
of the four modal wave periods. Thus variations in the response of each ship due to the
variations in the modal period, or—equivalently—the harmonic content of the sea, are pre-
sented as a cluster of four vertical lines representing from left to right the response in the 6-,
§. 10, and 14-second modal periods.
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Although the tables present the results in RMS form in a sea with a 6-foot signifi-
cant wave height. the first group of figures presents the results in terms of significant single-
amplitude responses These are equal to twice the RMS values and were selected tor
presentation because these statistical response levels are gencrally considered representative of
the responses experienced or noted by the crew of Ship A. [t has been found that ship
oy crators generally quote angular motions as single amplitudes and translational responses.
such as heave, as double amplitudes. The statistical constants which relate the RMS responses
to particular statistical response levels such as the average. the average of 1.3 highest or sig-
nificant, or the highest expected response in N amplitudes are given in Table 2.

RESPONSES PER UNIT SIGNIFICANT
V.AVE HEIGHT

Figure 8a presents the significant single-amplitude pitch and heave responses for the
various candidate ships operating in head seas at O knots. It is quite evident that Ship F (the
170-foot, 1032-ton. column stabilized catamaran) generally has the worst pitch motions of
any candidate for the new workboat. In fact, its motions are expected to be nearly as
bad as those of the presently employed Ship A. which is very much smaller (85-foot. 74-ton
hardchine torpedo retriever boat). However. once the column-stabilized catamaran has
ballasted down (Ship G) to become essentially transparent to the scas. it will have cssentially
the lowest pitch responses.  This clearly demonstrates the virtue of the dual-operation mode.

Pitch responses for the monohulls (Ships B and C) will not have the undesirably sharp
increases in the vicinity of their pitch resonance exhibited by the small or low waterplane
candidates (Ships D. E. and $3). Such behavior is one of the greatest potential shortcomings
of SWATH. However. its practical importance can be negligible provided this pitch resonance
condition can be avoided. For example, assuming that operational requirements dunng the
stationkeeping portion of the mission allow such action, the SWATH can avoid pitch
resonance by altering its encounter frequency through slight speed or heading changes. Note
that Ship E (17.4-sccond pitch resonance period) is clearly superior to Ship D (comparable
period of 12.5 seconds) because it entirely avoids the problem of large responses in swell
during stationkeeping. L ccal sea data for the workboat operating site indicate that 17.4
secont swells do not occur with practical frequency. The difference in pitch response levels
for these two designs indicate the control that the feasibility ship designer can exert.

14
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Salvesen?" has given a far more comprehensive discussion of the comparative scakeeping
qualities of monohulls and SWATHs: see Sections IVb and ¢ of his paper 19r an explanation
of the differences.

(Because the undesirable nature of such sharply tuncd behavior has been amply demon-
strated by receni Navy experience with an oceangoing catamaran, the effectivencss of
passive damping devices, such as bilge keels. tor this mode of operation was included in the
present study. This aspect is covered in a later section of the report.)

Heave responses at zero speed are quite good for the vanous monohulls: only the sub-
merged column-stabilized catamaran (Ship () can be expected to have lower heave responses.
The two SWATH candidates will have the highest heave responses.

At design speeds (Figure 8b), the SWATHs showed the lowest pitch of the candidates
and the column-stabilized catamaran (Ship F) the worst pitch.  In fact. at design speed. Ship
F has the worst pitch and heave of all candidates. Thus if the companson s stiictly on the
basis of these motions rather than thetr consequences. Ship F s clearly the least attractive
candidate in its present configuration: cven the small current workboat (Ship A) has lower
ship responses. These particular points are emphasized with reference to Ship I motion
responses because they illustrate the care that the teasibility designer must exeroise to
ensure that the consequences of sviach motions do not result in unacceptable mission-limiting
cvents. Weight or displacement allowances and ballast pumping capacity must clearly be
tightly controlled in order to avord a cntical loss of clearance between the cross structure
and the water surface.

Significant differences in the motion response levels between the 18- and 20-krniot
SWATHs were again cvident at the design speed. These results demonstrate clearly that sub-
stantial differences in the responses of different SWATH ships are possible with relatively
rainor basic alterations. Ship F (the 20-knot SWATH) is considered superior to Ship D (the
15-knot SWATH) so far as heave and pitch responses are concerned, both dunng the statbon-
keeping and in-transit operatine  nodes.

Other measures of seakeeping pertormance of the vanous candidates at zero speed
emphasize the consequences of larpe SWATH heave motions. As shown in Figure 9a, Ships
D and b definitely have the largest relative bow motions at section L. of all the candidates.
Monohulls have the lowest relative bow motions. and the smallest monohull (Ship A) has
the lowest of all. Thus. the monohulls are superior for such tasks as launching and retrieving
buoys and for similar work which requires low relative motions. Using the criterion of
relative motions at zero speed. the ranking in order of decreasing effectiveness is Ship A.B.

CE.and D.

2()Sal\mm. N.. "A Note on the Seakeeping Characteristics of Small-Waterplanc-Arca-Twin-Hull Ships.” Advance Marme
Vehicles Meeting, Annapolis, Maryland; J. Hydromechanics, Vol. 7, No. 1, pp. 3 10 (Jan 1973),
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When the vertical acceleration Jevels at three typical longitudinal positions on the decks
of the various ships are considered (see Firures 4 and 9a). the monohulls are very similar to
the SWATHs, except that Ship F 1s notably better than the others. The ranking is Ship E.
C.D. B. A, and F. Vertical accelerations are gencrally lower over wider or larger deck
arcas than over the longer but narrow decks of monohulls. However, none of the acceicration
levels appears to he objectionably high.

A sumilar acceleration companson at design speeds (Figure 9b) however. demonstrates
the clear superionty of the SWATHs over the monohulls during the in-transit operation ‘
mode. This is particularly noticeable for the column-stabilized catamaran. Ship F. Ranking ‘j
for the ships 1s E. D. B. C. A, and finaliv F. The differences between the in-transit
acceleration response levels of the SWATHs, monohulls and the catamaran are on the order
of factors of Y or greater and are important.  Significant vertical accelerations which exceed

the 0.2- to 0.25-g level tend to become soinewhat uncemfortable. Thus. in average 6-foot-
high seas. the SWATH acceleration levels would be below these levels. the monohull
accelerations would tall at the beginning of the uncomtorable range. and the catamaran !
accelerations would substantially exceed this uncomforable range. Should Ship F avoid thewe
uncomfortadle accelerations by bhallasting down to become Ship G. the rather low maximum
speed of § knots would strongly penalize this candidate.

The companson of relative motions during the in-transit operation mode indicates that
Ship F has the largest responses and that the SWATH and monohull candidates have lower
but quite similar responses. On the basis of the combined results, 1t s concluded that in its
present torm. the column-stabihized catamaran® s the least desirable of the three basic tvpes
of ships under consideration,

To provide an additional seakeeping comparison between the different ship candidates.
their absolute and relative bow motions are presented for average 6-foot seas at speeds
ranging from O to design speed (see Figure 10). The absolute bow motions are comparabie
for the monohulls represented by Ships B and . 1t 1s noteworthy. however, that for these
o-foot significant seas. there is no noticeable reduction in bow motion with increase in
monohull uze. Thus. even the largest 741-ton. 20-knot moachull expenences essentially the
same absolute bhow motions as the presently employed 74-ton. 20-knot hard-chine boat.

