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I. INTRODUCTION

The ZRV , developed by Shell Development Company for the U.S. Coast

Guard , is a sorbent belt skimmer based on the princi ple of collecting oil

from the water ’s surface such that there is approximatel y a zero relative

veloc ity between a moving belt and an oil layer on water. The operating

principle , sketched in Figure 1, shows how an endless sorbent belt can be

positioned to act like a blanket floating on the water ’s surface. The belt

must contact the oil layer long enough to allow effective sorption of oil.

Thus the belt contact length must be much longer than that of conventional

belt skimmers and move at a prescribed velocity. lf no appreciable velocity

difference exists between an oil layer and the removal device , no major tur-

bulence results , and hence , oil droplets associated with the entrainment do
not form . Further , if the belt operates in a low—tension configuration , it

can conform nicely with surface waves.
The sorbent belt developed for use on the ZRV skimmer is a compo-

site one that will efficiently remove high and low viscosity oils alike

during extremely short contact periods (2—4 seconds). The component

materials of the belt “sandwich” are an artificial turf material for the

outer surfaces of the belt (for viscous oils) and a polypropy lene felt as the

inner material (for low viscosity oils).

High belt speeds prevent using paired “washing machine ” rollers to

squeeze oil from this belt because of high belt pore pressures. So paired ,

chain—driven tank—tread—like plates are used instead and these perforated

plates, backed up by roller s, expel oil from the sorbent belt over a five—

foot distance , minimizing pore pressures.

Results of Stage I tests
1 

simulating the belt and wringer action

(when extrapolated to prototype scale) showed maximum oil recovvrv equivalent

to 788 to 1660 gpm for two 3—1/2 foot—wide belts at a speed of 6 knots.

There was reasonable concern that these results might be overly optimistic ,

since large—belt performance was extrapolated from small—belt coupon results.

The data from large—scale Stage II testing, reported here , suggests that

1. Ay ers , R. R ., et al , “A Zero—Relative—Velocit y Belt Skimmer ”, prepared
by Shell Development Company for the U.S . Coast Guard , Contract DOT—CC—
42229—A. Fina l Report . Apr il 1975 .
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maximum recovery rates from 518 to 595 gpm are more realistic. Regardless ,

we find that the ZRV skimming concept works; the numerous tests performed

confirm that a truly effective prototype skimmer can be built to skim oil in

currents up to the test limit of 8 knots——over 4 times faster than many

conventional skimmers.

Stage II efforts consisted principally of (a) designing and build-

ing a full scale (but 2—ft width) ZRV Belt and Wringer/Drive Mock—Up , (b)

testing the mock—up in currents and choppy waves and (c) model testing the

proposed skimmer hull configuration . Results of these tasks along with

mathematical and experimental analyses have been used to design the prototype

ZRV Skimmer.

The first chapter discusses the proposed prototype design——the end

product of this second stage effort for the USCG . Subsequent chapters treat

the elements of the program conducted to specify the prototype design and

project its performance.

~~~~ -r~i ~~~~~~ ~ ii ~~~~~~~~~~~~~~~~~ —- ~~~-— _
~~~~~~~~ - ~~~~~~~~~~~~~ 
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II. ZRV PROTOTYPE DESIGN AND PERFORMANCE

Introduction

The ZRV Prototype Skimmer Design summarized here in culminates over two

years of concept development work conducted under contract to the U.S. Coast

Guard (USCG) by Shell Development Company. The USCG program goal is to

develop techniques to effectively recover spilled oil in 4 to 10 knot cur-

rents. The ZRV belt skimming concept has been shown by test to be capable of

meet ing tha t  goal.

The detailed design and specifications were prepared under subcon-

tract by Alan C. McClure Associates , Naval Architects and Engineers. Pro-

jected performance data was obtained from quantitative tests of a full—scale (in

pro ile) mock—up of t h e  c o n c e p t .  The projected prototype design and confirming

tCst results are the end prod uct of the second stage of the USCG’s three stage

program. The final stage concerns prototype fabrication and testing.

Design Description

The ZRV Skimmer is a 41—foot—long air—transportable aluminum catama-

ran VOSSO l used to recover spilled oil in bays , harbors , estuaries , and coastal

rivers and waters. Figure 2 is an artist ’s concept of the prototype , capable

of recovering up to 600 gpm of a wide range of oils at a nominal operating

speed of 6 knots. Princ ipal dimensions and specifications are found in Table

1. For air transportabilit y the skimmer is built in three sections: a port

and a starboard catamaran hull , and a center skinuning equipment section. Each

hull , shown in Figure 1 , has a 150 hp diesel. propulsion unit , steering gear ,

and a temporary oil/watcr storage tank. The center section , shown in Fi gure

4 , spans the ca t am a r a n  hulls. I t  has an identical power unit to drive twin

sorbent b e l t s , t r a n s f e r  pumps , and associated equipment. The three sections

on. separated for air transport then assembled for use at the port nearest the

sp ill. Special equipmen t for lifting, transporting, and aligning the sections

is  inc l uded w i t h  the  p r o t o t y p e  skimmer design.

3er i ent  Ielt De~~i~~n and~ qp~ rat ion

Ihe skimmer uses twin sorbent belts , each 3—1/2 feet wide , to

recover spilled oil under near—zero—re lative—velocity (~ l knot) conditions.

t he  composite construction of the belts , shown in Figure 5, p e r m i t s  r ec overy

of o i l ~
.: ranging i n  v i s c o s i ty  f rom 2 to 2 , 000 centistokes. The enter sheath

_ _ _ _ _  _ __ _ _V.— ~~~~~~ ~~~~~~~
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TABLE 1

ZRV SKIMMER PROTOTYPE
PRINCIPAL DIMENSIONS AND SPECIFICATIONS

Assembled Skimmer

Length Overall 41’ (Bow Roller Retracted)
49’ (Bow Roller Extended)

Beam 18’
Displacement Light 45,000 lbs

Loaded 51,000 lbs
Propulsion Engines Twin Diesels, each 150 HP cont inuous

210 HP intermittent
Skimming Equipment Single Diesel 150 HP continuous
Power Unit 210 HP intermittent
Recovered Oil Storage Capability 2,000 gallons
Crew Required 3 — 1 Helmsman , 2 Seamen

Center Sec tion Pontoons

Length 40’ Length 40’
Beam 9’ 0” Beam 4’ 6”
Height (without 6’ 3” Height (without 7’ 6”

transport skid) transport skid)
Height (rigged 8’ 5” Height (rigged 8’ 5”

for transport) for transport)
Weight 25 ,000 lbs Weight (each) 9,500 lbs 

~~~~~~ - - -~~~~~~~~- ~~~~~~~~~~~~~~~*--.~~~~~~~~~~~~~ - - - - - V - -V .---- ~~~~~~~~ - -~~~ -~~~~~~~~~~~~~~~
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of Astroturf (which adsorbs viscous oils) makes the belt strong and protects

the inner layer of pol ypropylene f e l t  (which absorbs li ght  o i l s ) .

Each sorbent belt follows a continuous path through the recovery

system , Figure 4. The belt path of trave l allows sufficient contact time for

sorbing spilled oil. Some water and most debris fall off as the belts ore

withdrawn around the stern roller while viscous oils and clinging dehri o are

removed by wipers on guide rollers in the wr inger entry area. In addition to

driving the belts , the wringer (Figure 6) forces remaining fluid (~~ x c e~~ t fcr a

residual fraction) downward and out of the belt. The belt path is desi gned so

that the oil—wetted belt surface faces downward as it passes throug h a wringer

to ease oil expulsion. Powered forward rollers pull and guide the  belts

forward from the wringers to the bow for subsequent (low—tension ) Iavdown on

the water ’s surface. The loosely—tensioned state ot  t h e  b e lt , in ~ont oc t with

the water ’s surface between the bow and stern rollers, permits it to t -o nto r c

with waves during the oil sorption process.

By running the be l t s  at a speed m a t c h i n g  the relative speed hetw~ en

the vessel and the water (zero relative velocity), shear turbulen ce is ovoi d -P

at the belt/oil interface. At non~-ZRV conditions , say ~re oter than I knot ,

such turbulence can cause oil entrainment in the water n.i king it d i f f i  ti lt for

the belt to contact and recover the sp illed oil.

Oil Recovery
Projected oil recovery performance of the protot yp e is stimnii ri zed in

Table 2. These figures are based on quant itativ~ t o t— 01  a

mock—up of the oil recovery system (see Chapters IV , V , and V I ) .

The data shows that the projected calm water oil recovery rate ,

for the twin belts is directly proportional to belt speed , V , (at ZRV) and oil

encounter thickness , t , for all oils tested . In fact at thic knesseo

t < 5mm the recovery rate is approximatel y 9~ / of the encounter rit e , or

14.6 Vt (±57~) (Eq. 1)

for V < 8 knots , where the units of Q, V , and t ire gpm , knots and mill  ir iet -c —

respect ively.

*The mock—up had one two—foot—wide bel t. rather titan two 3—1 1, —f o o t  b I t s .

.10
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TABLE 2

ZRV SKIMMER PROTOTYPE
PROJ ECTED PERFORMANCE

Condition 
- 

Capab ility

1. Seagoing Ability — Waves — Current

a) Survival a) 10 knot current with 4—foot
waves and 20 knot winds

b) 6—foot wave height with 40—
knot wind for one week

b) Skimming 10 knots current with 2—foot con—
fused seas

2. Speed and Maneuverability

a) Transit 10 knots

b) Skimming 8 knots — Towing 14,000 gal.
Storage bag

6 knots — Tow ing 95 ,000 gal.
Storage bag

3. Oil Recovery

a) Viscosity Range 2 — 2000 cs.
a

b) Recovery Rates

1) Current or calm water
3mm slick 278 — 315 gpm @ 6 kts

ii) Two—foot irregular waves
3mm slick 236 — 270 gpm @ 6 kts

iii.) Current or calm water
10mm slick 500 — 600 gpm @ 6 kts

c) Rec overy Eff ic iencies

1) Curren t or calm water 35 — 45% @ 6 kts , 2—30 cp oils
3mm slick 60 — 75% @ 6 kts, 100—1200 cp oils

a. The skimmer may pick up oils with higher viscosities but no test data is
available to confirm this. Actual test oil viscosities ranged from 4 to
1100 Cs but this can be safely extrapolated to 2 — 2000 cs.

12
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TABLE 2 (Cont ’d)

ii) Two—foot irregular waves 25—35% @ 6 kts, 2—30 cp oils
3mm slick 40—55% @ 6 kts, 100—1200 cp oils

iii) Current or calm water
10mm slick 80—95% @ 6 kts , 2—1200 cs oils

d) Thr oughput Efficiencies

i) Current or calm water
3mm slick 90—100% @ 6 kts

ii) Two—foot irregular waves
3mm slick 90—100% @ 6 kts

4. Belt Lif e Over 200 hrs 

~~~~~~~~~ ~~~—- -~~~
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The maximum recovery rate , 
~R(MAx)’ 

depends on the belt sorbing

capacity, the so rp t ion  t ime , and the encountered oil viscosity. Based on test