'SMM improvements in the scakoeping performance of the columnstabliized catamanan cah be expected it a
iaTpe damping foll of the type mstalied on the T-AGOR and the ASR<21 and -22 were to be mstalled on the present Shup
F/G denign. There would of course be a drag pemalty amocisted with such 3 madification. but thes should not be senous.
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Wher comparing the absolute bow motions of the monohulls and the SWATH candidates
at 0 and 5 knots, it becomes evident that the monohulls are equal to or better than the
SWATHs at these low speeds. The column-stabized catamaran in the submerged condition
(Ship G), however, has the lowest absolute bow motion. [t is quite evident from these
results that the trends of the absolute bow motions with torward speed are substantially
Jdifferent tor the ship types. Bow motions of monohulls tend to increase very slightly with
increasing forward speed. those for the catamaran in the surtaced condition (Ship F) increase
quite strongly with forward speed. and those ot the SWATHs actually decrease with increasing
forward speed.

The ditterent ship types also have ditterent trends of relative motion with speed.
Relative motions of monohulls are quite low at zero speed and increase somewhat more than
the absolute motions with increasing speed.  Relative bow motions tor the catamaran also
strongly increase with increasing speed. and those tor SWATHs decrease very slightly with
forward speed. This behavior of the SWATHS is regarded as quite favorable from the sea-
keeping point of view, The trend suggests that it & SWATH is satistactory at zero speed,
then 1t will be satistactory dunng the in-transit condition.

Thus a fundamental ditterence in the seakeeping pertormance characteristics ot SWATHs
{Ships D. E. G) on the one hand and monohulls and catamarans (Ships A, B, C. F) on the
other hand 15 their basic response with speed. Thiy irend was also noted by Salvesen.?" To
case ship responses in severe seas, monohulls and catamarans must slow down but apparently
SWATHs must increase speed. (Severe seas are regarded here as seas which produce responses
that threaten ship survival.)

[t should be noted that even though absolure motions and accelerations are important
in determiming the comtort level on board ship, once relative motions exceed specitic values,
they produce mission-interrupting impacts or deck wetness. This consideration is equally
important especially during the in-transit operating mode.

It the mission of these ships is to include extended operations in the open ocean with-
out retreating to a nearby harbor, their survival characteristics must be examined. This

would require model experiments to investigate ship responses in severe seas at both zero

and design sgpeeds.,
E it. on the other hand, the ships are to be deployed in the open ocean with the option
‘ to retreat from extreme sea condi* ans. then only zero speed model experiments between
the last two basic ship types are indicated.
It is agaw: concluded at this point that in its present configuration, the column-stabilized
ship is the worst of the three basic types investigated. It should ~ noted, however. that

this ship apparently has the best survival capabilities of all. For comparative purposes, the
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results for Ships F and G will continue to be presented, but this ship candidate is considered
as essentially eliminated from the competition.

The following section will compare the candidate ships on the basis of their in-transit
performance limits,

CRITICAL SIGNIFICANT WAVE HEIGHTS
FOR SLAMMING OR DECK WETNESS

The significant wave height at which mission is disrupted by slamming, deck wetness,
or cross-structure impacts is considered a fair measure of the seaway performance of the
different ship types. This critical wave height thus represents the limits of ship performance
in realistic scas. In waves much higher than those predicted by our linear theory, all
ships are expected to encounter such severe disruptions that alterations in ship course and/
or speed become mandatory. Inherent in our approach is the assumption of accuracy in
the relative ranking of ships by means of their critical wave heights. Model experiments in
extreme waves are recommended to verify this assumption for the best two candidate
ship types.

Figure 11a presents the influence of speed and modal sea period on the actual wave
height that cancels operation because of bow emergence. i.c.. slamming. The higher this
wave height. the better the candidate ship is in both the in-transit and stationkeeping modes.

For the sake of convenience, sea states are indicated on the right-hand side of the
graphs. As in the carlier figures, the vertical lines represent the critical significant wave
heights. The dashed portion of the vertical lines represent wave height conditions at the
particular modal periods that are very steep; these are exceedingly rare and tend to occur
only in land-locked bodies of water.!4:!5

These results indicate that inaverage 6-foot s2as, none of the candidate vehicles will
encounter mission-limiting keel emergence during stationkeeping. As expected from the
relative motion data of the previous figures, the monohulls (Ships B and C) are essentially
equal to the SWATHSs (Ships D and E) so far as these scaway performance limits are con-
cerned. The small, presently used monohull (Ship A) is essentially the worst from this view-
point because of its performance in local-wind-generated. 5-second modal period seas.

At design speeds, the SWATH ships ar> supcrior to the monohull candidates so far as
mission-limiting keel emergence is concerned. The 20-knot SWATH (Ship E) appears to be
the best and the column-stabilized catamaran (Ship F) the worst of the candidates unless

the large speed loss inherent in its operation as Ship G is accepted without penalty.
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This ranking alters somewhat when the ships are compared in terms of when their
relative bow motions will exceed freeboard or cross-structural clearance; see Figure 11b,
During the stationkeeping and in-transit operating modes, the monochulls are substantially
supericr to the other candidates. However, none of the ships is really unsatisfactory since
all can operate in seas up to State 4, i.e., seas which occur the majority of the time. Ut must
be noted that as far as the wave height indicated for Ship F is concemed, this is the height at
which deck wetness of the lower catamaran hulls occurs at section L. This is not con-
sidered to be a condition which limits the operation of the ship. Ship responses which result
in relative motions greater than this lower hull freeboard are inaccurate because the RAO
cemputer programs assume that the basic above-water huli form is wall-sided. Thus relative
bow motions are inaccurate, that is, computer predictions are larger than would be expected
from model/full-scale experiments.

The ranking established by these performance-limiting wave heights tends to favor the
monohulls for most combinations of performance measures and operating mode. The SWATH
ships, however, have better in-transit performance both because they have lower in-transit
accelerations and higher in-transit sea state capabilities. In other words, they can operate in
higher seas for a given motion or acceleration. response level. Based on the above con-
siderations, Ship E is considercd to be the ship with the best seakeeping charactenistics.

Before we proceed to the time domain results, it should be noted that the above ranking
of the candidate ships was obtained by equally weighting the responses at each modal wave
period. This is not entirely realistic. of course, but ranking made on the basis of responses
weighed by the frequency of occurrence of the particular modal period is beyond the scope
of this limited project. It is recommended that such ranking be performed once the candidate
ship type has been selected.

TIME DOMAIN RESULTS FOR SLAMMING
AND DECK WETNESS

The number of times that relative motions can be expected to exceed either the draft at
location LC (see Figures 1, 2) or the available freeboard cross-structure clearance was calcu-
lated from the relative motion time histories for all ships. These head sea events were calcu-
lated for the yearly average seas with 6-foot significant wave height (see Reference 17).

Figure 12a indicates the likelihood that draft will be exceeded or that slamming will
occur. The vertical lines represent the number of times that relative bow motions will
exceed the draft at L. for the various ships. It is evident from these results that only the
small, presently employed workboat should experience difficulties in transiting 6-foot scas to
the work site. Ship G, of course, also shows some keel emergences in these relatively mild

seas.
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Similar information on the likelihood of deck wetness is presented in Figure 12b. The
extent of such wetness for the individual catamaran hulls is not considered to represent
operational difficulties for Ship F. The presently used workboat (Ship A) appears to have
some minor deck wetness at the transiting speeds. Again, all other ships are not likely to
encounter deck wetness difficulties in these typical seas.

In the absence of reliable information on the levels of ship response that hinder work-
boat operation while in the stationkeeping mode, it is impossible to establish a comparison of
the percentage and number of times that the individual ship candidates will exceed such
values. It is recommended that operators of the present Navy workboat be questioned (1) as
to what specific levels® of ship responses and (2) what particular ship responses most hinder
their work while on station. Once such values are given, the productivity of the different
workboat candidates can be readily established from the available stored iime histories of
ship response.

INFLUENCE OF DAMPING DEVICES ON
SWATH RESPONSES IN HEAD SEAS

The zero speed pitch response of the SWATHs, especially Ship D, was regarded as
potentially unsatisfaciory because of the sharp increase in pitch as the modal sea period
approached the natural pitch period. This pitch behavior near resonance is of concern not
only because the zero speed behavior is potentially unsatisfactory but also because it
suggests large pitch responses in sea conditions which contain sufficient energy at low fre-
quencies near pitch resonance. Thus, the SWATH might incur very large pitch responses
both in quartering and following seas at speeds which result in low frequencies of encounter
as well as in swell. These large motions may unnecessarily limit the operational ship speed/
heading.

Active fins would not be expected to provide sufficient pitch moment at zero speed to
adequately reduce the potentially unsatisfactory pitch at resonance. At forward speed. of
course, active fins can successfully limit the near-resonance motion behavior of SWATHs, as
has been demonstrated with the U.S, Navy Semisubmerged Platform (SSP). The pitch and
roll excitation moments are presented in Appendix B together with the heave excitation
force per unit of wave height to enable estimates of comparative fin sizes.

*Such as 5 degree. of roll, T 5 feet of relative bow motion, etc.
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At any rate, active® fins are obviously a costly last resort and the addition of large bilge
keels was considcred to be the most practical method of modifying the zero-speed, near-
resonance pitch. The effect of the additional damping on both pitch and heave was
determined by recalculating the zero-speed pitch and heave in head seas. This recalculation ]
was made by increasing the original bare hull damping coefficients by the same percent 3
(percentage based on bare hull values) obtained from the measured damping increase due to i
large bilge keels. The damping experiments are briefly outlined in the section on calculation
of roll.

The resuits of the recalculation are indicated in Table 7 which presents results for the :
15-knot SWATH (Ship D) with and without bilge keels. In comparing the resuits with and }
without bilge keels, it must be recalled that these passive damping modifications are expected
to influence responses only in the vicinity of resonance, i.e., in the area where the dynamic
behavior of the SWATH is potentially unsatisfactory. A comparison of the pitch, heave, and
vertical accelerations at the CG and—equally important—the relative bow motion at section
L. indicates quite clearly that substantial motions occur near resonance, i.e., the 10- and 14- !
second modal periods. More specifically, compared to base hull values, bilge k=els provided a
23-33 percent reduction in pitch, a 5—10 percent reduction in heave, a 12-percent reduction
in vertical accelerations at the CG, and a 6—22 percent reduction in relative bow motions.

Clearly, the addition of large bilge keels can be expected to substantially improve the near-
resonance motion (pitch) of SWATH Ship D. In fact, results suggest that the low-frequency,
near-resonance mozion responses may be satisfactorily controlled by means of passive damp-
ing devices.

INFLUENCE OF BILGE KEELS ON SHIP
RESPONSES IN 8EAM SEAS

Since Ship A, the presently employed workboat, is known to have less than satisfactory
roll motion characteristics at low speeds, it was considered appropriate to evaluate the roll
responses of the different candidate ships in beam seas. The monohull candidates were
therefore evaluated with and without bilge keels. However, responses of the SWATH ships
and the column-stabilized catamaran in the surfaced condition (i.e., as Ship F) were

‘Automﬁaﬂy controlled such as antiroll fina.
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calculated only with bilge keels; it was considered that the accuracy with which the effect of
bilge keels cc Id be predicted was too low to be of value for these types. The procedures
employed have been briefly discussed in the section on calculation of roll. These calculations
were not performed for Ship G because roil may be expected to be very small for this ship;
moreover, it seems unlikely that it can be considered as a serious car “idate for the PMR
workboat.

Results of these zero-speed, beam-sea calculations are presented in Tablc | in terms of
RMS responses in waves with a 6-foot significant height. Both RMS acceleration and roll
values were calculated; these may be converted to significant values by multiplying them
by two.

It is emphasized that significant improvements in ship responses can be expected only
in seas whose modal periods approach resonance. It is evident that despite the improvement
(16 to 17 percent) in monohull roll achieved near resonance, the SWATH roll is still less by
an order of magnitude. Their superior behavior in roll and their lower acceleration levels
should make the SWATHs better workboat candidates than are monohulls. This conclusion
is premised on the belief that the difference in payload growth potential between the SWATHs
and monohulls is not vory important. In other words, the SWATHs are likely to be better
workboats if they are not forced to carry payloads significantly greater than allowed for in
the design.

On the basis of the foregoing seakeeping evaluations, the 20-knot SWATH is considered
to be the best of the ship candidates. Economic factors, of course, did not enter into the
seakeeping evaluation.

CONCLUSIONS AND RECOMMENDATIONS

The behavior of the candidate ships in waves up to 6 feet high is of primary importance
in establishing comparative seaway performance. Consequently. their survival capabilities were
not examined to any significant extent. The following conclusions are based on considerations
of the environment of the intended worksite area.

1. SWATHs are better workboat candidates than monohulls from the seakeeping pbint
of view.

2. In its present stage of development, the column-stabilized catamaran is the worst
workboat candidate even though its survival capability appears to be the best of all.

3. The 20-knot SWATH is substantially better than the 15-knot SWATH primarily be-
cause of its superior in-transit performance in various sea conditions and its superior roll
performance at low speed.

tJ
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4. Monohulis have substantially better relative motions at low stationkeeping speeds
than do SWATHs and thus are better suited for launch/retrieval of floating objects at mini-
mum roll headings.

The following specific recommendations are made:

1. If a preliminary design of the best two candidate workboats is intended, then either
Ships E and C or Ships D and E should be examined as the final two candidates.

2. The final two candidates should be evaluated in competitive model experiments.

3. This experimental evaluation should include (a) comparison of the candidates at {
zero speed in moderate head, bow, and beam seas (stationkeeping); (b) establishment of |
SWATH behavior in moderate quartering and following seas (low encounter periods); and
(¢) the survival characteristics of the candidates should be determined if the workboat must
accomplish its mission in the open ocean without an option of returning to harbor in severe
seas.

4. The load-carrying capacity of the SWATH should be improved by incorporating some
of the pumping/ballasting features inherent in Ship F/G.

5. The use of large damping devices, such as bilge keels, is also recommended as an
integral initial part of the preliminary SWATH ship design.
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APPENDIX A
DEFINITION OF RELATIVE BOW MOTION

Relative bow motion (RBM) is defined as the difference between the absolute motion
Vp and the wave ry at some point (L. or X,) on the ship; see Figure A.l and Figure 2.

RBMy is calculated on the centerline of the ship with no allowances for trim and sinkage.
Their neglect is not considered significant because both are small (trim less than 1 foot and
sinkage less than | degree) for the monohulls at the low, stationkeeping speeds considered.
Trim and sinkage increase with increasing ship speed and are most severe for the monohulls,
particularly Ship A, the smallest. Even though trim and sinkage may exceed their station-
keeping values at design speeds, the values are still considered small enough so that the relative
ranking of these ships is not affected. It may be assumed that at 0 and S knots, the SWATHs
would operate at zero trim and sinkage and that at the higher speeds, the active or semiactive
fins would maintain zero trim and cnly a slight sinkage or rise.