data we expect 
~~~~~~~ 

to be 600 gpm f or light distillates and to reduce to

525 gpm for more viscous residual oils. These maxima can be expected for

slick thicknesses , t , greater than 8mm . Corresponding through—put effic-

iencies (oil encountered vs. oil recovered x 100%) under conditions of

Equation I are from 90 to 100% for all oil viscosities tested.

Generally speaking , the projected oil recovery performance is not

altered by ~l knot deviations from ZRV conditions. Although moderate ( 2 it)

inshore waves do not appreciably affect the oil recovery performance , confused

two—foot waves lower the throughput efficiencies and hence oil recovery rates

by about 157 .

Recovery efficiency (volume of oil recovered vs. volume of oil +

water recovered x 100%) of the ZRV improves with increasing skimming speeds.

At higher speeds increased centrifugal force at the rear drum throws off

loosely held water which would be retained and collected at lower speeds. Calm

water recovery efficiencies for 3mm oil slicks vary from 40% for light distil—

lates to 757 with heavier residual oils. Maximum recovery efficiencies of 80

to 90% are achieved with thick (> 5 mm) slicks at high (6 — 10 knot) speeds.

Alth ough oil recovery rates are hardly affected by waves (up to 2 ft)

corresponding recovery efficiencies can decrease by as much as 50%. However

this number is based on mock—up tests using an unprotected belt where waves

washed over the sides. A less dramatic decrease in recovery efficienc y in

waves is expected for the prototype since the pontoons protect the belt sides.

Some decrease will occur , however , because wave action causes water to fill the

remain ri~ void vo l ume or at tach to the surface of the belt after oi I sorption

occurs.

011 Transfer and Stora~ e

Recovered oil and the water collected with it drains to a sump amid-

shi ps after falling from the wringer. Two 600 gpm rotary—type positive dis—

p lacement pumps (Tuthill Moded 660) pick up the collected oil and send it to

onboard or cxterr.al temporary storage. These pumps were chosen for their self—

priming and debris—handling characteristics as well as their ability to pump

all types of oils. They are relativel y compact , lightweight and inexpensive

14
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compared to other posit ive displacemen t pump s studied. The pumps are hydra u-

licall y powered for variable speed so that the transfer rate can match the

recovery rate.

For small spills or final clean—up opera tions in larger sp ills , oil
may be pumped directly into a 1,000 gallon storage tank located in each hull.
For spills exceeding about 500 gallons, external storage must be used . This

could be a barge or tank onshore , for examp le, if the skimmer were moored in a
river. Underway in a harbor or bay, towable oil storage bags could be used .

These are commercially available from several rubber companies. A 95,000
gallon bag can be towed at 6 knots and would take 2—1/2 hours to fill at 600

gpm . Both transfer pumps are manifolded to an on—deck discharge line for

external storage , as shown in Figure 2.

Vessel Power and Controls
Three identical turbocharged diesel engines (Caterpillar Model D—

3208) power the skiumier. An engine in each pontoon hull drives a fixed—pitch

pr opeller enabling the skimmer to operate at speeds up to 10 knots. These

engines also drive genera tors to provide electrical power f or auxilliary

func tions. The center—section eng ine drives several hydraulic pumps providing

power for the wringer , forward roller , and transfer pumps. Having its own

power source , the center section operates independentl y of the res t of the

vessel.

The three engines and the functions they power are controlled from a

p ilo t house on deck. Controls are manual except for the belt speed , which may

be automatically or manually controlled . Main controls are dup licated in an

eleva ted control stand . The stand , which swings down for storage , provides an

ey e elevation of about 17 feet above waterline to give a better view of ap—

proaching oil slicks . Underway, a helmsman can steer from the elevated sta-

t ion while a crewman monitors oil recovery from the pilot house. The third

crew member can monitor oil transfer operations.

Deployment
For fas t response to an oil spill emergency the ZRV Skimmer can be

airlif ted to the port nearest the spill , trucked to the dock , assembled , and

launched . From there it can proceed under its own power to the sp ill si te.

Two C—130 carg o p lanes are required for the airlift. The port and starboard

pon toons fit in one aircraft and the center section in another. The three
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sections are stored on steel skids with heavy duty rollers and jacks for

handling . At the dock pre—a ttached cable slings facilitate assembly. Tapered

p ins guide  the pieces together and angle brackets are used to join them into
one vessel. After making several piping and electrical connections the skim-

mer can be lifted off its skids into the water. If a large crane is not

available it may be ramp launched .

Normal modes of operation are shown in Figure 7. The skimmer may be

moored in rivers and currents with separate narrow—ang led diversionary booms
d irecting oil to the sorbent belts. Recovered oil may be pumped into a barge

moored alongside or into a temporary storage tank on the bank. In open waters
the skimmer can proceed under its own power, pulling a towable storage bag

behind . Experience indicates that skimming in foll owing seas , that is, t twith”

the waves, is preferred because of resulting reductions in turbulence.

Mechanical Reliabi1i~X

The conventional components of the prototype skimmer have been

designed according to accepted engineering practices to provide good reliabil-

ity. Several redundancies are built into the design. For examp le , there are

two vessel propulsion means and two transfer pumps. Unconventional coinpon—

ents —— in particular the sorbent belts and wringers —— have been successfully

tested in a full—scale mock—up. No major reliability problems are expected

with the skimmer.

The sorbent belts are very durable. They should have an operating

life of well over 200 hours, based on belt life tests and mock—up tests. In

fact , the same belt was used during the entire mock—up test program . The

chances of damage by debris are small since the belts lay gently over debris ,
with no re la t ive  veloci ty  to cause tear ing  or cu t t ing . Heavy debris is simp ly

left behind as the belt is withdrawn and light debris is scraped off prior to

wringing. Astroturf is wear—resistant and does not propagate cuts and tears.

The most likel y places that damage will occur is at the steel splices.

Damage there can be repaired easily by trimming the ends of the belt and

installing new lacing.

The component with the most questionable reliability is the wringer.

It is the most complex and unconventiona l piece of machinery in the skimmer.

However, a full—scale mock—up has been successfully tested and evaluated .

Design chan ges based on information from the mock—up tests should y ield
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a reliable prototype wringer. Conveyor plates have been redesigned for

higher strength and better motion control. Hydraulic take—ups are used to

keep the conveyors tight at all times. Also , a lubrication system has been

added for the support bearings. In the unlikely event that a large piece of

debris enters the wringer, the gap will open automatically to avoid overpres—

suring the conveyor plates. Should one section of the wringer break down the

port and starboard sections can be uncoup led and skimming resumed using only

one belt.

USCG Design Goals
As a result of the Stage 2 test program , technical information on

nine of the USCG design goals is available , shown in Table 3. Appendix A

contains the entire design goal list as modified by the USCG in January 22 ,

1976.
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III. MOCK—UP DESIGN

Introduc t ion
The USCC fast current oil recovery equipment research and develop-

ment program is structured into three parts: First , a small—scale concept

verification stage ; second , a larger scale equipment testing stage and
finally a prototype fabrication and test stage. In Stage I~ the ZRV concep t

was proven by coupon tests using belt—configuration and wringer simulators.

The results were adequate to prove the concept but insufficient to verify

full—scale prototype performance. Clearly, the next step (Stage II) was to

design , construct and test a prototype—like belt and wringer/drive mechanism.

The belt sorption properties could not be reliably modeled at small scale so

the belt length and path—of—travel was designed to be full—scale. Since

(within limits) oil collection performance is linearly related to belt width ,

a narrower—than—prototype belt was used .

The Stage II approach was to design and build a ZRV belt and

wringer/drive “mock—up” that had full—scale properties except that , for

economy , one 2—foot—wide belt was used rather than two 3—1/2—foot—wide belts

as in the prototype. Further , the prototype vessel——a costly part of any

advancing skimmer——would not be needed : (1) the mock—up could be suspended

above the water during oil recovery tests and (2) the vessel design could be

small—scale modeled and tested in waves and currents (or speeds) as most

vessel designs are tested.

This approach is valid because in prototype scale the vessel res-

ponds to larger waves (>2 ft), while the belt must conform to smaller waves

(<2 ft and not affecting the vessel). With this reasoning the vessel response

could be obtained separatel y and at a reduced scale from the oil collection

response. This implies that the catamaran vessel must be designed to avoid

t urbulence in the belt operation area between hulls: Otherwise vessel—belt

interactions would occur , violating the modeling scheme .

Basic Confi guration

The basic layout of a prototype skiouner was outlined in Stage 1~~.

The mock—up for Stage II had to conform to prototype geometry, except for

width. Components not found in the prototype but required for mock—up tests——

whet’Is , sample colle (’tion trays and tanks——had to fit into remaining
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space after the prototype geometry was attained. Specific design goals for

the mock—up were: resemblance to prototype , simple operation , easy mod ifica-

tion , rap id construction and low cost. While oil recovery performance was

not sacrificed , we ight and operating life of mechanical par ts were sacr if iced
in some cases to meet these goals.

This mock—up, shown in Figures 8 and 9 , was des igned to be towed by

truck over a narrow test canal for the Houston tests. With wheels removed

and special mounting brackets added it could be suspended between two moving

bridges for the OHMSETT tests. The main framework of the mock—up was a box

of structural steel built from two 50—foot prefabricated steel joists. This

open framework enabled components to be easily mounted within , both in the

initial construction and in later modifications . Mechanical equipment could

be seen and pho tographed well through this framework. Table 4 lists the

components shown in Figure 9 and describes their functions.

Wr inger Design
One of the major areas of concentration during the design stage was

in the wringer design . The basic concept of using paired conveyors separated

by an exponentially decreasing gap was good . However , initial investigations
showed that high speeds and loads inherent in the wringing process would
cause considerable design problems . Chain belting originally intended for
the conveyors could not withstand the loads or speeds required. In addition

rough calculations showed that the 15—foot wringer would require on the order

of 500 horsepower to overcome frictional losses.

The mock—up wringer , in i t s  f i n a l  form , Fi gure 10 , successf ully
overcame the speed , load , and power problems . Rather  than using chain belt-

ing,  the conveyors were made of 4—inch by 24—inch hardened steel plates

welded to a single 2—inch double—pitch conveyor chain. Essentially these

were conventional table—top conveyors. But by supporting the steel pla tes

with heavy—duty cam follower bearings and keeping the chain taut and con-

strained by guides , these conveyors could be operated at high speeds and

s t i l l  res is t  the  heavy wr ing ing loads appl ied .  While running the conveyor

cha in at high speeds under high tension loads would shorten its duty life ,

chain wear was not cons idered to be a significan t problem beca u se of the
relatively short mock—up wringer use.
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Mathematical analyses showed that frictional horsepower losses in

the wringer  were d i r e c t l y  p ropor t iona l  to wringer  l eng th  and to the average

compressive load . To reduce these losses , and consequent ly  the wringer drive

power , its length was shortened from 15 fee t  to 5 f e e t .  Since this would

increase the wringer squeezing rate threefold , tests were conducted using the

wringer simulator developed in Stage I to confirm that belt damage was unlikely.

Also , to f u r t h e r  reduce power r equ i remen t s , GAF EX 745 felt was substituted

in the composite belt in place of the  or ig ina l  EX 1017 f e l t .  EX 745 has

almost the same oil absorption capacity as EX 1017 but can be compressed with

only one—th i rd  the force required for EX 1017. This was a significant change ,

since compression tests had shown that most of the load on the wringer wao

caused by compression of the inner felt layer.

Wr inger Des ign De ta ils

WrInging was accomplished in the mock—up by f o r c i n g  the  sorbent

bel t  through a f ixed gap between the wringer conveyors rather than applying a

spec i f i c  pressure  to the b e l t .  Support bearings behind the conveyor plates

were shimrned so tha t  the wringer gap decreased exponentially from wringer

ent rance  to ex i t .  The high normal loads generated by wringing provided more
than adequa te  t r a c t i o n  to dr ive , or propel , the be l t  w i t h o u t  s l i pp ing .

The wr ing ing  loads were designed to be i n t e r n a l ly r es i s ted  by the

wringer and not transmitted to the mock—up framework. The lower conveyor was

welded to the suppor t ing  f ramework . The upper  c o n v e y o r — — i d e n t i c a l  but

placed ups ide—down w i t h  respect  to the  lower u n i t — — w a s  suppor t ed  by fou r

ve r t i c a l  2 — i n c h  th readed  rods ex tend ing  f rom the lower conveyor.  Turning the

rods moved the  upper  conveyor verticall y so that the  gap be tween the  conveyors

could be se t .  Compress ive  wr ing ing loads t e n d i n g  to separa te  the conveyors

were entirel y balanced by tensile loads in the threaded rods. This design

facilitated mock—up construction since no special reinforcements were required

in the main frame to handle wring ing loads.

In designing the mock—up wringer every effort was made to use onl y

st andard , off—the—shelf components and welded fabrication for expediency and

~conomy . Components which required machining or other expensive manufactur-

ing processes  wer .  avo ided  wher ~- pos s o h i e .
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This design approach worked well in most cases. However , several

problems surfaced . The lower conveyor plates , which had to be perfora ted for

oil drainage , were made of thin 1/4—inch steel plate so that they could be

sheared to size and economically perforated by punching. Thicker plates

would have required expensive , time—consuming castings or machining. How-

ever , in order to withstand the bending stresses imposed by wringing loads

the 1/4—inch plates had to be heat—treated. Unfortunately, many of the

plates were too warped for use after heat—treatment and were scrapped.

Because thin plates were used , a large number of support bearings were

required to prevent serious deflection of the wringer plates and the result-

ing variation of squeezing gap across the 4idth of the wringer.

A second problem was warpage , inherent in welded structures. This,

coupled with the coarse tolerances maintained in structural steel , caused
serious misalignment in the wringer framework. Such misalignment made it
very difficult to establish the proper wringer gap geometry.

Finally, another problem , peculiar to the chosen chain and p late
conveyor design , surfaced. During the initial performance tests of the mock-

up at Houston, oil expelled from the sorbent belt  was observed being re—

absorbed near the wringer exit. The expelled oil concentrated par ticularly

in the lower conveyor back—up area and flowed toward the exit of the wringer .

As the wringer plates reached the exit they would separate while negotiating

the turn , allowing oil to spray out and reattach to the belt. This reduced

the wringer efficiency .

Because the thin wringer plates required many back—up rollers ,

little space was available to incorporate multiple wipers , or vertical

dividers , to escort the expelled oil from the wringer location. This mock—up

wringer problem was not totally overcome because little could be done from a

practical standpoint without extensive changes. It was minimized principally

by (1) carefully fitting transverse wipers between the cam follower bearings

close to the wringer exit location , (2) installing a “pre—wiper ” on the take—

up roller just in front of the wringer entrance to remove some oil before the

belt enters the wringer and (3) installing sample recovery pans at the

forward drive rollers so that “secondary” wringing could occur there .
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These problems for the most part were overcome without major modi-

fications and the wringer worked satisfactorily.

Sorbent Belt Design

Another major problem studied during the mock—up design task was
how to construct the sorbent belt. The belt materials——Astroturf and poly-

propy lene felt——were selected in Stage I but no method of joining them into a

durable belt had been analyzed . Methods considered were sewing , stapling,

riveting, and adhesive bonding . After evaluating each method , sewing with

longitud inal seams (only) was chosen as the best way.

The original belt concept was one strip of As tro turf backed by a
sing le layer of felt. However , the felt surface not protected by the Astro—

turf was subject to damage by the belt handling machinery. A tough porous
cover was needed to protect the belt and also help prevent stitches from

pull ing loose . Many types of backing were evaluated for toughness , porosi ty
and compatibility with the other belt materials. The simp lest solution was

to use a second layer of Astroturf. Several different belt construction

schemes , each belt having a layer of felt sandwiched between two layers of

Astroturf , we re cycled 60 ,000 times through a conventional washing machine—

type wringer with excellent results (see Chapter IX). The design believed

most practical was shown previously in Figure 5.

Belt Tracking

A third major problem studied in designing and constructing the

mock—up was the tendancy of the moving be l t  to d r i f t  to one side or the

other. A mathematical study done in Stage I indicated that there was no

reason wh y the  ZRV bel t  could not be t racked ( i . e . ,  aligned) with proper
control mechanisms . However , very little was known about the control mechan-

isms that could track a wide , very pliable, loose—tensioned belt at high

speeds. Conventional conveyor belts are relativel y stiff. They are kept

under much higher tension and are not usually run at speeds over 600 ft/mm

(6 knots). Relying on conventional conveyor technology, it was assumed that

the belt could be guided with correctl y al igned rollers. Another conven—

tional techni que employed was to crown the rollers——make rollers slightly

1 i r ~ e’ r in diameter in the center than at the ends. Belts have been found to

ce nt r themselves naturally this way. The long belt span between the wringer

_



exit and the forward rollers was supported on a sheet metal trough , slightly

wider than the belt with a 3—inch vertical lip on either side. Vertical sheet

steel guides initially running the entire length of the mock—up were used to

guide that part of the loosely—tensioned belt on the water . These 40—foot—

long guides extended 2—4 inches below the water ’s sur face .

During the initial shakedown of the mock—up in Houston , proper

roller alignment was found to be essential to avoid belt jamming . Nearly all

of the rollers had to be adjusted to center the belt dynamically. The rollers

that had the most effect on controlling tracking were those where the belt

made 180—degree turns: the rear drum , the guide roller just forward of the

wringer and the forward rollers (see Figure 9). Other rollers had little

effect on belt tracking . The crown in the rollers seemed to have no effect on

belt tracking , presumably because the belt was too loosely—tensioned. The

crown in the rear drum and forward rollers was removed after testing began

with no ill effect. Flanges were added to the ends of several rollers to give

them 1—1/2—inch high lips for the belt edge to drift against. These provided

some control when the belt was moderately well—tracked . However , when one of

the main rollers was badly misaligned the belt easily climbed over the flanges,

wrinkling in the process.

In addition to maintaining correct roller alignment , the use of

sidewalls to limit the side—to—side travel of the belt was found to be effec-

tive. Attempts at OHMSETT to run the belt on the water without guides failed .

Above water , troughs with vertical sides like the one running from the wringer

to the forward rollers worked well. The full length vertical belt guides

piercing the water in the Houston tests tracked the belt well but created too

much turbulence at speeds over 4 knots. These guides were eventually short-

ened as much as thought possible to extend from the rear drum to a location

eight feet forward. This change reduced the turbulence ~nd significantly

improved the mock—up performance. When similar surface—piercing belt guides

were added at OHNSETT , turbulence from the guides was seen for the first time
to spray water on top of the belt. Undoubtedly this had happened at Houston

but was not visable because of the nature of the test facility. New non—

surface—p iercing guides were subsequently added at OHNSETT which successfully

tracked the belt onto the rear drum after the belt left the water. These

short guides , just in front of the rear drum , were about one foot above the

water ’s surface. They worked well even when confused waves pushed the belt

laterally.
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IV. MOCK-UP PERFORMANCE TESTS - PART A (HOUSTON)

Introduc tion
Part  A of the pr incipal con f i rming  t es t s  of the ZRV Mock—Up (con-

taining a 2—foot wide but full—scale belt) took place at Shell’s Casmer Road
Laboratory in Houston, Texas. The test tank was an 875—foot long concrete

trough , or canal , 3 fee t wide and 1 foo t deep, filled to a depth of approxi-

mately 0.7 feet with fresh water.

Objectives of this series of test runs were to (1) de—bug the

expected belt and wringer drive mock—up mechanical problems , (2) conf irm
procedures and apparatus for testing at high speeds——from 4 to 10 knots , (3)

collect full—scale oil recovery performance data (in the absence of waves)

needed to project prototype performance and (4) discover any belt durabilit y

and mechanical re l iab i l i ty  problems that  mi ght  r equ i re  f u r t h e r  des ign consid-

eration . Objectives 1, 2 and 4 would be met through efforts to accomplish

objective 3.

Test Apparatus and Facilities

The ZRV Mock—Up was f i t t e d  wi th  t r a i l e r  wheel assemblies such tha t

it could be towed by a 1—1/2—ton truck down the 875 foot canal , the wheels of

the mock—up and truck straddling the canal. Then at a given truck tow speed

the belt speed could be matched , causing a ZRV c o n d i t i o n .  This  would s imu la t e

a pro totype skimming vessel , underway in a still lake or estuary. The test

apparatus  is sketched in Figure  11 and a photograph  of the 7 5 — f o o t — l o n g  t r u c k

and mock—up arrangement during tests is shown in Figure 12.

The best data was collected when an additional truck was emp loyed to

travel down the canal , app lying oil to the waters ’ surface sufficientl y ahead

of the mock—up to allow a smooth and non—turbulent oil layer to fo rm b e f o r e

encounter by the ZRV belt. This truck , complete with oil storage , pump and

distribution nozzle is shown in Figure 13 and the nozzle alone is shown in

Figure 14.

Performance Test Scheme

The test procedure , found to be most viable for these Part A

(Houston) tests is summarized in Table 5. The collection of a “steady—

state” sample representing approximately 300 feet of oil slick encountered

was desired . The app lied slick length was actually 100—200 tcet longer (to 
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Figure 13. Oil Distribution Truck
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TABLE 5

ZRV MOCK—UP TEST AND SAMPLING PROCEDURES - HOUSTON TEXAS

1. Check equipmen t for readiness.

2. Start oil distribution pump~~~. Oil supply valve must be closed.

3. Oil—wet belt for approximately 2 minutes~~~.

4. Open oil supply valve and proceed spreading oil on the test canal with
oil distribution truck.

5. Begin towing the mock—up at the test engineer ’s signal. The mock—up
should encounter the oil approximately one minute after it is released
from oil distribution truck.

6. Bring the mock—up and sorbent belt up to speed.

7. Begin sample collection at the starting mark of the 300 foot test
section.

8. Stop sampling at the 300 foot stop—samp ling mark of the 300 foot test
section .

9. Bring the mock—up to a gradual stop .

10. Check air , water , and oil temperatures. Record sample time from auto-
matic stopwatch.

11. Transfer samples to calibrated tanks then measure total liquid depth.

12. Cover tanks and allow samples to separate overnight.

13. Drain free water then measure oil depth.

14. Stir samples in calibrated tanks then immediately catch a small sample
for centrifuge analysis. This sample should b

~c5:aken 
from the center of

this large sample with a small plastic bottle.

15. Skim unrecovered oil off the test canal.

a) Originally oil distribution was begun at the start of the tow using the
pump on the mock—up . Oil was encountered immediately after release.
This was unsatisfactory since oil was mixed in the water column as the
belt passed over. Later oil was measured out onto eight 50—foot sections
of the test canal well before starting the tow. This was also unsatis-
fac tory because wind pushed oil against the barriers separating the
sec tions. This produced an uneven slick thickness.

b) Oil—wetting consisted of pumping oil directly on the belt in front of
the wringer. The belt was run at 150—200 ft/mm .

c) Centrifuge analysis was not done on all No. 2 oil samples since they
separa ted relatively easily. Little water was found in those centrifuge
samp les analysed. 
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ensure stead y—s tate conditions) but the flow of recovered oil was diverted to

the sample recovery tank only for the sampling length. The remainder of re-

covered fl uid (before and after sampling) was routinely drained from the

recovery area to the water behind the traveling mock—up . Using this procedure

the actual sample time for a given run was approximately 46 seconds for a
4 knot run and 23 seconds for 8 knots.

In the early part of the tests (the first 4 runs) a second truck

for oil applica tion was not used . The oil distribution nozzle shown in

Fig ure 14 was attached at the front of the mock—up, approxima tely 10 fee t in

front of the sorbent belt entry point. Later , for the next 2 runs, it was

placed completely in front of the mock—up tow truck (35 fee t in front of the
belt entry point). Results from these tests, particularly at speeds above

4 knots, were found by later tests to be invalid. Low oil recovery rates and

low recovery efficiencies resulted because the nozzles caused unnatural flow

turbulence. Resulting oil—water mixing occurred——even with no structural

parts piercing the water and with the nozzle 35 fee t in front of the belt.

Tes t ve locit ies in the Houston tests ranged from 4 to 8a knots.
Tes t oils used were diesel fuel oil and two blends of an LV I (Low Viscosity

Index) asphal tic base , cutting stock and diesel oil. These were proportioned

to closely simulate the viscosity/specific gravity/surface tension properties

of residual fuel 0~ i5
b Properties of the three test oils——called “light ”,

“med ium ”, and “heavy” for their viscosity (or specific gravity) characteristics

are as follows :

a) At speeds in excess of 8 knots (1) excessive vibrations due to misalign—
ment in the wringer drive train appeared and (2) the tow truck driver was
concerned about course keeping down the canal.

h) Residual fuel oils were not readily available in the quantities needed
for test. The components blended , however , are fractions present in
No. 6 Fuel Oil. 

~~~~~~~~~ 
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TEST OIL PRO PERTIES

Specific Surface Interfacial
Oil T_yp~~ Viscosity Gravity Tension Tens ion

“Light ” 2 . 7  cp @ I OOF S .C .  = 0.85 28 d y n e / c m  27 dyne /cm

(Diesel) 3.4 cp @ 80F = 0.86

“Medium ” 105 cp @ lOOF S.C. 0.94 ca.30 dyne/cm ca.30 dyne/cm
(Blend) 183 cp @ 80F

“Heavy” 467 cp @ lOOF S.C. = 0.95 ca.30 dyne/cm ca.30 dyne/cm
(Blend) 1055 cp @ 80F

Using the collected sample temperature as basis for determining the actual

oil viscosity for each test run , viscosities of 2.5 to 3.4 cp were de termined fo r

the light oil tests , 94 to 140 cp for medium and 520 to 850 cp for heavy .

Performance Test Resul ts

A comple te listing of all tes ts run and data collected in the
Houston test series is placed in Appendix B. Table 6 contains data for test

runs using a 3mm applied slick thickness in which essentially all oil en-

countered was recovered (for 3mm slicks) at speeds of 4 and 6 knots. In this

case the throughput efficienciesa ranged from a low of 91% to a high of 110%,

the higher value being above 100% either because of experimental error or

because the belt encountered more oil than its width would suggest. Oil

recovery efficienciesb were lowest for the light oil , 38 and 45% (at 4 and 6

knots) and highest for the heavy oil , 61 and 72%. The data cons istently
showed higher oil recovery efficiencies at higher speeds, as expected .

Increased centrifugal force at the rear drum caused by higher speeds throws
of f  loosely held water which would be retained and collected at lower speeds.

Table 6 also shows maximum recovery rates of 170, 152 and 148 gpm

for the li ght, medium, and heavy oils respectively, all at a 6 knot and 10mm

oil application rate. Corresponding recovery efficiencies were 85 to 88%.

Since the volume of oil encountered was greater than the apparent belt capacity

of 5.7, 5.1, and 4.9mm for the three oils, the remainder of the 10mm oil
slick remained behind.

If the belt capacity were independent of speed then the recovery

rate for a 4 knot , 10mm run would be 4/6 of the 6 knot result. This is

approximatel y true for the light oil (104 gpm recovered vs 113 gpm based on

a) Throughput efficiency oil volume recovered vs oil volume encountered
x 100%.

b) Recovery efficiency = oil recovered vs oil—water mixture recovered x 100%.
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scaling down 6 knot rate) but not so for the other two oils. For these the

recovery rates at 4 knots (10mm ) are almost the same as the corresponding 6

knot results. This results in 7.1 and 8.0mm belt thickness capacity for the

medium and heavy oils at 4 knots in contrast to 5.1 and 4.9mm thicknesses at

6 knots. Four possible explanations why medium and heavy oil recovery rates

of the mock—up in 10mm slicks did not improve when the velocity was changed

from 4 knots to 6 knots are:

1. Increased flow turbulence of the surface—piercing rear guide

plates and forward guide rollers at 6 knots as contrasted with
that at 4 knots causes the medium and heavy oils to form drop—

lets below the surface more readily than for the light oil.

As a result oil recovery is impaired .

2. If the slick is viscous and much thicker than the belt can

lift off the water ’s surface , the hanging oil will break from
the belt as close to the belt as possible because that loca-

tion has the greatest oil weight hanging below . As a result

oil recovery is impaired . In this case excessive oil is

pulled away from the belt while only that oil locked in the

fibers will remain for recovery.

3. A third argument , similar to (2), is that at higher speeds and
with more viscous oils, air enters the “wedge” between the

forward belt entry location and the oil layer on water . This

causes a blanket of air to be locked between the belt on top

and oil below. As the belt is withdrawn the air interface

separates and the oil layer below it drops off. Truly this

belt containing viscous oil in its pores canno t read ily
“breathe”.

4. One explanation concerns sampling: Large volumes of v iscous
fluid expelled by the wringer may not drain to the sample tank

at higher speeds as quickly as either smaller volumes or less

viscous larger volumes could.

Exp1an~ tions 2 and 3 address fluid drag problems where the velocity effect is
likely to the second power. This means that the velocity effect at 6 knots

is 2—1/4 times as severe as that at 4 knots.
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Unfortunately this interesting problem could not be resolved with

the test facilities available and within program time constraints. But even

with this anomoly unanswered the measured recovery rates are quite high and

this effect is absent when smaller, more normally occurring thicknesses of

3mm are tested.

Other performance—related results contained in Appendix B indicate

that small ±0.5 knot variations in belt speed with respect to tow speed do

not noticeably affect the performance results. Finally, a qualitative

finding is that in still water a tighter belt performed better than a looser

one. 
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V. MOCK-UP PERFORMANCE TESTS - PART B (OHNSETT )

Introduction

Part B of the principal confirming tests of the ZRV Mock—Up took

place at the U.S. Environmental Protection Agency ’s Oil and Hazardous Materials

Simulated Environmental Test Tank (OHIISETT) located in Leonardo , New Jersey.

This tank is 667 fee t  long by 65 fee t  wide and is f i l led to a depth of 8 feet

with brackish water. Either regular or harbor chop waves can be generated in

this facility. Several movable bridges are available for supporting test

devices , and tow speeds up to 6 knots are attainable. A detailed descritp ion

of OHMSETT can be found in Reference 2.
2

The object ive of this second series of 73 test runs was to explore

the effects of oil type , tow velocity and waves , as well as dev ice settings

(belt speed , rear drum hei ght , etc.) on the performance results.

Test Apparatus and Facilities

For this series of tests the ZRV Mock—Up was suspended over the

water in the test tank , supported by a forward and aft movable bridge . The

trailer wheel assemblies used in previous tests were removed to provide

better visibility of the test device. Oil was applied to the water in front

of the mock—up using a manifold with multip le weirs , located approximately

40 feet in front of the belt touchdown point (on the water) of the mock—up .

Figure 15 is a photograph of the ZRV Mock—Up (see arrow) in OHMSETT. This

was taken prior to a test run toward wave generator at the far end of the tank.

Initially, two parallel oil guide plates were used to direct the

slick toward the mock—up bel t and prevent oil from spreading to either side,
away from the belt. Because these 40—foot—long aluminum plates pierced the
wa ter to a dep th of a fo ot or so , they created excessive water turbulence and

caused oil entrainment (sub—surface drop let formation) in front of the belt

at high speeds. This problem was solved by using two f loa ting , trail ing ropes

instead of the plates to constrain and guide the oil slick toward the belt.
Even with the guide ropes , howeve r , par ts of the o il sli ck were w ider than the

belt and the encountered amount had to be estimated .

2. Ayers , R. R., “A R ig id , Perforated Plate Oil Boom for High Currents”,
EPA—600/2—76—263 , De cember 1976 , Prepared by Shell Developmen t Company
for the U.S. Environmental Protection Agency.
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Performance Test Scheme

The test procedure adopted for these Part B — OHMSETT tests is

summarized in Table 7. A “steady—state” sample representing approximately

300 feet of tank length was collected during each test run . The tank length

over which oil was applied was actually longer , but the flow of recovered oil

was diverted to the sample recovery tank only for the sampling length. The

remainder of recovered f luid , collected at the beginning to the test run, was

allowed to gravity—drain from the recovery area to the water behind the trav-

eling mock—up .

Two test oils were used in the OHMSETT tests. One was a low viscosity

mineral oil called Sunvis 7 and the other was higher viscosity lubricating

oil, Sunvis 1650. These oils were selected to simulate crude or refined oil

properties , while avoiding black (asphaltic) oils. Black oils stain everything

they contact and are not as suitable for reuse. Properties of the two oils

are :

TE ST OIL PROPERTIES
Specific Surface Interfacial

Oil Type Viscosity Gravity Tension* Tension*

Sun. 7 43 cp @ 60°F 0.8509 29 dyne/cm 11 dyne/cm
28 cp @ 80°F

Sun. 1650 1950 cp @ 60°F 0.8866 31 dyne/cm 35 dyne/cm
820 cp @ 80°F

* Measured at 75°F

All of the tests were conducted at a tank water temperature of 75 ± 1°F. It

can be assumed that the oil temperature during recovery was approximately the

same as the water temperature .

Performance Test Results

A complete listing of all tests performed and the data collected

during the OHNSETT test series is included as Appendix C. Table 8 contains

selected test results, grouped so that data interpretation is made easier. Test

runs were selected for Table 8 based on whether they were considered representa-

tive runs; runs in which no test—related problems occurred which might confuse

the interpretation and prevent the extrapolation of results. 
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TABLE 7

ZRV MOCK-UP TEST AND SAMPLING PROCEDURES
OHNSETT TESTS

1. Check equipment for readiness.

2. Start wave generator if called for in test plan.

3. Start the belt slowly.

4. Begin the tow and oil distribution simultaneously.

5. Bring the mock—up and belt up to test speed.

6. Begin sampling at the timekeeper ’s signal. The timekeeper will signal
to the belt drive operator when oil is first visible on the belt enter-
ing the wr inger and star t his stopwa tch simultaneously.

7. Photograph oil slick in front of the mock—up to later determine slick
width encountered by belt.

8. Disengage the wringer drive clutch at the finish mark . The timekeeper
will stop his stopwatch at this time to record sample time.*

9. Bring the tow bridge and mock—up to a stop. Stop the wave generator.

10. Lower the skimming bar and return bridge at 1/2 knot speed , pushing
remaining oil back down the tank fo r  cleanup .

11. Transfer samples to calibrated tanks. When transfer is complete pour
5 gallons of water into the sample pan to flush transfer hoses. Measure
samp le d e p t h .

12. Allow sample to s tand about  one hour  then drain f ree  wate r .  Measure
sample d e p t h .

13. Stir sample tank then catch a small samp le fo r  cen t r i fuge  analysis.
This should be taken f rom the cen te r  of the main sample with a small
bottle. (The 5 gallons of water added in step 11 must be subtracted from
t o t a l  wa te r  volume recovered to de te rmine  recovery  e f f i c i e n c y . )

* At the beginning of t he  Sunvis 7 and the  Sunvis 1650 test series sampling
was initiated at a startin g marker and stopped at a finish marker , belt
speed remaining constant through this time . The sample time was automat—
t i c a l l y  r~ c o r d e d .  T h i s  p r o c e d u r e  was found to no t  represen t  a val id steady—
s t ; i t e  S~ m1)1e.
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ifl general , Table 8 shows oil throughput eft . i c i ’ .-nci~’s Iron 57~’ 1

127% , recovery efficiencies from 15 to 69% and oil recovery r a t e s  r i~n~ 12 to

124 gpm for  the Sunvis 7 o i l .  Oil t h r o u g h p u t  e f f i c i e n c  ics f r - s . i  70 to 139/ ,

recovery e f f i c i e n c i e s  f rom 25 to 81/ and oil recovery  r a t e —  ~rorn 30 to 110 gpm

were measured fo r  the Sunvis 1650 o i l .  Tank f a c i l i t y  lin ~it.-it i o n s  prevented

tow speed s above 6 knots and oil application rates above 160 gpm.