Figure A.l presents a graphical definition of the relative tow motion and Figure A.2
summarizes the various motion components used to calculate the RBM. It may be seen that
RBM is constructed from the wave at the origin r,. This value and those for heave and pitch
motion of the ship at the origin were obtained by summing 100 component sine waves of
amplitude r,, and with phase v, , that is,

100 )
i t+
1, () = E Tox e BT K )

k=]

2
w

where wg =w — Vcos
g

w = circular frequency of the wave
V = ship speed
g = gravity
# = ship heading relative to wave
The amplitudes of the component waves are modeled in accordance with the
Bretschneider wave spectrum Sf(w) defined at 100 discrete frequencies, i.e.. w,’s. In other

words, r,, is the mean square wave amplitude over the frequency interval Aw with a center
frequency w, given by
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w, *+ Aw/2 1/2
fox = |2 S;(w) dw )
Wy - Aw/2
and the wave spectrum S(w) is
§; (@) = Aw™S e~ 1B/’ @)
E lere A =483.5 ()¢ ,/T
B =19445/T¢

@) ;3 = significant wave height
T, = modal period of the Bretschneider wave spectrum S(w)

The random phase v, associated with each sine wave of frequency w, is obtained by means
of a random nuomber generator.
arder to calculate ro, the wave height at the location L. or X, (see Figures A.l and 2),

the , e of the wave at the origin r is shifted by the product of the distance £ from the
origit X, and wave number w?/g, that is,

o 2,
(wpt + wfg Ri+ )

. mn=z k€ o . 4)

k=1

The time history of the response 7 is obtained from

100

(Wt - €, + M)
n(t) = Z me ©oo* Ok 5
k

Here j = 3 represents heave, j = S represents pitch. and T ik represent the amplitude of
response j and the associated phase at w, taken from the RAOs calculated by the first series

of computer programs. The absolute motion at position L is

Vigt) = 3 (1) + 18] ng(0) (6)
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Finally at L., relative bow motion RBMy becomes

RBMg(t) = Vg(t) — r(t) o))

|
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Figure A.2 — Summary of Relative Bow Motion Calculations
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APPENDIX B

WAVE-EXCITING FORCES AND MOMENTS FOR WORKBOAT
CANDIDATES AND FEASIBILITY OF ACTIVE
FIN STABILIZERS

The wave-exciting forces and moments that act on the various workboat candidates are
presented in graphical form (Figure B.1) in order (1) to provide data from which the feasi-
bility of motion reduction by means of active fins can be established and (2) to illustrate
some of the reasons for the basic dif*crences in the responses of the various ship types.

The results of Figure B.1 are for excitation at zero speed in head (pitch and heave) and
beam (roll) seas. Since the effect of forward speed on the magnitude of the wave excitations
is small, the zero-speed excitations are considered to represent the excitations at all speeds
insofar as fin feasibility and basic response characteristics are concermed.

Pitch and roll moments are given per unit of ship displacement times wave amplitude.
heave force is given in the same units and then multiplied by ship length in feet. The waves
which correspond to the resonance periods of roll and pitch are denoted by vertical lines
labeled by ship type. Note that these resonance periods, or waves. correspond to the waves
which produce the maximum ship response per unit of wave height as determined from the
RAO:s. i.e.. roll in beam seas and pitch in head seas.

The basic reason for the differences in the responses of the low waterplane area ship
candidates and the monohulls/catamarans is demonstrated by the location (frequency) of the
maximum values of the wave excitations and the resonant ship response periods. Maximum
values of the monohull and catamaran wave excitation moments tend to occur near the maxi-
mum value of the ship roll and pitch responses. i.e., near the resonance values labeled in
Figure B.1. in contrast, wave excitations are quite small for the SWATH ship candidates in
the vicinity of the resonant roll and pitch motions.

Before discussing the feasibility of active fins for ship motion reduction, it should be
mentioned that ship responses depend on the magnitude of the wave excitations and their
frequencies. Thus wave excitations at frequencies near the angular ship response resonances
tend to produce large responses and those far removed from these motion resonances tend
to produce small responses. Essentially, wave excitations are a function only of ship geometry
and the waves. On the other hand. the location of motion resonances® (and thus the expected
response magnitudes) depend on the load distribution (m=*1centric height (GM) and mass
moment of inertia) of the ship once displacement and LUG have been fixed. Thus substantial
reductions in motion may be realized if the load distribution can be altered sufTiciently to

*SWATH motion resonance frequencies are also quite sensitive to watcrplane area distribution.
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move the resonant motion period from the peak of the wave excitation. For cxample. an
increase in the roll period of Ship A from 1| to 1.5 seconds would reduce roll.

It is considered appropriate to develop fins which reduce ship motions that occur near
the ship response resonances. Thus fins intended to reduce the heave and pitch of SWATHs
should be designed for periods of around |2.5 seconds for Ship D and for about 17.4 seconds
for Ship E. The forces generated by the fins must approach the magnitude of the wave exci-
tations in order to reduce motion substantially. For purposes of this fin feasibility examina-
tion it may be assumed that the fins should provide a moment which exactly cancels the
ship motions This assumption will, of course, result in relatively large fins at the fin design
conditions. Nevertheless. the fin sizes that can be developed on the basis of this assumption
will cstablish the appropriate relative ranking for motion stabilizers for the various workboat
candidates. It is evident from Figure B.1 that the wave excitations for monohulls and cata-
marans are very much larger than for SWATHs.

The feasibility of motion stabilization is now demonstrated by considering the non-
dimensional roll and pitch wave excitations at resonance tor Ships C. E. and F:

Ship C Ship E Ship F
Pitch Moment 4.2 0.13 2.25
Roll Moment 0.19 0.06 0.55

We convert these pitch moments into forces (tons) by locating the tins, say. 0.4 Ly, from
the LCG. Similarly. we convert the roll moments into forces (tons) by locating the fins
rather arbitrarily at a certain distance from the centerdine: 1.2 times the dratt for Ships C
and E and 24 feet for Ship F. The following torces result:

Ship C Ship E Ship F
Pitch. tons 389 21 342
Roll. tons 11.7 3.2 36

These are wave excitation forces per foot of wave amplitude that stabilizers must provide in
order to completely cancel the ship motions due to waves.

Now assume a fir: design speed of |5 knots and select 0.040 lift curve slopes per degree
of fin angle. as obtained from some typical full-scale roll fin experiments.2! The resuiting
total sizes for fin travel-limited to t 28 degrees is given below for seas with a significant wave
height of 6 feet. (The limit of : 28-degree fin angle was taken from the fin limits employed
on the Vosper fins installed on the U. S. Navy PG 100; see Reference 21.)

ShipC ShipE Ship F
Pitch. feet? 363 20 319
Roll. feet? 110 30 235

30
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On the basis of these preliminary fin area resuits as well as the sizes of roll fins installed
on monohulls, it is concluded that pitch sta*ilization is impractical for monohulls and cata-
marans. In other words. pitch reduction to zero by means of tins in 6-foot significant scas
is impractical though not impossible. On the other hand. pitch and roll reduction appears to
be quite practical for the SWATH ship. Finally, stabilization of the monohull 0 zero roll
in 6-toot beam seas is also somewhat impractical although much less so than is true for the
catamarans. 1t should be noted that for adequate conventional roll stabilization, fin size
tor Ship C can be reduced to about 60 square feet.