Refe r r ing  now to Table 8 in more detai l , Series A contains runs

using the low v i scos i ty  Sunvis 7 oil in which the device tow speed was varied

between 2 and 6 knots .  The recovery ra te  increased wi th  speed over the entire

range but it did not improve appreciably be tween 5 and 6 knots. Throughput

e f f i c i e n c i e s  were be tw een  68 and 78% fo r  speeds below 6 knots , however the

6 knot result was oni .- 57/ . Thus, this series shows a deterioration in per-

formance at higher speeds , with the 6 knot results essentially the same as the

S knot ones.

Series B c o n t a i n s  runs in which  the app lied oi l  th ickness  var ied

between 1.2 and 3 .3  mm at a t ow speed of 6 knots .  The th roughpu t  e f f i c i e n c i e s

are  h igh——above  100%— — i n d i c a t i n g  tha t  (a)  there  are measurement  e r rors  and

(h )  e s sc nt i a l l \ ’  all of the oi . l encountered  was recovered , independent  of s l i c k

t h i c k n e s s .  In the  3.3 mm s l i c k  the oil  recovery e f i i c i e n c v  ~as 69 , while at

1 . 2  mm , it was o nly  32%. Th i s  shows tha t  the  remain ing  f l u i d  volume c ap.~c i t v

of t he  b e l t  (after the oil is sorbed)  tends  t o  f i l l  w i t h  water. (
~ r c- .~ t r  t h i c k —

flosses could not  be app l i ed  because t h i s  low v i s c o s i t y  o i l  sp r e a d  out  b e f o r e

i t  r ’.- i ( .-hed t h e  b e l t .

ring related runs  f r o m  Ser ies  A and B , one f i n d s  t h a t  t he  re—

‘,a rv r i t e  and the  t h r o u g h p u t  e f f i c i e n c y  fo r  Test 2— 4 was much g r e a t e r  t h a n

f o r  e q u i ’ . - ; i l e n t  Test  1 — 3 .  P r o b a b l y  the reason r o r  t h i s  d i s c r e p a n c y  is t h a t  the

b e l t  e n c o u n te r e d  i - i- r e o i l . in Ves t  2—4 than the  3. 3 mm .lverade s l i c k  t i ckness

(used to  ( a  1 ~
- i l  O t e  t h r o u g h pu t  e f f i c i e n c y )  would m d  ic . it e  . l i e  f l o w  r i t

t he  o i l  d i s t r  i h ut  ion m a n i f o l d  was increased in l e s t  2 — 4  to pr o ds .ic e an 8 mar

s i l k .  Howev er , the  Sunvis 1 s l i c k  spread r a p i d l y and was c o n s i d e r a b ly  ~- i d ~- i

t h a n  t i l e  he It  when t he  mock—up rea ched i t  - W i t h  the  measu remen t  equi pment

a v a i l a b l e  onl y an -Iver age  s l i c k  t h i c k n e s s  cou ld  he d e t e r m i n e d  based ~n s l i c k

w i d t h , man i o l d  f l o w  r a t e , and tow speed.  The a c t u a l  s l i c k  was t h i c k e r  in t h 0

r , - T , t  or and t h i n n e r  on t u ed ges - Thus , th._’ b e l t , running t h r o u g h  t h e  cent &‘r

of t h e  s l i c k . t r o i r i r i t e r e d  inure  o i l  t h a n  could  be a ’e t ’ . i in t e ’J  for using an iv~- r i ~ ’.-

_ _ _ _ _  -- • 

51 

• —-~~~~



~ t i - k  thickness . This produced an abnormally high throughput e f f i c ~~cnr’, and

the large re overy rate. Also , it is likel y that in the thicke r center of t h e

sl ick the (l i i  concentration was high with relativel y little water availabh-

fo r  b e i t  sorption . Therefore , recovery efficiency was higher in Test 2—4 t i l a

in  lest 1—3.

Series C test  runs were performed at a 6—knot tow speed to f i n d  o u t

how ch a n g e s  in bel t  speed with respect to the tow speed (non—ZRV conditions)

• a f f e c t  r o co v e rv  performance. Based on the throughput efficiency results ,

better pertormance was attained at t 1 knot belt speed difference from ZRV

conditions for Sunvis 7. At these speeds the throughput efficiencies were 85

t o  90/ and corresponding recovery efficiencies were 45 to 51%.

• Series D test runs were performed for the same purpose as Series p

however tire nominal tow speed was 5 knots. This set of runs shows tha t best

perfor aaiiei - was obtained by running the belt one knot slower than ZRV , oth er-

wise the results w e r e  constant from —2 knots differential (belt slower) up tic

• +1 knot different l a l  -

Tire one test run included in Series E is a 4 knot ZRV run in a 2—foot

h a r b o r  chop wave p a t t e r n .  The throughput efficiency was 96%, i n d i c a t i n g  t hat

all the oil approaching the belt was recovered , but the recovery efficiency

was low——l5%——caused by choppy waves splashing water over the belt.

The remaining test series in Table 8 were run using Sunvis 1650 oil ,

the more viscous of the two test oils. Series F explored the effects on per-

formance of variations in tow speed at ZRV . Since all of the throughput effi—

ci t’ n ies were 100% or better for tow speeds from 2 to 6 knots , it can be said

that the oil coll ection performance was insensitive to tow speed. An addi-

tiona l r e su lt is that the recovery efficiency is approximatel y proportional to

the encountered o i l thickness.

An oil thickness of 4.6 mm was applied to the water in front of the

skimme r in tire one test run comprising Series G. This was the thickest slick

that the oil app lication pump could produce. At 6 knots this resulted in an

oil  recovery rite of 110 gpm and ii recovery efficiency of 79%. The throughput

effi c ien c y v - i s  8l~~, indicating, if this one figure is accurate , that this per-

centage of t h e  applied oil , slick thickness——3 7 m n——is the belt sorption capacity

f i r  t- lr i .-; o il. One can compare this result with runs 12—3 and 12—8 in Series F

t o  so t -  t h a t  r e t  ev e ry  performance is proportional to app lied oil thickness (at

a 6 .0) 1 sp~~ d in this ease)  -
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Series H, also using Sunvis 1650 oil , explored variations in belt

speed while the tow speed was a constant 6 knots. These runs all have high

throughput efficiencies over a * 1 knot belt speed difference range , hut per—

forinance looks best exactly at ZRV , since the recovery efficiency is best

there .

In Series I, tow speeds were varied between 2 and 6 knots with t h e

belt speed at ZRV in each case. The added test condition here is two—f oot

harbor chop waves. The throughput efficiencies were high , above 717, for all

speeds , and as previousl y found for Sunvis 7, the r e c o v e r n  effi cienci e s (25

to 37%) are lower than those for smooth water. The peri rm ince results under

choppy wave conditions are more erratic than under calm water conditions

because it was much more difficult to determine how much oil was actually

encountered by the belt.

Finally, Ser ies  J treats the effect of regular w a v e s  on skimmer 
~~~~~~~~~

formance at 6 knots. These runs show tha t regular waves had no signific ant

a f f e c t  on p e r f o r m a n c e  when compared w i t h  calm wate r  results.

- 
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V i .  COMPARiSON OF TEST ~ES lLI ’S

In t r o d u ct  ion

The purpose  of t h i s  se c t  ion is to compare  the  ZRV M o c k — P p  ii  r f o r m —

once r e s u l t s  f r o m  P a r t  A ( H o u s t o n )  t e s t s  w i t h  P a r t  B ( O I I M S I .i’T) re—oi l t s and  d i  s—

cuss t l c ej  r s i g n i f i c a n c e  in p r o j e c t  ing  t h e  ZRV P r t i t  t pe p e r f o r m a n c e .  Reca 1 1

that the Par t  A tests were  p e r f o r m e d  in a t e S t  an a l  3 f e e t  w i d e  and 875 f e e t

long  f i l l e d  w i t h  one f o o t  f f res l r  w a t e r , wit ii e t h~ P a r t  B e st  s w e re  n or  f o r m e d

in a tes t  t a n k  65 f -c t  w i d e  and 667 f e e t  long f i l l e d  w ith 8 f e e t  if br ick I sir

i t o  r

tes t_ D i f f e r e n c e s

A m a j o r  d i f f e r e nc e  in the t e s t  scheme was  t h a t  in  P a r t  A oil w a s

a p p l i e d  u s i n g  m u l t i p le n o z z l e s  mounted on a semiarate oil distribution truck

running approximately one minute ahead of the test device , while in Part B oil

was a p p l i e d  us ing a m u l t i p l e — w e i r  oi l  d i s t r i b u t i o n  m a n i f o l d  p laced 40 f e e t  in

f r o n t  of t i r e  m o c k — u p .  The one m i n u t e  d e l ay  b e tw e e n  oil application and mock—up

enco unter in Par t  A tests was e q u i v a l e n t  t o  p l a c i n g  t h e  c i i  d i s t r i b u t i o n  n o z z l e s

608 feet in front of the  m e e k — u p  i t  a 6—knot tow speed. In contrast , oil was

applied only 40 t e e t  in f r o n t  of t he  n c R — u n  at  s c i d s  up to  6 knots or the

P a r t  B t - s t  s. Th us , ~ne would e’:pc - t  t h a t  t1i~ mock—up would  e n c o u n t e r  a smoo the r

and m or e  u n i f o r m  and co n t i n u o u s  e l i - k  in the  P a r t  A (Houston) tests than in the

P a r t  B (OHNSETT) t e s t s .

f b i  o t iter sign if i c - i n  t . d if ic ronce in the t w o  test parts was in t l i~

oils that were us c - i - B l e n d s  at refined oils w e r e  us ed in Part A , whil e a min-

eral o il and a l u b e  o i l  w e r e  used  in Part B. The significant differe nces between

t h e se  oils (compare t a b l e s  on jages 40 ,md 46) are :

- The r i n e r a l  o i l , S u n v is  7 , used in P or t  B ‘ as a viscosi t y of

2~ ep it  S O F  w h i l e  tire dies el c i i  used in P a r t  A w a s  c - f l ,  3.~ cp.

Based ‘c the Si age  I stud i t S , t h i s  should no t  s i g n i f i c a n t l y

a t  fect a cofrparisccn of ri —c i ts , s i n-v tin speci t Ic gra\ ’it i’s c f

t i e  t w o  cc i  is i r e  -coo t the same .

2. Sti rt ace t e n s i on s  of tt ie t w c  oi l y , Sunvis 7 and diesel, a rc  , ih cc i t

Ir e  sani~- , hut tire intert i i  ia i  t e n s i o n  of Sunvis  7 is  q u i t e  l ow——

11 c i  vu  - a /en——when c ‘mpii c c i  v t l 27 ~I v ;r € - s/cm f o r  d e so I o i l  -

1 ) 1 1 ;  w i t h  l o w  i n t 1 ’r f  c i i i  t e n s i o n s  w i l l  t e n d  to mix O r  ‘ - a d i l v
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with water and make oil/water separation more difficult after

mixing.

3. Sunvis 1650 oil , also used in Part B tests , has viscosity and

surface (including interfacial) tensions similar to the “Heavy

blend used in the Part A tests , but Sunvis 1650 has an o b v i o u s ly

lower specific gravity (0.887) than that (0.950) for the “Heavy ”

oil. In skimmer oil loss mechinisms governed by density effects ,

performance will be poorer for denser oit s.

Specific effects of these differences on comparisons of results between Parts A

and B tests will be discussed further.

Tests With Low Viscosity Oils

Figure 16 is a graph of oil recovery rat i- vs. tow speed using data

from tests with Sunvis 7 from Table 8 and with diesel ccii from Table 6. The

solid diagonal line represents the oil recovery rite expe -ted for a 3 mm oil

slick by assuming that  the throughput eff ic ien t - ; is 100 . For  b e t t e r d at a

comparison , the data points shown in the graph have been s l i g h t l y  m o d i f i e d

from the tabular values in order to convert results f r om slick t h i c k n c - oes

near 3 mm to equivalent results for 3 mm . This convi-rsion was done s i m p l y  b y

m u l t i p l y i n g  the near—3 mm oil recovery rate by a ratio of the actual and

desired (3 mm) thickness.

One can see that the two data points from the Part A (Houston) tests

f all quite close to the predicted value , while data points from the Part B

(OHNSET T) t e s t s  are s i g n i f i c a n t l y l ower t h an  tire pr edicti on ,ccxc i-pt for two

points at 6 knots. The t w o  bigh t data points a t  6 k n o t s  r ep r e s e n t  t i s t s  run t o

determine oil recovery perform ance in thri cker slick s using Sunvis 7 oil. The

problem with these two runs was that when attempting t o  app ly  a 5 and 8 mr

s l i c k  in f r o n t  01 the  m o c k — u p ,  t he  oil emanat ing ron the m anif old am p ly

spread out t a wide r , t h i n n e r  s l i c k  t h a n  d sired in t he  41)—f oot distance

b o t w - e n  t h e  man i fold and the  sorbent  hel t - The c J p l i d  oil tin c kress an ;crcach_

i n c  t lie be I t was computed f r o m  the known oil app I cat I cc i ) I on Ic r,c ~ and an

estimate of the slick width approaching the be I t . Tht ti~ j e K o e s s  computed

tin is way is likel y l ower than t Ire w-tua 1 hr ii -kness bet - n y c  , ct I c a t  qua ii—

tative l y, the ‘ 1 i c -k was thicker toward t h e  m i d d l e , 10 pur ti ofl whi ch t . i i ~~- cit

en c o u n t e i t - c i .

_ _  _ - -  —- -



-- ,~ -~~~~~~~~~ ----- - - -

\ 

cDo—0 10

~~~~~~~~

V ‘~~V J  1 0
0 1

\ 0 0  
~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~ 
.

0

\ ~~
V a.
V ‘\ E

\
°~~~~~~~~ 

I

8 
c

c

wd6 a1P~ AJe~O3e~ I!O

d

56

______________________ —-- 



~
— - “

~
-

~
------ — --- ‘-‘--- ‘ ‘~~~~ ‘~ 

-—--
~~~ 

- - - - ---— . -----P--- 
~~~~~~~~~~~~~~~ 

-

Consequent l y ,  the recovered oil thicknesses computed from the mea-

sured oil recovery rates for runs 2—3 and 2—4 of Series B tests (Table 8) were

3.3 and 4.1 mm , respectively ,  while the corresponding ~pp~ ied oil slick thick-

nesses were lower——2 .8 and 3.3 mm. So the two high data points for Sunvis 7

oil at 6 knots in Figure 16 are bight because the actual oil slicks were approxi-

mately 20% thicker than 3 mm .

The remaining data points for Sunvis 7 oils , and specifically the

points for tow speeds between 2 and 5 knots , show oil  r ecove ry  r a t e s  t h a t  a re

lower than the predicted rates by about 14 gpm (see dashed line). The primary

discrepancy here is very l ikel y due to the abnormally low interfacial tension

of the Sunvis 7 oil. Based on qualitative underwater observations of the

applied oil slick approaching the mock—up belt , a one—or—two—inch thick mix-

ture of oil drop lets in a water medium actuall y approached the belt. Such a

mixture is much easier t o  form w i t h  l o w— i n t e r f a c i a l — t e n s i o n  o i l s  than  w i t h

oils having a higher value . It appeared that the oil drop lets eventually

contacted the belt farther back along its water contact length. However , the

bel t , at tine point where it contacts the water ’s surface , will sorb the m i x t u r e

approaching it rather than lust the oil. Although the rema ining droplets bel ow

the surface rise quickly toward the floating belt , there is l i t t l e  r e m a i n i n g

sorption capacity. Therefore , the low interfacial tension of the Sunvis 7 oil

is tire likely primary cause of the discrepancy between Part B results and

those for Part A.

A n o t h e r  possible cause for d i f f e r e n c e s  in l’art ~ test r i -su l t s  c o u l d  be

problems with estimating and measuring the amount of oil app lied that should

be encountered by the mock—up belt. It is difficult to sty whether the errors

involved would cause Inigher or lower results.

F ina l l y ,  turning to the four apparentl y l ow dat a  p o i n t s  f o r  S c i n v i s  7 at

6 knots, there ,- i r c . - likel y two i : a j o r  c a u s i t i v e  f a c t o r s  i n v o l c .cd . O n t ’  t a c t  c r

is the  l o w — i n t e r f a c ’ i a l— t e n s i n n  p r o b l e m  d i s cus sed  p r e v i o u s l y . R u t  t O  c a t t i e r

factor is be l i eved  to be t u r b u l e n c e  and subsequen t  ~c i l  e n t r i  inren t C h i c - c - I Dv

the  app l i ed  c c i I impacting tine water surface too n c-c r to t b  I c-~ c lc\’ i I t . t i c

a l l ow  the  s l i c k  to coalesce on the  s u r f a c e .  Th e a - t c c c l  met icon i sm i rv c l’ c’d is

f l u i d  drag  caused by the oil layer I lowing tcward t l c  w a t e r  a n d  P I c ’ - l O g  i t ,

as wel I as oi l ,  e n t r a i n m e n t  caused by the  h i g h  i n t e r f a c i a l  s l i t - c l  f - c r c ,  s. Dr ag

forces are proport i~ cnal to the square of v e lo c i  tv so it is ncr? ciriu s ccil for

this turbulence to become a problem at 6 k n o t s , w h e r e  i t was r ’  t c ;~tc a ? i i i t  at
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5 knots. Also, the mass rate of flow of oil increases linearly with velocity,

further contributing to drag , turbulence and oil entrainment problems .

This problem was Initially discovered in the early Part A tests in the

canal at Houston, Texas, when nozzles were at first attached in front of the

test device. The test—related problem appeared during tests with diesel oil

at speeds above 4 knots and resulted in lower—than—expected oil recovery

rates. It was made neg ligible for  the Par t A tests by apply ing the o i l

(b y a separate vehicle) much earlier in time before the belt contacted it.

Further , the problem was anticipated during the Part B tests at OHNSETT, but
using a similar scheme to avoid it was considered impractical. An important

consideration was tha t the other skimmer dev ices under concurren t developm en t

by the USCG were previously tested using the same oil distribution system .

Consequently, quantitative comparisons between the devices would have been in-

validated by changing this test fixture design only for the ZRV Mock—U p,  the

last device tested in the program.

In summary , discrepancies between Part B tests with Sunvis 7 oil and

Par t A tes ts with diesel oil were likely caused by these problems:
1. The low interfacial tension of the Sunvis 7 oil caused the belt to

contact an oil—water mixture rather than an oil lens on water.

2. At tow speeds above 5 knots,water turbulence , fluid drag f or ces and
oil entrainmen t problems caused b y the oil app lica t ion man ifold be ing
too close to the mock—up resulted in oil recovery rates even lower

than those attributable to low interfacial tension effects alone.

3. When attempts were made to app ly thick (5—8mm ) slicks in f ron t of
the device at 6 knots , a continuous oil layer appeared on the

water ’s surface , unlike that which occurred with 3mm thicknesses of

Sunvis 7 , but (a) the slick spread too wide before it reached the

bel t, and (b) the slick was much thicker toward the center, where it
contacted the belt , than predicted using a uniform slick thickness

assumption. The positive effect of this thickened surface layer

on the o il recovery ra te was appar en tly so strong that it overcame

the negative effect described in 1) and 2) above .

So , all of tine discrepancies in results were related to either a test

fixture or a test oil. The test oil problem , namel y low in te r fa ci al tens ion ,
was merely an obstacle in interpreting test results. But i t  cou ld be of

significance in real spill situations where surfactants in the water are
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concen tra ted enough to lower the sp illed oil in terfacial tens ion , and
accordingly reduce the skimmer recovery performance (and cause stable oil in

water emulsions). The fixture (distribution manifold) problem was solely a

test—related problem.

Tests with High Viscosity Oils

Figure 17 is a graph of oil recovery rate vs. tow speed , sim ilar to
Figure 16, except that this data is for the higher viscosity test oils

(med ium blend , heavy blend and Sunvis 1650). The theoretical line is the same

and the test data has been adjusted to reflect a 3mm thickness. In this

figure both the Part A (Houston) and Part B (OHNSETT) results agree in general

with the 100% throughput efficiency prediction line.

If there is any inaccuracy involved other than the usual errors

associated with oil, recovery performance tests of this type , it could be in

estimating the applied slick thickness approaching the belt in the Part B

tests. If the slick thicknesses approaching the device were consistently

underestimated , the result would be a number of data points exceeding the 100%

throughput efficiency line , as occurred in this case. Oil distributuion turbu—

lence effects as found in the Sunvis 7 tests at 6 knots were not an obvious

problem here because the interfacial tension was higher and more normal. The

higher viscosity oils tended to form floating lenses on the water more easily ,

without as much entrainment. Also, if droplets of this relatively low density

Sunvis 1650 oil were entrained and did rise toward the belt they would more

re adil y attach to it. If the Sunvis 1650 oil had been as dense as the re-

f ined oil blends used in the Part A (Houston) tests, there likely wou ld have

been greater entrainment problems due to the oil distribution manifold and

consequentl y lower— than—predicted oil recovery rates.

Measurement Errors

An in—dep th study of test errors for Parts A and B of the test program ,

was not part of the program objectives ; however , some general comments can be

made In this regard. Referring to Figures 16 and 17 again , if (a)  there

were no e r ro r s  in cont ro l led  variables such as tow speed and pump ra tes , (b )

the oil slick approaching the belt was just as wide as the belt and of uni—

form thickness and (c) the sampling procedures and measuring techniques were

perfec- t l.y accurate , then no data points should fall above the l.O0’/ through—

pit t efficiency line. Since data points did , in fact , exceed values

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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predicted by this line, one can perhaps assume tha t the comb ined errors , in-
cluding those of accuracy and precision, are approximately equal to the
standard dev iation of the high data points from the 100% line. Thus, measure-

ment errors for these tests were ± 16.5% for the OHNSETT tests and ± 10.4%

for the Houston tests. Low points cannot be used In the calculation because

the d iscrep ancy can be due to the ineff iciency of the skimming device in

collecting the oil, which is not a measurement error.
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VII .  VESSEL MODEL TESTS

Introduction

A 1/8—scale  model of the ZRV catamaran vessel design was designed

by Alan C. McClure Associates and tested in the Davidson Laboratory Tank at

the Stevens Institute of Technology in April , 1976.

Objectives of the test program were to (1) verify vessel resistance

pred ictions (2) detect any between—hull turbulence deemed detrimental to

skimming and (3) determine the effects of waves on vessel resistance and

motions. Additionally the belt interaction with the vessel was studied in a

qual itative way , since powered twin belts were modeled .

Summary of Results

Smooth water performance showed vessel resistance about as expected

and demonstrated an almost complete lack of disturbance in the water surface

between the pontoons where the skimmer be l t s  operate. Initial tests in head

seas indicated excessive slamming of the center section. Later the forward

end of the center section was elevated about two feet (full—scale) , resulting

in satisfactory performance. Tests in following seas showed very satisfac—

tory performance. Motions at zero speed in waves from various directions

confirmed the design .

Design changes resulting from the test findings included raising

the  fo rward  end of the cen t e r  sect ion about  two fee t , increasing tire free—

board of the pontoons forward about a foot , and decreasing the transom

immersion slightl y.

In operating the model skimmer belts , it was essential to provide

guide p lates on both sides of the belt to keep it centered on the drum. These

need be only about a foot long (full—scale), placed close to the drum. For

the model belts at least , the belt interaction with the water is very sensi—

tive to belt tension. Excessive slack may result in large amounts of water

p i c k  up and hi gh d rag .  R a i s i n g  the fo rward  pa r t  of the cen te r  sec t ion , and

hence the belts , seemed to improve belt wave conformance.

Fi gur e 18 shows a sketch of the gene ral conf i guration of the model
with prototype dinn enstorn s indi -rted 
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density foam plastic and connected by a centerbody structure made of p lexi-

glass sheet. Figure 19 is a photograph of the model attached to the towing

carriage ; although tine skimming belts are not in place , the driving rollers

at the  bow and the  s t e r n  ro l le rs  are v i s ib le .  Tir e bow ro l le rs  were dr iven by

a dc motor with adjustable speed control. The two endless belts were of non—

wetting, woven synthetic fabric.

Davidson Laboratory installed a towing yoke assembly spanning the

centerbod y structure and attached to pivots on each hull (Figure 19). Lead

shot ballast was placed in three  compar tments  in each h u l l ;  add i t iona l  bal-

last weights were p laced on deck. The following prototype condition was

r ep resen ted :

D r a f t , S t a .  0 , f t  3.15

Sta .  20 , f t  3.95

Displacement , lb 50 , 090

LCC* fwd S ta .  20 . f t  17.63

VCC above BL , ft 5 .5 0

Pitch gyrad ius , ft 9.63

Rol l . gyradius , ft 5.44

Free oscillation tests were conducted in still water and natural

N-n ods w er e  measured . The prototype periods are as fo l lows : 2 . 5 3  sec fo r  4

p it cJ c cycles; 2.73 sec fo r  5 roll cycles.

Test  P r o oe d u r e s

All testing was conducted in Davidson Laboratory Tank 3 in f r e sh

water with a temperature of 69°F.

In smooth water , d r a g ,  t r i m  and heav e at the CC wer e meas ured .

Si gnals from t 1 c -  d r ag  balance , t r i m  clinometer and heave pulley were trans-

mitted by overhead c~ blcs from the towing carriage to shoreside signal condi—

tionin g units. Conditioned signals were time—averaged on the tankside PDP—8e

digital c omputer which produced teletype printouts of results in engineering

units. Since the towing thrust was app lied to the model through the p itch

pivots on deck , Figure 19, a prototype distance of 5.5 ft above the design ed

Lent cr ci Dr;nv I ty
LCC = Longitud inal CC

~~~~~~~~~~~~ ct;
BL = K;i ~~ t Line (Lowest Point of Pontoon) 

-- ~---- 
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Figure 19, Vessel Mod.’ I in Test Tank
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shaft line , an artifical bow—down moment equa l to 5.5 times the drag was in-

duced . Ballast weights were shifted prior to each run to cancel this moment.

During towing tests in waves, drag and vertical acceleration at the

CC were measured . Signals were recorded on chart paper and on magnetic tape.

After digitizing each time history on—line , the computer evaluated and aver-

aged the peaks and troughs , prin ting out a mean value , and signif icant (aver-

age of 1/3 highest) and average of 1/10 highest values of oscillation peaks

and troughs; the number of oscillations was also recorded. Data were

recorded during constant speed runs of 150 ft in tank length when running in

head seas and 130 feet in following seas. At higher speeds , multiple runs

were taken in different sections of the wave pattern to obtain an adequate

number of encounters for statistical reliability.

Runs were made at zero speed in head , 45° bow , and beam seas to

observe mo tions and general behavior. The model was tethered with light

fishline—and—coil—spring moorings so as to maintain the desired heading angle

and minimize the drift , while not interfering with the oscillatory motions.

Prior to conducting the wave tests , two reproducible irregular sea

states were calibrated . From chart record time histories of the 100 waves in

each sea state , the following characteristics were determined .

Significant height , ft 1.95 3.85

Maximum height , f t 3.35 4.80

Average period , sec 2.60 3.50

Time—scaled 16mm color motion pictures were taken of portions of

selected test runs. When viewed at a projection speed of 16 frames per

second the prototype time scale is represented.

Two runs in smooth water were made with only the port side belt in

place and being driven at a linear speed about equa l to the model towing

speed , i.e., so the relative velocity was near zero between the lower loop ‘1,

of the belt and the water.

The final six runs of the test program were made with the center—

body structure raised at the forward end as shown in the sketch of

Figure 18.

Tes t Resul ts

Table 9 lists all the runs made during the test period in Tank 3.

Note that except for Runs 19 and 20, skimming belts were not installed.

-~~~~~~~~~~~~ - --- ~~~~~~-~~~~ ---~~~~~~~~~~~~~ ---- .--. ..~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
~~~~~~~~~