——
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Figure 7 — Relative Frequencies at Which Individual Wave Systems
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Figure 8 — Influence of Modal Sea Period on the Significant Single
Amplitude Pitch and Heave of Ship Candidates

(In seus with |-foot significant wave height)
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Figure 9 — Influence of Modal Ses Period on the Significant Single
Amplitude Relative Bow Motion and Vertical Accelerations of
the Ship Candidates
(Data for thewe positions on the conterling in seas with [-foot significant wave haight)
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TABLE 1 — DEFINITION OF SEA STATES

Ranges of Ranges of
Significant Wave Modal Wave
Heights Periods
State “_ ) T
ft sec
1 0- 192 0- 308
2 192 - 4.13 3.08 - 4.52
3 413 - 5.66 452 - 529
4 566 - 7.35 629 — 6.03
5 7.35-13.04 6.03 - 803
6 13.04 — 20.80 8.03 - 10.15
7 20.80 — 40.33 10.15 - 14.13
8 40.33 - 61.58 14.13-1745
NOTE: 1. To periods corresponding to the stespest, partially deveioped
wind-genersted waves, short fetch, high wind, moving hurricane,
Bretschneider R>terence 14.
2. Stesper waves do occur, but they are rare and are generally sssoc-
isted with land locked bays or lakes, Refersnces 15 and 16.
3. To'“f ) /02()2]"2 Modal period of partially developed
- hurricane ses (Bretschneider),
4 To= 1T, ),4/0127) V2 Modsl period of fully developed wind
998 (Pierson-Neumenn-.James).
5. At ¢ w . =140 Pierson-Moskowitz wave spectra, i.e.,
1/3 (4)
6. Ayt ;"')1/3 =1/25 Bretschneider, i.e., (3)
2. A8 =10 Stespest obaerved, Hogben and Lumb
3 Reference

ko = Wavelength corresponding to pericd of spectrum pesk, T,
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TABL. 2 — CONSTANTS FOR SINGLE-AMPLITUDE STATISTICS AND EQUATION
FOR TWO-PARAMETER BRETSCHNEIDER SPECTRUM

SINGLE AMPLITUDE STATISTICS

Root mean square amplitude, rms 1.000
Average amplitude 1.25¢
Average of highest 1/3 amplitudes, significant 2.00 0
Highest expected amplitude in 10 successive

amplitudes 2150
Average of highest 1/10 amplitudes 2550
Highest expected amplitude in 30 successive

amplitudes 2610
Highest expected amplitude in 50 successive

amplitudes 2800
Highest expected amplitude in 100 successive
amplitudes 3.03¢
Highest expected amplitude in 200 successive

amplitudes 3.25¢0
Aighest expectod amplitude in 1000 successive
amplitudes 3.720

DEFINITIONS

a? = Statistica! variance of time history

N = Number of successive amplitudes
CONSTANT =

successive amplitudes.
NOTES:

BRETSCHNEIDER SPECTRUM S‘.(w)

Sg(w) =
A
8

i

€ ys -

Ac:~5 exp |-B/w* in ft/sec

4835 ( w)fnn‘. 12 sec™4

1944.5/18, sec™4

~

= Average of highest 1/3 wave heights

Moda! period ot spectrum, i.e.,
period corresponding to peak
of spectrum

V2 (80 N)'"2, where CONSTANT relates o to the highest expected amplitude in N

1. The highest expected amplitude in N amplitudes is the most probable extreme value in N
amplitudes. This value may be exceeded 63 percent of the time.

2. To obtain wave height or double amplitude statistics from rms values, muitiply single

amplitude constants by 2.0.
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TABLE 3 — YEARLY AVERAGE STATISTICS OF FOUR MAJOR
HAWAIIAN WAVE SYSTEMS

(From St. Denil7)
}
: r Direction Average Aversge F
Wave Group of Origin Significant Significant requency of
deg true Height Period Occurrence
ft sec percent
NE trade wind-
: generated waves 78 4.79 8.63 75.3
| North Pacific swell 320 4.79 13.89 4.0
Kona Storm waves 187 382 6.18 10.3
Southern swell 194 2.60 13.07 53.0
}
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TABLE 4 — RMS RESPONSES OF SHIP A, 85-FOOT HARDCHINE MONOHULL

e - -

HEAD SEAS LPPe 85,0 Fiet?
Hl/s3=2 o, FECT CLEANANCE. C &  ®6.H/ FebT
T URAFT, U = 3.71 FERY
0 CHANNE L SPEEUS
SEC. ve Ti% 5, KIS 15, k18 20, Kis
4AVE HELGWNT Al UW|ULIN IPLX XY [P XYL le3vi? lee¥301
! WAVt HE[uMT Al Siu, 4 1 3935 boe®d754 lewdvl? lete dnde
HEAVE «VUYe] «72588 leln/nn le230l1
PITCH 2406230 2.4T992 2,0086] 1,870
VERT, #IT, AT STA, « LebuT30 1.89017 leY49le LeRAT770%
6 RRM AT STA, o T l,46765 1,9%05%4 e VbTe
VERT, ACC, AT STEwWN (aw) + 09463 12638 WL o« 2BHBeY
vFal, aCcC, AT Cy Vicrs V6093 LY.L k] o 21UYY
VERkl, ACC, AT H)@ (F*) olluch «23296 NIY ) LS O
HL1/3 al w=[Ch <44/(=] bial 1ied Moy 1o7
H1/3 AT w9iCn ~Rwsnz) (FEET) Yen 6.i 4ol “o?
WwAyz ne ]l Al uwlolN levnily 1 4wS 360 lotota?n Letoniy~
wAyr. HE ol al STa. = Lewtrswl LawS37l L quiaIn? [P R LY
~“Fave Lo/l 39y 1ol 7042 LedTuey [P ELTL
PITUr Calun¥ ) Coliwsle lHeni Lol 3l
8 vFRli, T, aT STa, « l netsen Letin)b/ 2o lun ) P2 Y A
RRM AT N1, o P LYY o 7OVLS [P P4 Lehle?s
vFRT, ACC, AT STewn (ar) sUmYY 3 R TY LY RELYR) .2l
VER I, ALC, AT % RIVE Fd YR ol Juu AL IN
VFRi, atC,s AT »uw (rw) cUnG 3l Y LY-RT! o fuge’ o 3000/
HL 23 AT Am O W/t P T loes/ luev lvev
H173 al s l(n w2420=1 (FEEY) 12a/ Yol 6oy TR
wAvr el el oAl befiv) lewllth IS LEL Lotatnrman{ L TR L)
WAY: RE LT al S, e Jawtrul Ladnve Lot launtl .
HE AL Letnela L. 3lu”y [P lemvnue
PITL™ lefutcs Leluluy [ Y W Loer1”?
VFRl, 41T, aT ST, « lem/200 LelwrIv Le¥ndl7? Lo luw~
10 e aT StA, o T -1 50 39S Louslbv Lalnnes
VFRT, aCl, al STrww Lar) evelal sUn 471 vyl o=l
VFRl, aCls AT Uiy el !l TR Y RVIVE 1) PR YRR
VFR1, aCCe AT =0w (br) o 15D slucin ol AR R RS
173 af v [CH o wenv/(=d Sl Pred 196w l3a™
“1/3 AT we[CH wiazn=] (FEET) 10a3 1247/ o Ton
dAVE melosl al wlola levYisv lewiten ] s0ut 7 lLetnlTe
JAYF REfOoM) AT Sla, @ fewviny lee 1624 levban/ 1 gtets | M1A
HFAvVE L LB L] Lavwl 765 I YL Y4 0! LeDUZYN
RPITi ™ leurdudS Laud.4> LYY RTY,
VERl, 11T, AT ST, leeocne Lebusin [ Pl b T8 (LYY
WRA Wl ST, etinala 2UYNY L L oING ]/
ll‘ VERL, \CL, al STrewy (00 Y. L wvelle T LE] LTS L
vFRl, aCl, AT (» sulbJy Veyn LY ILY-LY]
VERT, acCC, Al ~a (b)) aurs K VK LITE NUALE +luusl
Hl /3 AT AHICH wHm/Uz] 149a4 AU.d 33,0 2laV
4173 af w41CH wawsuz=i (FEET) lusa? Gwad i3 la,9
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TABLE 5 — RMS RESPONSES OF SHIP B, 15-KNOT MONOHULL