- - - - --
~~~~~~~~~~~~~~~~~~~~

---

TABLE 9

TABLE OF RUNS
IN

SMOOT H WATER

Run Trim Centerbody Speed Remarks
Aft Position
ft kt

1 0.8 Ori gina l 4 Thrus t moment i ncorrect

2 6

3 8

4 9
5 l0

6 11

7 4
8 6

9 8
10 7
11 7
12 8
13 9
14 10

15
Zero 7

17 8
18 9
19 0.8 7 Port belt runn ing
20 7 Port belt running

30 7 Movie  run; no data

31 9 Movie run; no data
36 Raised 8

Raised 12 

-
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TABLE 9 (cont’d)

TABLE OF RUNS
I N

ROUGH WATER

Run Cen ter bod y Si gnif icant Ht . Speed Remarks
Posi t ion and Heading kt

21 On ina l 2’ Head 7 Aborted

22 4

23 6
24 6

25 7
26 7

27 4 Movies

28 6 Movies
29 7 Movies

32 2’ Following 7 Mov i es

33 4’ Head 0 Mov i es

34 4’ Bow 0 Movies

35 4’ Beam 0 Movies

37 Raised 2’ Head 6 Movies

38 2’ Following 6

39 2’ Fo l low ing 9
41 2’ Head 10 Mov i es

68 
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Table 10 presents. predictions of prototype resistance, EHP, (effec-

tive horsepower), trim and CC heave in smooth water, both at the designed

static trim and at zero static trim. It is evident that in the maximum

operating range of 7 to 9 knots, the effect of trim on resistance is minimal.

Figure 20 is a chart of EHP vs speed at the designed trim. Tne prominent hump

at 7—8 knots (v/li: = 1.12 — 1.28) is characteristic of a hull of this fine-

ness and proportions. The steep rise of EHP eases at 10 knots as flow starts

to separate at the transom ; above 11 knots the flow is fully separated .

Because of the plane inboard faces of the two hulls, wave formation between

the hulls is minimal.

Two test runs were made with the port belt running at about the

same linear speed as the model towing speed in smooth water. A model drag

increment of about 16 percent was recorded , due in part to interaction

between belt and water, and in part to the effect of lowering the stern

rollers for proper belt operation .

Table 
~~ 

presents predictions of prototype performance in head seas

having a significant height of 2 ft. EHP predictions in waves have been

added to the smooth water results in Figure 20.

Head sea tests at skimming speeds resulted in excessive pounding of

the center section on wave crests. To reduce this undesired pounding , the

center section was tilted about a stern axis to raise the center section bow

by about 2 ft full—scale with respect to the hulls. By raising the center—

body structure as shown in Figure 18, a significant saving in EHP in waves was

obtained due to a reduction in intensity of wave impacts against the center—

body bow.

Runs at forward speed in following seas and at zero speed in 4 ft

significant height seas furnished qualitative assessments of performance.

Runs at 6, 7 and 9 knots in 2 ft seas showed that motions were easy, no water

was shipped over the transom , and the waves overtaking the vessel probably

resulted in an EHP either the same as or less than EHP in smooth water.

Behavior at zero speed in 4 ft seas showed that the craft was able to ride

these waves safely.
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TABLE 10
PROTOTYPE PERFORMANCE IN SMOOTH WATER

= 50,090 lb

Run Speed Resistance EHP Trim Heave
of CC

knots l b deg ft

Trim 0.8 ft by Stern (1.49°)

7 4.01 214 2.6 1.50 -.06

8 6.oo 585 10.8 1.49 - .16

10 7.01 1228 26.4 1.56 - .22

Il 7.01 1218 26.2 1.59 - .22

9 8.01 1587 39.0 1.68 -.29
12 8.oi 1 572 38.7 1.70 - .29
13 9.02 2505 69.4 2.89 - .44
14 10.01 4537 139.5 ~i.7 l

15 11.01 5630 190.4 5.94 - .58
40 12.01 5946 219.4 * *

Zero Trim

16 7.01 1148 24.7 0 - .20
17 8.01 1555 38.3 -.15 — .27

18 9.02 2518 69.7 .95 - .45

I. Resistance and EHP are for sal t  water at 59°F based on the 1947
ATTC model—ship correlation coefficients (Schoenherr ) with an
addition of ,00cQ for surface roughness of clean hull.

2. Heave is vertical displacement of CC from its at— rest l ocation ;
(—) indicates downward heave.

3. Trim is angular displacement of basel i ne from the horizonta l
(—) indicates bow down trim.

* No Data

-1
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TABLE 11

PROTOTYPE PERFORMANCE IN ROUGH WATER

A 50,090 l b Trim = 0.8 ft by stern

Run Speed EHP CC
Acce leration Centerbod y

kt lip Down Enc ounters Location

2 ft Significan t Height Head Seas

22 or 27 11. 6.9 .15 .14 50 Ori gina l

23 + 24 6 20.6 .16 .16 86

25 + 26 7 36.3 .19 .17 73
37 6 14.3 * * 48 Raised

41 10 1 52.0 * * 31

*UnreHable data

CG accelerations are avera ges of the 1/3 hi ghest ampli tudes , in g ’s.
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Discussion of Test Results

Resistance. Prior to the tests , an estimate of resistance of the

vessel was made from data available in the naval  a r c h i t e c t u r e  l i t e r i t u r e .

This resistance curve (Figure 20) is based primaril y on round—bil ged trawler

models modified by catamaran interference data. The r o s i s to a c e  of the Zl-P~
skinnier wi th  i t s  simp l i f ied  V—bot tomed hull was expected to be slightly

higher than pred icted , and as shown in Figure 20 it was for both smooth

water and 2 ft significant head seas. Note that the characteristics of the

measured resistance curve are ident ica l  w i t h  the p r e d i c t i o n , inc lud ing the

hump at 7—1/2 knots. The location of this hump is a consequence of the pon-

toon , length limited to 41 ft by the space available in the C—l30 cargo

aircraft used for transport. If the skimmer were not designed for air—

t r a n s p o r t a b i l i t y ,  performance could be improved by slightly lcn , .~thening the

pontoons to move the resistance peak out of the operating range. During tI!-

tests the water under the transom did not flow clear until a speed of ~ih~-ut

10 knots was reached. At this speed , the resistance of the skimmer is nearl y

identical , percentagewise , with a trawler resistance. At lower speeds , the

percentage resistance increase is greater. This indicates the need for

reduced transom imersion.

Also shown in Figure 20 are the measured resistance values in 2 ft

head seas with the center section as originall y designed and with it rais.-d

at the bow. The reduction in wave resistance with the  g rea t e r  c l e a r a n ce  is

significant. Since it indicates that smoother water conditions c-ill be

achieved with this change , the skimming performance should be ir:pr~ ved.

Oil Encounter Area. The space between the pontoons wlie rc tI i- bc-~ ts

w ill p ick up spilled oil was observed carefull y during the towinc ~i- s t s  to

detect wave action . As expected , this area has a minimum of disturbance due

to the pontoons, with only a slight frictional wake noticed along t o -  inner

sides of the pontoons and a shallow fore and aft disp lacement wave c> :tendinc

across the space. It is eviden t that at speeds up to 8, p o s s i b ly  9 , knots ,

the belts would be operating in r e l a t ive ly und i s tu rbed  w a t e r  and should hi-

fully effective .

Zer o Speed Tests. The purpose of the zero speed tests was to ob-

serve the behavior of the skimmer in waves from various dire c t ions. ~ ot b u s

were found to be typical of a catamaran; low amp litude h u t  r i t l i t - r  c t i . v
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motions in beam seas. Freeboard was entirely satisfactory in seas from all

directions , and the skimmer should be perfectly safe and operable even in very

steep seas of 4 ft significant height. Higher seas should not pose any prob-

lem since wave lengths will be longer , permitting the skimmer to ride up and

over the waves.

Towing Tests in Waves. With the original center section height ,

the skimmer impacted freq uently and tended to ride over head seas. With the

center section raised 2 f t  at the bow , impacting was g rea t ly reduced and the

skimmer tended to ride more nearly level. As a consequence , only an occa-

sional wave crest washed over the bow of the pontoons , and this condition can

be minimized by sligh tly increasing the prototype freeboard .

In following seas the skimmer rode very easily since the design

waves resulted in a very small d if f e r ence be tween wave speed and model speed.

The resistance measured was actually lower than in still water , indicating

benefi t  from “surfing”. It is evident that  skimming opera t ions  would be very

effective in following seas. Freeboard aft was faund to be more than ade-

quate with no water evident on deck.

Belt Operation. Driven belts were modeled primarily to determine

if important interactions——drag and wave effects——existed between the belt

and water.

One could easily expect problems in t ry ing  to model at  1/8 scale

the belt and drive mechanism properties such as bending stiffness and the

consequent dynamics. (The belt operation was later modeled at full scale

dur ing  the mock—up tests , see Chapters  IV and V , and found to be s a t i s f a c t o r y . )

Initially a great  deal of d i f f i c u l t y  was exper ienced in operating

the loosely tensioned skimmer belts. Slipping and jamming was corrected by

adding simple guide plates just ahead of each roller. Towing tests with the

bel ts  were l imited to two runs running  at near ZRV conditions. The belt

speed was found non—consistant due to variations in drag, so the belt speed

could be adjusted only to about ±lO°/~ of model speed.

Al though results regarding the belt operation should be viewed as
qualitative , belt—water interactions were generall y found to be minimal at

near—ZRV conditions and belt conformance satisfactory. Raising the center

section conta in ing the  b e l t s  to reduce f r o n t a l  wave impact  not only reduced

74
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resistance in waves but also seemed to improve skimmer belt operations by

allowing the belt to follow the wave contour more naturally .

Pro totype Design Changes

Based on a thorough evaluation of the model test results certain

des ign changes were mad e in the pro totype to enhance overall performance.
These changes were:

1. The forward end of the center section (for about one—third

of i ts  length)  was swept up about 2 f t  hi gher than the

ori g inal bottom contour . The bow roller was s imilar ly ele-

vated to provide greater wave clearance. Since there was no

evidence of wave impact beyond the forward third of length ,

the after portion of the center section remains unchanged .

2. The deck line of the pontoons was raised (forward) about a

foot r~c increase deck dryness in head seas. Freeboard at the

stern (found to be more than adequate for all conditions) was

slightly reduced to partially compensate for the extra weight

of the g rea te r  depth  forward . Consequently ,  the deck line of

the pontoons is a s t ra ight line from bow to stern but with a

slope instead of being level. In connection wi th  the in-

creased freeboard , the beam at the pontoon decks forward was

increased slightly by carrying out the flare of the sides to a

greater height.

3. Lines of the pontoon at the stern were slightly altered to

reduce transom immersion. This reduces the buoyancy aft

slightly and approximatel y compensates for the shift of pon-

toon weight forward resulting from the change in deck line .
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V I I I .  MATHEMATICAL ANALYSES OF ZRV SKINNING PROCESS

In t roduc  t ion

The ZRV skimming process involves operating a composite , closed—loop

surbent belt to contact the oil on water , sorb quantities of oil and water ,

w i t h d r a w  the m i x t u r e  by withdrawing the belt , and expel the mix tu r e  from the

bel t  b y wip ing  and wring ing. Because total  wring—out  of the recover ed f l uid

is imprac t ica l , a residual volume of oil , say 30 to 40% of the maximum belt

capacity, remains in the belt after multiple wringing cycles. This means that

t h e  m ix tu r e  r ecovered during skimming is the total volume approaching the

wringer minus that which is unrecoverable.

The fundamenta l  par t  of the  ZRV skimming process is t h a t  v e l o c i ty

differences between the belt contacting the oil layer on water and the water

itself are ciinimized——a zero—relative—velocity condition .

Ph ysical principles involved in this complex process are:
1~ The sorbent belt has a fixed volume of voids which can be

filled with oil.

2. The driving forces pushing oil into and through the sorbent ,

associated resistive forces , and mod if ying parameters are:

a) Surface tension and capillary pressure
b) Belt permeability

c) Oil viscosity and density

d) Skimmer geometry

~) Operating conditions

Belt Sorption and Withdrawal

Using the above physical mechan isms an e f f e c tive sl ick th ic kness of

the oil picked up can be calculated from equations derived in App end ix C of

the S t i g e  1 Final Report 1 to model belt contact and withdrawal. A digital

computer program of the belt sorption and withdrawal model was developed and

results are presented in Appendix C. This program has been used in part to

make design decisions regarding both the mock—up and the prototype. Further ,

it has been used in part to resolve anomolies that surfaced during the mock—up

performance tests.

— 
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Bel t  W r i n g ing ~tod el

F i n a l l y ,  t he  w r i n g i n g  process , not  modeled p rev ious l y ,  has  been

s t u d i e d  in order to predict pore pressures in the belt and pore—pr essure

related wringer horsepower requirements. A model by Skrabak 3 
wos adap ted to

describe the ZRV wringing process. It relates pore pressure in a compressibl e

porous med ium to geometry , oil type and other system parameters. A n -~ t~ ie r

d i g i t al  compute r  program was written for this model.

The mock—up wr inge r  is a v e r t i c a l ly opposed pai r  of st~~el conve ors

which resemble tank treads. The gap between conveyors converges - :-:pon&-nt iallv

over  a f i v e — f o o t  l ength  so t ha t  wr ing ing is r e l a t i v e ly gradual.. The c ogre s—

sion speed c of a segment of the sorbent belt is g iven by

c = V
B ~~

where  V 0 is b e l t  speed and g ’ is the s lope of the wringer ’s exponential gig

c u r v e .  Typ ica l  wr inge r  gap d imens ions  are  1.2’ a t  the  o p e n i n g  and gL375 ’ -~ t

the end of the wringer. Fitting an exponential curve to these dim ensi ons

g ives the curve g as

g (x) = 1.2 exp (-O .23lft ‘xl inches

where g (x) is in inches and x is the  d i s t a nc e  in f e e t  a l o n g  t h e  c-rin~ cr.

Over a range of c omp r e s s i o n  r a t i o s , the felt conl n c n t  of  t h e  be l t

oc cupi es nearl y constant fraction of the gap  width. In f a t  hoo d ‘n a

simp li - lab test with a sing li - Aot roturf back ing , thi~ felt o c c u p i e d  2/3 of the

gap w h dtl ~ . S t a t i c  pe rm eah i  I i t  c i t  s d e sc r i b e d  in  A ppendix I sites - l i t  t ii-

permeahi v of t h e f~ It varies a m ost ii nearl v wi  th compress ion rot ios , -

P t - c - n  0.5 and 1. 1) as ind ic t e d  i n  F i g u r e  2 1 .  ho pi n i t o o b i l  i t v  u i  t h e  EN—

1017 f elt was  i t p p r u x  a l t  -CI iv

]3 5 k = 2 . 7 9  - 1 .17

- Skrah ;ik , ~- t . ,  “ M - ~~han  iei-i of Pressing W e t  , Porous . a nd  ( a~ u c - -  i hi e ~~- d  i i ,

‘N r :ihu r C-nst ~ - Lhl n t k , V ol . 7. N o . I , pp. 14—2 2 . I Yfl.
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where k is the permeab ility in cm2, and A is the r a t io  of the felt thickness

to its original thickness.

Values of the dynamic pore pressure can be bracketed by two calcu-

lations. The lower bound is found by using the uncompressed permeability

(A 1). The upper bound is found by using a permeability corresponding to

the instantaneous compression of the felt. These two calculations were per—

formed using Skrabak ’s analysis
2 
(see Appendix F). The results , plotted in

Figure 22 show bounds on the maximum pressure  drop across the f e l t .  The

lower bound , calculated with constant material properties , actually drops with

increasing compression. This is because the compression speed drops as the

belt progresses through the wringer. Pressure is constant in the first two

feet of the wringer since only Astroturf is squeezed there. Since relatively

low pressures are required to compress Astroturf, it was not modeled in the

mathemat ica l  ana lys i s .  Recal l ing wr inger  simulator results from Stage I work ,

it can be seen that most of the fluid is driven out at high values of perme-

ability. The advantage of using an exponentially decreasing wringer gap is

that this shape lowers pore pressures from what they would be in a linearl y

decreasing wringer.

A special experiment was set up to provide confirmation of the

wringing model. In order to avoid measurement problems that might confuse the

comparison , the experiment described in Appendix C was conducted using two

half—inch layers of EX 1017 felt and no Astroturf. The conditions for this

comparison were straightforward so the computer model could be readily checked.

Results of the comparison between experiment and theory were good.

The math model successfully bracketed the experimental results , as described

also in Appendix C.
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IX. OTHER TESTS AND ANALYSES

Sorbent Belt ‘lests

Several series of tests were performed on samples of belt materials

and small sections of composite belt to determine properties affecting the

p r o t o t y p e  design.  The conclusions drawn from these tests are shown in Table 12.

Chemical and mechanical degradation tests were performed on speci-

mens of Astroturf , EX 1017 Polypr opyl ene fel t , and composite belt sections.
Samp les of Astroturf and felt were soaked in distilled water , sea water , or

various oils for many days , then were subjected to tensile tests to determine

the effect of prolonged contact with these liquids. Small composite belt

coupons (one layer of felt sandwiched between two layers of Astroturf) were

compressed and released in an oil bath for 1800 cycles. Tensile tests deter-

mined the amount of mechanical degradation. Stress/strain curves show a

considerable amount of creep and hysterisis in the loading/unloading cycle.

Anothe r  t e s t  used a paired—roller wringer apparatus to study belt

life and degradation of three sections of belt , each constructed in a differ-

ent manner. Belt constructions are shown in Figure 23. The three sections

were sewn into one continuous loop and cycled through the wringer and oil

ba th 60 ,000 times . Aft er cycling , tensile tests determined the amount of

mechanical degradation. Oil absorption studies made on felt (EX—10l7) samples

removed from the cycled belt showed an appreciable drop in sorption capacity .

Comparison of the three methods of belt construction led to the successful

design used in the mock—up.

In still another test series the amount of water absorbed by Astro—

turf fibers in prolonged contact with water was measured. To aid the mock—up

design effort , comparative oil absorption and compressibilit y t e s t s  were run

on EX 1017 and EX 7’i5 felt s.

The composite conclusions drawn from these tests are accounted for

in the final belt design (see Figure 5).
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TABLE 12

SORBENT BELT TESTS — CONCLUSIONS

Characteristics Conclusions

A. Belt (As~ ro turf) More than adequate.
strength 526#/in. width in unused condition.

B. Belt (Astroturf) Adequate strength was retained .
degradation by 453#/in. width after 60,000 cycles in No. 2
mechanical stressing diesel oil.
in oil 4001//in, width after 1800 cycles in Navy

oil.

C. Belt (Astroturf ) Little effect on strength in 42 days.
degradation by
prolonged contact
with water

D. Belt (Astroturf) Little effect on strength in 42 days.
degradation by
prolonged contact
with oil

E. Water absorption Very little in 7 days.
by astroturf

F. Oil absorption by Unused EX 1017 and EX 745 ~ave the same absorp—
polypropy lene felt tion capacity — 0.81 gm/cm

Cycl ic stressing reduces
2
absorp tion ca pac ity

of EX 1017 to 0.58 gm/cm af ter 60 ,000 cycles.
EX 745 was not cyclically stressed .

G. Felt compressibility Approximately one—third as much force is re-
quired to obtain a given compression of EX 745
as compared to EX 1017.

H. Belt life Adequate — little wear observed after 60,000
cycles of an Astroturf—EX 1017 belt (simulating
200 hours operation at a constant 6 knots).

I. Belt construction Little difference was found , but two layers  of
Astroturf enclosing a sing le piece of felt
wi th  widel y spaced l o n g i t u d i n a l  s t i t c h e s
seemed preferable. Belt tracking considerations
indicate a symmetrical design should be used.

a. Since fel t  has very low tensile streng th , belt strength is determined
entirely by the strength of the Astroturf covers. 
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Figur e 23. Test Belt Construc tion Schematic
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Wringer Power Measurement

A load cell was attached to the mock—up in Houston tests 28, 29 , 3-~
and 35 to measure the power i n p u t  to the wr inge r .  Data  obta ined was used to

estimate the power requirements of the prototype . The experimental wringer

power req u iremen ts, shown below, were within the range estimated during the

wringer design.

Wr inger Power Measuremen ts

Medium Oil — 10 mm sl icks

8.1 HP/foot belt width @ 4 knots

14.2 HP/foot belt width @ 6 knots

Heavy Oil — 3mm slicks

7 . 4  HP/ foot  belt wid th  @ 4 knots

13.9 HP/foot belt width @ 6 knots

Data was taken only for viscous oils since this represented a “worst case”

because of higher viscous dissipation losses.

The test apparatus for horsepower measurements is shown schema—

tically in Figure 24. The load cell indirectly measured the ~h a in  tension

which , when mul tip lied by the pitch radius of the driven sprocket , gave the
input torque . Only the torque on the upper conveyor was measured ; input

torque to the lower conveyor was assumed to be the same. Power input from

the engine could be calculated since the wringer speed was known . The appa-

ratus was completely dismantled and recalibrated between Tests 29 and 3-~ to

check the repeatability of the data. Load cell calibrations were made using

an instron universal testing machine .
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X. CONCLUSIONS

The ZRV Skimmer development program has progressed through two stag-

es —— concept feasibility and full scale mock—up testing . The concept is a

means for high speed skimming in which oil is collected from the water ’s sur-

face at a condition of zero relative velocity (ZRV ) between a floating sorbent

belt and the oil layer. Major conclusions concerning the ZRV concept and pro-

jected prototype performance at the end of Stage II tests are:

1. The ZRV concept has been proven by tests to be extremely effect-

ive at (water relative to vessel) velocities up to 8 knots , the

testing limit.

2. Based on full scale mock—up tests a prototype ZRV Skimmer should

collect up to 600 gpm of oil at 6 knots. Tests further show that

in th inner slicks , less than 5 mm , approximately 95% of the oil
encountered will be recovered at speeds to 8 knots.

3. The 40—foot—long aluminum catamaran vessel design , with skimming

apparatus between hulls , was confirmed by model tests to be safe ,

stable and suitable for skimming at speeds to 10 knots in inshore

waves to 2 feet.

4. The most difficult design—related problem was found in develop ing

a lightweight , compact , efficient and economical high—sp eed belt

wringer for the prototype. An effective wringer was designed

and built for the mock—up tests, but there was no major weight

constraint. The prototype wringer , designed during this stage , is

of greatest concern regarding reliability because of its unusual

and complex features.

5. The prototype sorbent belt made from two layers of Astroturf

(outer surfaces) and one Fuetron felt layer (inner core), shou ld

exhibit good belt life characteristics , since only one bel t was

used during the entire mock—up test program.

More detailed findings from mock—up and model tests , already incorpor-

ated in the pro totype design are :

Vesse l
1. The forward end of the center (skimming) section of the vessel

should be raised two feet to minimize head seas slamming.

2. The freeboard of the pontoons forward should be raised about one