HE|

“EAl SFAY LMME Jau.U kP
Hizs3s o, Feel CLEANANGES € =2 Jh gy Pep T
To URAF [y U = 4,00 rert
CHANNEL SPEENS
SEC. Ve RIS 5. RIS 15. 18
wAvt HEJOLMT AT Uw]o] Leb3nse Lo 304> e o172
wAve HEIOMT AT STa, « lawings Lewld?/> lote 353U
HFAVE X LY N LLEL NIV
PITCH 1e2%037 LeSU ¢ lelUniev
VENY. MOT, AT STA, & Ledbvly le6135, leD2¢06
6 aRM AT STA, & [ TYYY | l.8851¢ 20229%%
VERT, ACC, AT STERN (AP) « 05968 'L XD lINT]
VERT, ACC. AT CG 01798 «03578 LIy
VFRT, ACC. AT nUW (F¥) « 073488 01343y o lWaR
173 AT wnICH wnM/(=] 3.0 225 190
H1/3 AT WmICH *=m/0=l (FEET) leob 10,0 e
dAVE HETMT aT awlolv Lewtt iy IPEERLL lewweln)
waye =E[u~T AT STa., « [T GT-1.27 Je0S60v Lewal??
“EAve evinll LeUvtn ladules
PITCH lewcwi | ot 00 [T LW
VERT. ™MUT, AT 5Ta, « l e09D40 Levutn/ PPULYEE
8 PAm AT STa, o «93930 teaulli colulus
VERT, aC¢, al STrwr (3-) cUNNY evinni ol thae
vFel., ACC. AT Co o lwnn ELYNS elidu~
VER|l, ACCe al miw b SV L ety el LY
M1 /3 4T 4 Cr w7z} /e R TNV €l
M1/ AT a~ICn ~=4/7031 (FEET) 1ven 1eoo He
wAVE HE[uml AT e a] bewiiin [T LY S loonnn/
WAVE HE LT Al STA, « Leslece! Lewre leww?uyn
HEAVE lelnsonm Ledl 30U P JEYY
PITLn lectc sy Lecncin [P R LY
VERl, 4uf, AT SIa4, « Lehn/eYy LeBbB3IhA el iy
10 RAM al STA, « ehbbo law 7997 Letunil
VERT, ACC, aT STFw. (ae) edaslu NTYRL il e
VFel, act, I o TERE] U U Y il
VFRIl, aL, nl e (e suUTL T 'R L el ~
H1/3 AT w1 Cre e /2 “ et A9 N !
4173 AT wm1CA w=nz0z1 (FEET) e 1745 Llew
wAvVE HELGNT ol i, Veuwizm Lowlenry Lowhun/
WAVt HMEJ LA A0 ST.,. o law3fe Lew/ti/lm Lewm oy~
HFAVE |l o 430, Ledwnll Lol 1
Plr.m e/ iy} PR Y eMann
VFRl, 99T, al “Ta, Le™ se s Lo l=mnn Leanns
JhM 4T ST, o er st edunld el
1“ VERT, aCC. ol Slrew  (av aUr rey uisly elnin/
VFol, aCC, ot 73 evlang T35 ethemy,’
VFRT, aCC, AT 1w (¢ otrlm svella YR R LT
] /73 AT an (v W /=) [T LI PR W g
Hlz4 AT wriCH «=t7u=1 (FEET) LS TR ¥/ eu 19,7
4

e 4 p——




TABLE 6 — RMS RESPONSES OF SHIP C, 20-KNOT MONOHULL

B i e g

HEAD SEAS LPPs 2u00,u0 PFFET
Hi/3=s o, FFET CLEAKANCE. C ® 7,649 FREY
T UHAF (s U = Y3y it
CHANNEL SPekiy
SEC. Ve RIS S5, RIS 1% nIS Py 1
wAvVE RHELGHI AT Uwlouln lew3nye Lawe sOHY Lo 3ni? Lewin ..
wAvVE mEloMT AT STA, & leatr3y Lewd It lete s ln 1ot 497
nEAVE . 199y 2301 HlN)2 a Pl
PITCH aYUIDD YOV oE Hlcen ™
VERT, MOT, AT STA, & Lelltuoe Lewdily Loleunes VL EEN
RAM AT STa, « 1 e 45902 [Py Y.L Y 2.7929 Coalmunsy
6 VERT, ACC, AT STewN (aP) LT KDY YR} olivt? Y ATdd
vEal, ACC. AT Cu sUlgus PLL1Y LY.L Tl
VERT, ACC, AT HOW (rr) LYY “dunTe NI LN
H1/73 AT «Al(CH Wd4/7Cx] ive/ 2¢e2 18,4 19,0
Hi/z1 AT WlCh wusm/nsy (FEET) 1~a¢ llen v R Iv,l
WAVE REIOGAT AT UxlLIN Lewntly T XY Lobbte 783 [T T
wAve nEIGHT AT STA, o le4bov3 lewha 3] lLewe 765 |l 377
HEAVE o 1743y 87391 127607 I YR RAY
PITCH lelalie lelvelu 1.12226 14030
VERT, MUT, AT STA, « Leovlvi L 484826 2.150682 2ol 39Ny
8 QRM AT STa, lelvind Lebus2e 2.327d4 2oaT024
vFal, ACC, AT STEwy (A elanyp «07y9u Jdlluev Jlalom
vEel, ACC, aTl Co e iDDY P TE] URDUA ellinlu
vFeT, ACC, AT ~ite (Fe) euTPey shun97 olveil o200V
H1/3 A1 4=iLn wedsesd $2a00 I4-T%) 17.n logx
H1/3 al «1ICH wedsu=l (FEET) dev 1307 Yeb Ba
WAyz e Lol ab o so)i bowiiin 1ewnv> Loennn/ Lesndvn
wAyE wb [5m) AT STa, w lawleon Letwdny? Lets?u s’ leuryon
HFAVE latmedn lelcuide laslornn Lo iahs
PIvun Letniny Lebenty leunnils Levae?s
vERl, 41T, Al «Ta, o fernr sl lensnr Ferwnne I I A
HM AT STa, & AR L lolvunn ITLLC L] Catle 1Ny
10 vFel, 4CC, AT STEv i tar) POSTNVEVK) ML YA adyn i) sl 72t
vFel, aCC, aT¥ Cn» e tlana JUctuy cunes? RPN
VFRIl, ACCe Al =1e (+p) o iuwlv4 euMu M elmvil eittnn-
Al /73 Al 4| CH w2 X Jeon 220 (R
Al /3 AT A=[{CH wAas=] (FEET) Alal lnaw 11a7 1v,.~
WAve me T o al el Lewdicn Lewin/l Lownwul Lownl?e
WAVE mE ] ot AT T, e (RN Lealudn lawhonn Lol
HFaJE Lo tenyn TR P LT lewvani Les=u9r
TTen P TIY YRV NN o Imunl
vFRly a1l AT~ gy ALY AR Loftarn e | PR AR
lq e P ARIT| otre bn lel 3640 Lot 2
VEDl, AL, al o~ « o e o 1: et RVEFYT Y] a4 o Hlen?
Ve, ACC, AT ( el “/ T LE] R L sUF L7
vFRl, aCC, al =)+ (b)) PSP YA . Jeun NANLY olien
4173 Af < |CH HHa/ii=) 19+ er LT J6en 3P 0
H1/s3 AT =11CH wrazu-1 (FEET) S e ey 1940 17,1
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TABLE 7 — RMS RESPONSES OF SHIP D, 15-KNOT SWATH WITH AND WITHOUT BILGE KEELS
TABLE 7A — WITHOUT BLGE KEELS

HEA) SEAS

LPPe 195,0 Febt

4173 6. FEET CLEARANCEs C = 172,00 Feer
TO URAFT, U = (0,50 FEE!
CHANNEL SPEELS
SEC. Yo K ga KTS .S. LA
wavt NEIGHT AY ORIGIN ol . .
wAve REIGHT AT STA, & 14353 Lewd?7 Le035|2
~EAVE 1.57699 «v7868 b 3980
PITCH «le8iS «20737 29127
VERT, MOT, AT STA, & 156568 o P86 3Y «53615
RAM AT STa, 4 2.24030 l.804006 1.63000
6 VEQT, ACC. AT STEAN (A¥) 04475 03620 <03211
VERI, ACC. AT CG T4 «0335%% <0190
vFol, ACC, AT BOw (FP) YY) « V3550 « 06300
Hl/3 AT an]CH RAM/Ce) 126 19.7 17.3
H1/3 at 4m]Cn RE@M/0=1 (FEET) 17.3 215 23.7
WAyt mMEJU~T AT ORIGIN lewn?10 le45370 1 Je0n(0
. WAVE HEIONT AT STA, o [T T 19538y looa?9)
HEAVE l.8892 1,97080 l.49092
PITCH vblbu] «22781 «2099¢
8 vFRl, MOT, AT STA, 1e97902 2402107 1,%1799
QAM AT STA, & 2ol l0 36 2292825 2033029
VERT, ACC, AT STERN (AP} ML R «U9651 05119
vFkeil, ACC, AT Cou sVevb/? + U563y dUan?
vERT, ACC, AT ROw (F») «05ua0 «057uw « 05490
Hl/3 AY wnf(ChH WeM/Cs) 11.7 1i.¢ 12,1
Hi/3 AT we](n Wumzpx) (FEET) 6.l 2.9 le,s
WwAVE HEIGHT AT OwIUIN le71 /4 1 495905 1o%06R0]
wAyt ML [GmT AT STA, © lewlci? 145907 1ew69 36
HEAavE le7?001) ¢e12053 2427609
PITUN 160120 Y- TV 52?2158
10 VERT, MUT, AT STA, « 292805 Z2e3l1R2 2e#3789
wAM AT STa, & Peken ity PR 7 2e730un
VERT, ACC, AT STew~w 1AM YRETY:! «022 3 0Bty ?
vfRT, acce, AT Lo oV 3134 « 05330 VOO
VERT, ACL, AT =lm (F™) ek I e USHLM wlll?
ml/3 al 41[C™ wHdM/C=| 11le> llen luaeld
Hlz3 AT nICn wam/uz) (FEET) 1944 Ine s le,2
WAVE mEJUNT Al ORfOGIN loevica le@76139 loower?
WAyt ~El5~1 al STA, « o9 s0H lew76 40 letwbell
HEAVE LedN7190 lenlul?7 2,206
PITCH 2e 75500 1e03302¢ +OBO6S
vFal, MUOT, AT STA, « EPRTRITY ¢ o05692 2,43265
lq ARM AT STA, & 2.56485 1e79303 2.02525
VERT, ACC, AT STFwN tAK) 02wt CEEER] +05111
vEal, ACC. AT (6 «0¢3on s U354 o052 36
VERT. ACC. AT wiw (FP) « 03959 « 03953 «05711
Hl/3 AT an]lCH RdM/Cs) 11.0 1547 13,9
“41/3 AT wrlCr wAM/D=] (FEET) 15.1 21.7 19,2




TABLE 7B - WITH BLGE KEELS

e S R s

HEAD SEAS
ni/3s o6, FEET

LPPe 155,0 FEET
CLEARANCE, C = 12,00 FEETY

URAFT, U = 16,50 FEEY

SEC. CHANNEL SPEEDS
Qo RIS
WAyt HELIGMT AT OWIGEN l.03%32
WAYE MEIGHT AT STA, & LR X Y
HEave le6} 789
PITCH «16039
vErl, MUT, AT STA, & 1.60000
MM AT STA, & 2.19780
5 VERT, ACC, AT STENN (A¥) « 04592
'E"O .CC. AT CG « 04189
VERYe ACC, AT WOW (F&) +000s2
Hl/73 AT wrtiChH R94/Cel 12.8
H1/3 AT wHiICH weM/Us) (FEET) 17.7
WAyt WELOMT AT ORQlulN le667:0
wAye Mt luMT AT STA, © l 66058
HEAVE 1.56197
PlyCH h0U)7
VERI, MUT, AT STA, & le?Vals
8 RM AT STA, @ 2e0189%0
VERT, ACC, AT STERN (AV) TV
viRi. ACC, ar co e Dten0
VERl. ACC, AT WOW (Fv¥) elud0)
Hl/73 AT wWN]CH WHM/Ca] 11.7
Hl/3 AT WnICH weM/Us) (FEET) 16.1
WAyt WELIGHT AT OwlGIN let7170
WAVE HELUMT AT STA, 167217
'("'. ‘.Q\‘UJJ
PlyCH lelbbY2
vERl, “OI, AT STA,. & Ce2601S
QRM AT STA, & 231990
10 VEOT, ACC. AT STEWN (AP) « 03455
VERI, aCC, Al Ch6 «0357]
vERT, ACC. AT WOw (FP) «0JYve
Hlz9 AT wniCr NHM/Cs) 12.2
Hl/s3 AT welCr QWM/0=) (FEET) 16,7
wavt NEIGHT ATl OKRIGIN 1.49328
WAVL HEIGHT AT STA, & 1.69368
HEAVE 1.51875
PITCH 1.85952
vERl, MOT, AT STA, & 2e 799528
1“ AMRm AT STA, & 200349
VERT, ACC, AT STEWN (A¥) 01928
vERI, ACC. AT C6h «02128
VERT. ACC, AT WUw (FP) «03032
H1/73 AT wniCH RHM/Ce] leel
Wlz3 AT wnlCH RAM/Da) (FEET) 19.4
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TABLE 8 — RMS RESPONSES OF SHIP E, 20-KNOT SWATH

=t A) SEAS LWSe 200.0 FEEY
iz Ak, FEST CLEANANCEs C & 12,10 ForT
T UNAF s U & lv.eu FeEL]
CsINE L SPLE S
SEC. Ve RIS “e ATS 15, w18 2us mIN
wAyL =g luo=l Al wlolN Lewidnysl Lewdnv] ledoeul low it/
eyt Se g ) AT STA, IRLEERTd X YA ] 1o vl LewINng s
- avt A YE) ° 3350 ol 1o 21210
PITCm elllow I} LYY LYY
vFal, «. .7, Al S1a, « cWay! TS L XL TN LT
6 A@w Al Sla, « lel6lu) 1. 3405 1,370/ Le3l M
vERil, ACC, AT STEw v (AM) sulCOV sl o02e17) Oleal
vFOl, ACC. AT (R N2 L ulens «02315 2llm
vEu'. aClly A1 =i @ 6¥) 7+ X1'] ot Te? olUend? «Net9li
Al /79 AT w=[Cr w48 yr2y Iney 2V.0 Cueh 2.9
41/ al mn[T= vasny 2] (FEET) 25 da.i 33 Jlav
Ay e . . . ! Powr s o Law thy Lew /e Lol
@lAy® e el O B L e Lg oDt leswimn lLe==e.
“Fa r o Lo Lag®m /1 PRLELL) or= e
AR B . o’ e 17 W o N ol 7 ¥
PLIC A A N . .- YRR I e it EE R X4
8 PNTVIENY N . P Calhe b PR RS )
vESi, Y T, At e e et 8 .. e DR Ralal o 1w
vrole w oA . PR TS el RN A The
vt e A T 4 o v et et V= « ‘s
el 40 : L B LI ‘o ? 1= “a
S -, - (FEET) .. .
mm— T'
:.A_‘y w et . Lle=e a4 *™ ‘gt > N R daliniati e/ ‘
!OAE’ " . .+ ‘e o g™ s 1™ L e e ¢ |...v~c/“
- o » PR T N 4 I g 9vee® ' ‘e wAm- . 7 1]
ot o e - o4 4t oi ™
v e . T - o v, ed™a b ce trut e T
FUTTINNS Ca e PRakaR 1 PR L celm s Le ¢ A
10 LI . o . AT IR X - - . =
e e b . - N - o S P . Y
- - . 3 o o7 e, A= ¢ Mt . v
el g, . s oz L Liae s tel L *e
A . ., (FEET .
et r e i [ leset = Legwin ity lawme, | [ TN
x cldyr w P e et Low /# 4+ PELEYR] Lewn] ',
b e le- - W ia X il le "' | Lol l¢m~
“]T - Lat w—w e vl e V7V Am PR IR
PLE" PSR S | Tue - o Tures e, T R AN Lavehe—
1“ VT LV RN RN ST Cet ey et fel™in ellwlm=
vERI e A o AT e ERN PYFaRL A sver l PR T T . AT
vbol, a o, Al . o eV 0r ev UL PRI
vESTe A . al v . [ at - et oL V47 ¢ o' Yem g o ' hme b 4
Rl I A A | {rer | tew [RrYd 1 vgn
Ml ST vt =ty 2L (FEET) ‘el ‘e clel cle