~~~L 
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foot to increase deck dryness.

3. The lines of the pontoon at the stern should be altered to reduce

transom immersion.

Wringer

1. A different design should be used in which the squeeze plates do

not separate in turns at the conveyor ends.

2. Wringer plates should be designed so as to minimize warpage in

fabrication .

F 3. A network should be provided to lubricate the squeeze plate

support bearings.

4. Machined structures should be used to support the plate support

bearings so that closer wringer gap tolerances are possible.

5. A more reliable method of tensioning the wringer conveyors should

be used than screw—type take—ups.

6. The wringer should be designed so as to prevent oil spray from re—

wetting the belt.

Sorbent Belts

1. Sorbent belts should be made of one layer of EX 745 polypropy-

lene felt sewn inside two layers of Astroturf.

2. Conventional alligator belt lacing should be used to join the

belt ends.

3. It may be beneficial to sew some closed—cell polyurethane foam

strips into the longitudinal seams of the belts for added

buoyancy in waves.

~~~~~~~~~~

1. Rollers should be aligned very carefully

2. Crowned rollers are not necessary .

3. Ends of rollers should be flanged where practical.

4. Surface—pier cing belt guides (other than the hulls) should be

avoided.

L 

B e l t  Tensionin~

1. An easy method of taking up belt slack must he provided .

2. A means of controlling belt tension on the water must be provided.

87 
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Power

1. Approximately 14 HP/foot of belt width must be provided to drive

the wringer at 6 knots.

2. Appr oximatel y 3 HP/foot of belt width must be provided to drive

the front rollers at 6 knots.

88

______ A



F AD—Afli N16 SICLL DEVELOP?4ENT Co HOUSTON TEX F/S i3ia
A ZERO—RELATIVE—VELOCITY BELT SKIMMER. STAG E II — COtWIRMING TE—ETC(u,
MAY 77 R R AYERS. J M WARD DOT—CG—42229~ A

UNCLASSIFIED USCG-D—2 3—77

2°~2
418

I

END

FILMED

7—77



II 
~ • 

~~~~ ~~~~~~II ______ 

2.2

I . I ~ HIH~°
lHll~

8
1 .25 flu 1.4 ~i.o

RI ()
~ IJ~ I ( } N JESI  CHARI

L A



-‘UI’

XI. RECOMMENDATIONS

1. A prototype ZRV Skimmer should be built and tested . Results of the

Stage II program show that this skimmer shou ld be highly effective in
recovering spilled oil from rivers , bays , and harbors at speeds to
8 knots.

2. A design and test program should be conducted to develop a simp ler ,

lighter and less expens ive wr inger mechanism which would work as
efficiently as the present design . Comparative testing of wringer

mock—ups could be used to prove and refine a new design.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



APPENDIX A

USCG DESIGN GOALS



TABLF A-i

FAST CURRENT OIL RECOVERY
DESIGN GOALS

Areas of Operation

a. Bays , Harbors, Estuaries
h. Coastal Rivers
c. Coastal Waters

Opera t ional  Environment

Up to 10 knots  eur re r t w i t h  op t iona l  recovery in the 6 to 7 knot  range and
2 foo t  confused  seas v i t h  20 knot winds .

Surv iva l  E n v i r o n m e n t

Wi th  C u r r e n t

a. 15 knots current with calm sea
b. 10 knot current with 4 foot waves and 20 knot winds

Moored or Adr i ft

a. 6 foot wave height with 40 knot wind for one w.-ek

Minimum Oi l  Thickness

0.04”

Oi l Typ e

Complete range of oils including distillate f ue l  oi l~~, res idua l  fu u l , and
crude oil with optimum recovery to be in the range of 10 cs to 500 Cs.