TABLE 9 — RMS RESPONSES OF SHIP F, COLUMN STABILIZED UP

- s i T A Wb

HEAD FAS LPPwm 70,0 FELRT
niz3z o, Fef! LLEANANCE ¢ oy FLFI
T URAF Iy U & 12,50 rbeld
CranngL SKEEIS
SEC. ve Kl§ 5 KTY 19e n TS
wave HETOMT AT ollvln lew ') XLED
wAve HElunl AT STA, « letesosuy Led?sv laa damn
“Eave eIV /uYS Leul2at 4L T4 B}
PlrCH 1.0 3020 <o 33950 IR LIEE]
vEQl, «ut, AT STa, & 2eU2u5y 3.202R 4 JeaHyun
M AT STA, o colivu? Je63107 @ollcyn
6 VEQI. ACC, T STeaN (AM) VB 3lL RrLE CIELT
VERT, ACC, AT CG PP VOUV1] YL
vFRT, ACC, AT Huw (b¥) UA LTS 216130 ERRIE L
M1/ BT a[ ™ <m0/t 2| vel .’ Pev
1/ AT @~ iC» wanzxi (FEET) ‘e el lod
whvt mE Lol Al il Lot /(14 led30/! lewulny
whyr =Eloml a4 STA, o | a4y LewD4 45 Lol 3/
~Eave IRIRL Le2UbhB cehYinu
[ 8 %] LeRuie I TL3 1Y Celatrhln
vhQl, @, A1 NTA, o de3lsvy Jeellny Getslnba
8 wAM AT NTA, Le/wuny 3.20760 GehUlun
vERl, ACC. AT NTew'y (AF) sUnIY) YL EL] NLELR]
vEQi, aCi, AT (. Ul JuN Y40 « 20230
vfal, ACC, AT . a .bw) eulvoy o L928h ¢ 32HHA
L/ AT a0~ wiw/lz, Sef Jel 2el
“1/74 A1 w=jU= <waz=| (FEET) “re 174 Bew
SAyr sy [ et R [EREANE Lowam 7/ lewniy 9
alyr =g 9 DL Ve i [PERLL] o d 9n
~Fase Les *Ing le $lwus PR TR VRPN
L A Lo e in R r4LE Cetiv g
PSS S A EYRINEY PR EINE] feunl 4o
10 “He LT ST, Lo doatig cedhuln P ATRELY
R T - e AN sl e
B L o t1 o susllv o letan
PLI- S S ’ - o relm Wl PRI RN
=1/ Al wef o oz fe+ LYY P!
RRIVALEE S B S .7 :l(FEET) e 1¢e> [
CX YA N GRL N N O ENRES! lewedgm Lo/l Lot 4un
LE IR T N LR A S Y loeo ] Lowlnin losr tun
~“tAur [P Lowe t117 [T TIEN
21T .~ lauveull] Lo29lin Levu dln
1[' CvfRl, aul, AT STA, o o /nu] el Ty CeRlnlH
N8N LT STa, e LT TYY loltaeny 2eélnmuin
vERl, aci, AT Nt o, cave T LT U UGH UM
vkl A0, AT (° UYL Y J2 3v7 slidnHy
vEkRl, aCC, ATl v a4 (b)) IR, U 12N YR
173 AT @nl™ wdas ) Pned LI 4
“l/3 Al a=|CH wesy )= (FEET) ey Pog™ 13,43
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TABLE 10 — RMS RESPONSES OF SHIP G, COLUMN STABILIZED DOWN

HEA) SEAS
nizds 6, FERT

To |

LPPes 170,0 FELT
CLEARANCEs C = J2.0v FEFT
URAFT, D = 24,00 FEET

CHANNEL SPEENS
SEC. Uy, KIS 5, RIS
WAyt NETGHT AT ORIGIN Tewid5s? Lot ithe
wayvt HEIONT AT STA, « lewinit lewinie
4EAVE « 362 45 e 3910«
PITCH ¢ 006Nk s eNOYH
VERI, ™MOT, &Y STa, & « 5806066 o T25h 3
REM AT STA, 4 le92 307 le20124
6 VERT, ACC, AT STERN (ar) Uibsy RTETLYY
VERT, ACC, AT CG ULy 02113
VFpl, ACC, AT AOw (¥FP) T4 o Vahhk
Hl1/3 AT aAn[CH wam/Cz] 1462 15l
41 3 AT weiCw pAMsn=) (FEET) 11 Thee
WAVE HEJOHYT AT aRfuln lewns vy 1eno375
wWAye HELORT Al STa, o lewnaws el s
~“Eavk «eHhIUU YA
PITCH evu l? 3 /SH
VERT, MUT, AT STa, o eMnuZY bowlé
8 28y AT STa, 1o 30345 L2 taue
VERT, ALC, ATl STéws (4P) it ? NSy
vERI, arc, AT (o ol 3n? evindl
VERT, al, ATl ~aw (Fe) eJrrvs ST
i/ 4 al amCm oWt /=) Puel leal
H1/73 AT an]CH 4n~/n=1(FEET) whed 4903
waye nEfoe~T Al =) lestlit 1auo9Un
yAye HE ]l AT ST, « lyulroy Lewswrs
~“FAvVE el solud
PITHA el Yy . SR
vERl, sl N1 T, loelow/l 3 TN
10 GRA L] ST, - latlrln Leltran/
-1

Fol, A, ~Te ot ey ok etlmie

YERT e i, ot PR IS evl ¥/
FRly ol 0l = e FUS YA ity
Hl /3 AT el w Sz Alen L ¥4
4178 Al weyir =a2s0=1 (FEET) PENT My
wAve HE[ =1 al Lolef, Low e ion Laainne
AT ME [0 Bl STay Lad™ §4, lauwltoy
HEAVE tedtroy Ledwall
PlIY ~ P IETY Yo Pt IU
VR, waf, Al Tia, o Fekvl e La29ul s
lq WRM AT STa, « Llear3un Fewtt 3PV
vERT, aCl, ol T -~ i PN RVA-T2N wdlche
vFRT, afC, ol (- e dllen wul]lIn
vERT, ACC, al e (Fr) Ull1 edibbh
W1/ 3 AT wtfirs L/l 1744 1 9ed

H173 AT WO w2 (FEET) hel el
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