Sea_ T e m p e r a t u r e

+28° F to  100° F

Air Temperature

0° F to 120°F

Mode of Operation

Moored , t owed and self—propelled

Transport from C e n t r a l  Storage to  Nearest P o r t

One C— 14 1  ~r two C — l 3 0 ’  s ( two modu les  of 3t) ’ x 0 ’ x 7’  lO’~ W~j w i t h
wei gh t  of 2~~, O00 pounds each)

~~~~~~~~~~~~~~~~~~~~~



Transport from Nearest Port to Scene

a. Self—Propelled
b. Towed by CC or commercial vessel equal to or greater then a CC,

82 foo t WPB
c. Carried on deck of CC 180 foot WLB or a comparable commercial

vessel

Power Supp~j

Incl uded

Fuel Supp ly

12 hou r end urance

System In teg r i ty

Impervious to the environment and oil.

Cleanability

Easy to clean

System Support

a. Simp le to assemble , install , load , launch , tend , refuel , maintain ,
operate , repa ir , and retrieve

b. Reliable
c . Assembly to be accomplished on scene in two hours

Control Function

System shall  be capable of c o n t r o l l i n g  oil so tha t  i t  can he recovered .

Re covery Function

a. Throughput Efficiency � 95%
b. Recovery Efficiency � 75%
c. Recovery Rate up to and including 1000 gpm

Debr is Hand1ip~f~~otection Function

Shal l  be able to handle a moderate size and amount of debris.

Pump and T rans fe r  Function

Pump up to 1000 gpm and not emulsif y the oil.

Temporary  Storage

Temp orar i ly store 2000 gallons aboard and 500 long tons by external means.
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TABLE B— 1

SUMMARY OF TEST COMMENTS AND D E S i G N  C O N C L U S I O N S  —

HOUSTON TESTS

Run s  Comments and Conclusions

1 — 6 Checked out equipment; realized oil distribution was a
tia l ly serious problem at high speeds. Aba n don e d  o i l  d i s t r i b u -
t i o n  w i t h  close  n o z z l e s .

7 & 8 Tried testing in free floating sIicks . Results were promising.

9 & 10 Tested in free—floating slicks made by sectioning the test area
into 5 0 — f o o t  lengths  w i t h  booms , app ly ing known volumes of o i l
to t he  se c t i o ns , then removing  the  booms to o b t a i n  a f a i r l y
u n i f o r m  slick. Made modifications to collect front samp le and
prevent rewetting the belt with spray from the wringer area.
Test results indicated that all further tests should be made in
free—floating slicks.

11 — 14 D iscovered  t h a t  p roper  be l t  tens ion ( less  slack in b e l t )  reduced
s p r a y  o ! f  rear  drum and significantl y improved performance.

15 — 2 1  Realized that all surface piercing objects near the  belt cause
unde sircable turbulence and must be removed or their effects
m inimized if possible. The new felt (EX 745) may have a hard
t ime h o l d i n g  on to  o i l  at 8 knots because of its low d e n s i ty .
The origina l t e lt used in Stage I was denser but r e q u i r e d  h i g h e r
wringer forces and consequentl y more power.

22 Loose conveyor chain in the wringer caused several squeezing
p lates te break. A major repair effort resulted . The following
lessons were learned:

1) Conveyor chain carrying the squeezing p lates must be
t i g h t  and under control at all times.

2) A lubricant system must be provided for all b e a r i n g s .
3) Closer tolerances must be maintained in wringer con-

struction . The lower unit was badly misali gned in
fabrication and this was not discovered until the break—
down in Run 22.

2 3 — V i a b l e  data was obtained and no major changes were made.
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APPENDIX C

MOCK—UP PERFORMANCE TEST DATA-O}IMSETT
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TABLE C-i

TEST SERIES IDENTIF ICATION — OHMSETT TESTS
(in order of testing)

Tes t
Series Oil Description and Purpose

S None Shakedown ; check out equipment and test procedures;
calm and establish initial settings on device parameters.
waves

12 Sun 1650 Speed variation; find the optimum speed with initial
calm devices parameters.

13 Sun 1650 Slick thickness variation ; check response to slick
calm thickness variations at optimum speed found in

series 12.

15 Sun 1650 Device parameter variation ; find optimum parameter
calm settings (e.g., bel t tension , drum height , relative

velocity) at optimum speed found in series 12.

12—A Sun 1650 Speed variation; find new optimum speed at optimum
calm parameter settings found in series 13.

19 Sun 1650 Speed variation in 2—foot harbor chop ; find optimum
waves speed.

20 Sun 1650 Thickness variation in harbor chop ; check response
waves to slick thickness variations at the optimum speed

found in series 19.

22 Sun 1650 Regular waves; check response in regular waves of
waves vary ing lengths at optimum speed found in series 19.

4 Sun 7 Device parameter variation; find optimum parameter
calm setting at optimum speed found in series 12—A.

1 Sun 7 Speed variation; find new optimum speed at optimum
calm parameter settings found in series 4.

2 Sun 7 Thickness var iation; check response to slick thick—
calm ness var iations at optimum speed found in series 1.

8 Sun 7 Speed variation in 2—foot harbor chop; find op t imum
waves speed .
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APPENDIX D

BELT SORPTION AND WITHDRAWAL COMPUTER PROGRAM

The mathematical model found in Appendix C of Referenco I h a s  h C I

put in the form of a Fortram IV computer prOgram. The governing f1.-~w chart

is shown in Figure D—1.

Following in order are (1) a desc r ip t ion  of the c o m p u ter  p r 4 ~ - r 1  - ,

(2)  a l i s t ing, and (3) compute r—ca lcu la t ed  r esu l t s  in t a b u l a r  o u t p u t  f~~rr-~
which confirm hand calculated graphs in Figures C5, C6 and C7 .‘f A p p en d i x  C

to Reference 1.

Descr iption of Computer Program

Several different calculations are necessary , depend ing  on ~t .  o i l

properties and the skimmer operating conditions. These c al c ul a t ion s  a p p l y  1

various combinations of saturated and unsa tura ted  bel t  m a t e r i a l s .  The I i r s t

part of the program , however , is common to all of the calculations. A dat~4

f i l e  is read in for  the oil properties. The data file contains an int~~~~~
flag in the first two columns , the oil’ s kinematic  v i s c o s i ty  in the  nex t  7

columns , and f ina l ly the oil’ s speci f ic  g rav i ty  in the last  5 co lumns .  .

sample data card is shown below.

7+i÷o. 0460+0.84

Input Data

The termina l wi l l  then ask for  a value of 0, the ra t io  of residual  oil

volume to total void value . After the operator has typed in a value fo r  0 ,
the terminal will ask for a value for D , the sl ick thickness in centimeter s .

0
The program is set up to generate curves like those shown in

Figures CS, C6 and C7. Figure CS is reproduced on page D—3. These give

system behavior as a function of belt speed . Belt speed determines , t , the

t ime available for the belt to absorb oil.

The first decision about further calculations is made when t ishs
computed. This is the saturation time for the felt. If t 1 is greater t han

t , the Astroturf is not saturated. Thus the felt absorbs no oil.

—
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Figure D-1 - Flowchart for Sorption and Withdrawal Prog ram
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Never theless , it must  be checked whether the thickness of the oil slick

absorbed is less than D If it is not , the calculation gives ti e r~. su l t

tha t more o i l  was p icked up than i-s a c t ua l l y on t i le  ~-~~ e r .  Hence i t  mus t  be

revised . Once a reasonable calculation of oil p ick—up is accomp lished , water

absorbed and wi thd rawa l  losses are ca l cu l a t ed .  F i n a l l y the  o ver a l l  f l o w  r a t e

of oil and water from the wringer is calculated in units of gpm per foot of

belt wid th .  The ve loc i t y  is then i nc r emen ted  and the c a l c u l a t i o n  is repea ted

for a range of velocity values.

On the other hand , if t is less than t , the Astroturf is saturated
h s

and the f e l t  absorbs o i l .  Now a new t ime , t b is c a l c u l a t e d .  I t  is the

d i f f e r e n c e  between t and t , and i s  the  t ime ava i l ab l e  fo r  the  f e l t  tohs
absorb o i l .  It is compared w i t h  t , the  s a tu r a t i on  t ime fu r  the  f e l t •  If

bs
t is less than t , the felt is saturated. In either case , it must bebs b
checked whether the calcula ted amoun t of oi l  absorbed is less than or equal

to the amount avai lable .  That  is if the c a l c u l a t e d  t h i c kn e s s  of o i l  in the

belt is less than  or equal to D , the c a l c u l a t i o n  s tan d s .  If  not , i t  m u s t  1u-

revised . Then the  amount  of w a t e r  absorbed is c a l c u l a t e d .  w i t h d r a w a l losu ~-~-

are computed to revise the  amount of oil collected. Final ly , oil and water

f low ra ted  per foo t  of be l t  w i d t h  are c a l c u l a t e d , as is a sk i m n i n ~ e f f i c ie n c y .

The velocity is then incremented and the calculation is rei~e at e d  f o r  a ran~~t-

of ve loc i t ies .  The p rogram is summarized in t h e  f l o w  c h a r t  in F i :~u r e 1)— i .
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‘Pr~~~ram Output  Corresponding to Fi gure C—5 , Re f e r e n c e  1

TYPE IN FEE. TilE W ESIDU AL OIL VOLUME/VOID VO LUME
b .c

I- F. 0. 030 j )+0-)
l u l l s  is  I)4E kAl Ia 0)- ~)-SID1JAL nIL VO LUME 10 VO I L) ~0LU ME
I c -  L~~~u . i ) O - Fk-~~f ‘.~A ftW1A L 15 i-rFSH
( l I e  E i , r i  I~ r I I S  Pr) i~~UAK ) [) A ’~D FkE.~W U M0

l r ’- E I : ~ n I L  b L I J K  f 1CKNES5
‘4.0
SLI.K fHLCKNES5~ O.400000+0)CEUT1METEM S

40.2 DIESEL OIL

B ELT O I L  ~ATEM IH,1’)U’3HPU1
SPEED ~E~ OV ERE D M ECOV ERED ~FF 1LIENCt
(KNors) (G PM/FT ) (GPM/Fl ) ( PEkL E~J i

0.300000+0 0 0. )J5OSD+03 0.000000+00 0.80203D+02
0.400000+0 1 O.110 2 6D+03 0.000000+00 (h7~ 934D+02
O.50000D+O I 0.2)2)10+03 0.000000+00 0 . 1 2 0 1 5 0 + 0 2
0.o00000+O l 0 . 2 3 l 9 1 ~J +0 3 o.onoooo+oo o.oa~~i~~~+o~
0.700000+0) 0.?oO/9D+OJ 0.000000+00 C)~ 3 / 4 ~~+) 2
O.80000D+0l 0.289)50+03 0.000000+00 0.043940+02
0.900000+0) 0.3)7380+03 0.000000+00 - ) o2- I~~+0 2
0.l 00000+02 0.345650+03 0.000000+00 3.0)58)0+02

110000+02 O.3(404D4-03 0.000900+00 ‘1.605810+02

N A V Y  SPECIAL OIL

BELT O I L  ~ATb~ f0~0UGI iPU1
SPEED WECOVEWED RECOVERED EF FI L IE NCY
(KN OTS) (OPM/FT) (G PM/FT ) (PEI~CENT )

0.300000+00 0.9o94RD+02 0.000003+00 0.509r~ID+0?
0.400000+01 0.122411)+Oj 0.000000+00 9.a45)9D+0?
0.500000+01 0.147/30+03 0.000000+00 0.5,’635 [ +02
0.600000+01 0 . 0/ 2 0 4 0 + 0 3  0.000000+00 0.0138J1 +0 ’
0.700000+0) 0. 1 )5300+03 0.000000+00 -0. 4V / 3 U D + f l ,’
0.800000+0) 0 . 2) 7 8 ( 0 + 0 3  0.000000+00 J . 485001) + 02
0.900000+0) O.23926D+03 0.000000+00 0.413o?D +07
0. I 00000+02 0.2-~966D+O3 0.000000+00 0.4020 )
0.I 1 0000+02 0. 2 / 8 8 5 0 + 0 3  0.000000+00 i.6a 04D+02

NO. 6 FUEL OIL

BELT O I L  ~A TEfl 1 IIR00001PU I
SP E E D W EC 0V E i ~LI) REC&iVL ULD Fe F IC I L~~Ci
:Nnrs ) (GPMh r ) JI M /i — I 1 O F ft Ci- I~ I )

0.300000+0 ) 0. 5~~5 - f t+02 0 .  0000 )0+0) 1)~ ~~,‘ )C +0?
0. 40000 11+ 0)  0 . 6 4 )  / ) :)+o.) ) C Y  0 )04 0 )  ) . / ‘l )0 + 0 ’
0.500001j+ l 0./I /4),)+f),’ 3 . ’)  Y ) ‘ F  +‘ .‘ 1 - >~~

, 
~ : - + - ‘

0.O00000+0l 0. l~) 52 , 4 ) , ~ 0. (~ ) (0) - _ )3+’ !) .).?31) I
0. i ’) Of l ) l j + f l  f l . -~ U I  I I ~ -~ ) o . I ’ ) ~ , ; ) + 4 )  - ) . ? I  ( /C~~~ + ) , ’

(I • ( 1 C l  ~0 + ‘ C) • ~~) 4  I’) I +3.’ ‘ . -0 0) ~‘ ) - + ‘) ,) ) )  
~~

0 . 9( ( l 0’) I + ’ ’ l  0. , ‘ ‘) 6 - ) + j  ~J . fl(i)
’)H 4 1 fl _ - C , ) ’  4 - -

0 . I  0 r ’ ’ ) [ - + 0 ,’ 0. IU ’)C,- i ) - ’ - I l  I ) ‘ ) ‘ eCO( J ) + , X )  0 .) ! )  ‘ ) ) ~~~‘ ) ~~

f l _ I  I ) : , ) 3 + C ) 0 .)  3’ ,? - I j - - ( )  I ). Cfl’ C ( j ) ) + ’ C) ‘1. ) i’’ ) - - o+’  I

D—9 
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Program Output Corresponding to Figure C — 6 ,  Ref e r ence 1

f Y P E IN FEE , THE W ESIDIJAL OIL VOLUME/VOID VOLUME
‘0.0
F[-E= 0.000000+0 )

T i l l S  IS THE UAT IU OF -~E 0 I D U A L  OIL VOLUME TI) b I D  ~0 LUMt
IF FU:E’~0,THE bELt W A I e C ) I A L  IS I ’~I3J H
( )TH EWWIS E I.~ PI~~ JOAK E[) AO L) PhE 3UN0

TYPE Id OIL SLIC K fFI I CK O ESS
‘I .22
SLICK THICKNESS-’ o.I22ooD÷o1CENtIMETE~ S

No.2 DIESEL OIL

BELT O I L  ~A I E 4  f t ) ) ) ~~ - 1 ’ ’J 
—

SPE E D RE CO VE M ED 4 EL3 )VE MED e- r  ICL ~-:( KNOTS ) (G PM/Ft )  ( G P O / i - f )  ( r ’tj,W0~I)

. 300000+0 I 0.909800+0? 0.IT!010+0? 0.999~~/ L + ) 2
0.400000+0 1 0 .12 1320÷03 0 .73o Q ID+0~’ 0. ,~~-~~~~~‘: 

+ - -

O. 500000+0 I 0 . ) S IobD÷ 03  0 .2950 ) D+0? ) . 9 1 9 j , [ ~+-J 2
0.600000 +01 0 . 0 8 1 9 8 D ÷ 0 3  0 .3540 10÷02 0 . ?’i ?~~i i ÷ o) 2
0.J00000+0 l 0 .20230 0+03 0 .4 130 1 D+02 0.~~9237 D +0?
0.80000[J+0I 0.242630+03 0.4720 1D+0? -0. ’ - ? J /L + f l 2
0.90000 D+0 I 0 .2 (2960+03 0.53 1020+02 0 . 9 9 9 3 l L - +02
0. 1 00000+02 0.303290+03 0.590020+0? 0.999370+3?
0.110000 +02 0.333620+03 0.649020+02 ).9993/D+o2

NAVY SPECIAL OIL

BE LT O I L W A TE R TH000GH P Uf
SPEED REC OV EW ED 0~ECOVE I~ED E F F I C I E OC
(KNO tS) (GPM/FT) (GPM/Fl) (PEECENF )

0.300000+00 0.093460+02 0. 104380+0) 0.97330D÷02
0.400000+00 0.)I /210+03 0J22 93 D+0I 0.960040+02
0.500000÷0! 0.140910÷03 0.430820+00 : .V ~~I 5 / D ÷ c)2
0.600000+01 0.) /?04D+03 0.0300oD+’Y J . - i44 /90+ 0 ?
0. 100000÷0 1 0. 90390+03 0. 000000+00 0. 9 l’~1oD÷02
0.800000 +01 0 .2)  /8 ) 3+03  0.000000+00 0 .897U1 ÷C0’
0.900000 +01 0. 23926 0÷ 03 0.00000LJ÷Oo 0 8/SYJj)÷Q?

- 000011+0? 0 ?-~bOO:)+o3 J. 009003+03 0 .~~‘ 9aO i ’÷ )/
0 . 0 1 0000+02 0 .2/0800 +03 Q.000003÷O-J Q. H3- ~30L ’~ u?

No. 6 FUEL OiL

BEL r n f l  4 A T F P  I 10 1) 0 ’) , ’ , )
SPEE D REC OVEU EI) 11EC0VL-’~L-[) 3 1- I’~ l E  :~ - :

(K1 4o15) (GPM/)-f) (JI M /Fl )

0.300000+0 1 0.555101 )+ 02 0.0J0’~O0+fl0 ~~~~ /01 4-02
0.400000+0 1 0.04) 1’1) +0, ’ () . 00 0 - ’ u ) + - C )  ). ,?— Ol[ ) 4 0
0.50000I)+0I 0.11 / 4 , 9 )4 0 ,’ 0 O0-,030+ ‘9 -0. 4 l 2 I ~~i 4 : - .
c 500000+01 0. / - - I a 2 ) F ) 4 ’ ’ - ’ 0. ’I’( ‘ )M ) + I I ~ ( )_ 4 fl , H 4

t. I 0 ( Y) 0 I ) + 0 I  0 . 9 4 1 )  ( 0 1 - 3 2 Q~ Q 0 _ 1Q 34’)Q ‘)~~~~ 
) )  /~ ~

0.8000’) 0 4 0 1  0. _,’ ) 4 _ ,r - o + C ) _ ’ 0. 2~(fl00D+OO 1. 4 3 1 :
0.900000+oI )). ‘ J - t o - ”  4 )~- 1)~ ‘ ) ‘ , ) e ~~~’’ - 0. r , ) ( :L -+02
0.100000+0? 0.) 1 h 4 - + 3  0 .0 )u ’ ’0 ~~4 - ’ ’ ) )  ). 13 It - ) ! + C ~
0 .11 0000+0? ‘1. )0’,,?Cl )~~,) )J. (Y)C’- 0)~~’)) ) 3 ) 0 3 1 ) 4 0 ’

D-1O

- -  - - - -



Program Output Corresponding to Figure C—7, Reference 1

fY PE I N FEE , THE RESIDUAL OIL VOLUME/VOID VOLUME
$0.0

FE 0.000000÷00
Oils IS [He HA lb  OF HES IDUAL OIL VOLUME 10 VOID VOLUME
II- )-EE~0.TH i- bEL l MAT CRI AL IS FPIiSH
C)THEI4~~I5E 115 PO 1ij OAK LD AND PkE.u~l U N C

TYPE IN O IL SLICK tHICKNESS
:1.06
SLICK T HICK NESO= 0. IOoOO D÷OI CE NTIMETE RS

NO .2 D I E S E L  O I L

BELT OIL W AT EI1 THR000H PJf
SPEED RECOV EP EF) RECOVE 2 ED ELF I F 3 - J
(KNO tS ) (G PM/l- I ) (JPM/FI) (PERCENt)

0.300000÷01 0.120550+02 0.1/10)0÷02 0.~~- 12i10+02
0.400000+0) 0.1054)0+03 0.23~.0)D÷02 -J. 99~ 31L+ -0 ,
0.S0000D÷0) 0 .lJ1/oD÷03 0.295010÷02 0.9993!0+0
0.600000+ ’J) 0 . I D 8 H D + 0 3  0 .3540 10÷02 J. - 12) i / i  +3 , -

0.700000÷0 1 0 . I d 4 4 oD ÷ 0 3  0 . 4 I 3 0 1 0 + - i 2 0 . 9 9) 3 I 0 ~~ 0
0.800000 ÷ 0) 0 .2 10810+03  0 .4 7 2 0 ) 0 + 0 2  0. ,-,,j ) 4 - )
0.900000 ÷ 0 )  0 . 2j 1) O 0 + 0 3  0.53)020÷02 -J. ’ ) Y b l l D÷’)/
0.I0000D÷0? 0 .2 o3~ 2D+0 3 0.590020+02 0 .3-) 3 ( - + 9 2
O 1100011÷02 0.2 8981D+03 0 .649020÷ 02 3. Y - ) $ f [ ÷-3?

N A V Y  S P E C I A L  O I L

BELT O I L  ~AT ER TH I-4O UGHP J I
SPEED RECOVE8ED RECOVERED EFFICIENCY

( KN Ot S )  (G~ M/Fr (OP M / F i )

0.300000÷0 1 0 . 7 / (O o D +0 ?  0.46 )220÷0) 0.914140+’)2
0.400000÷0) 0. 0)  900+03 o .492cm3÷m 0.9oo- ~oI + - ~-
0.500000+0 ) 0 . I?6600+03 0.504~ 8D÷0 )  0 .900230+ 3,
0.600000+O) 0.l~~09)0+0J ‘).SOIJ/D÷0I 0.9530o1:+02
0.7 00- ) OL+o )  0.) I -i - , f l 1 ) + 0 3  U .4S49 60+ 0 I  o . 94 1 5 5 ’+ - ) /
0 ‘311000 1)÷Q) 0 .198953 + 0 1 0. 4544 53+01 0 . 9 4 ( 2 4 1 , +~ .
(. 100000+0 1 0.22 )863÷03 0.409610+01 - 0 . 9 3 - ) H - , i ) + O ,_

0. (00000+02 0.244830+0 3 0.34864 0÷ 0)  0. ) 20 o ( ’{ #02
0.110000+02 0.201450÷03 0 . 2 5 1 1 5 0 ÷ 0)  0 . 9 2 2 9 1 1 0 + 0 2

NO. 6 FUEL OIL

BE L T OIL ~3A i F )  T 18) -lU 01) 001
SPEED R ECO V EO I:D R000 V 1 ’ ) E D hE)- lC I l~~C~( K N O I 3 fl (G ~’M /Ft ) (GPM/FI ) (PEkefti

0.300000+0) 0 . 5 55 1 0 9 + 0-  0.000000+00 0. 1 3) 1 2 0 + 0 2
0 . 40 Y 1 ) U + -  Cl  0 .0 - )  I /03 + 3 ’ ) .00300fl+0f l  0 . 0 0 04 0 0 4 0
0. 500C)0D~~~’ 0. I )  / 4 20 + 1) , ’ 0 .000003+00 O. o 4 4  I
0.6 00001 + 1 0. / -iS? ~ 0 +1)2  0.0-10-003+ I 10 0 . 490 in 1 - 4 -
0. /03  ) - 9 , + ’) l 0 . 1 - I / l  10+ 02 3 ) . u - ) 3 0 0 ) + 9) 0. -1 - , - ) - j ) + L ’

O.0f l /F )~ L+Ol 0. ’)J-lC )O D+O ’ 0.0 1300 24  OC)
0. ‘~ 

)u  ) ) ) ~~~ + 1 1.; , n9 0 1 ) + 3 . ’ 0. 03O’)0l~~~ )~j  0.40 l25i)~0.100000-409’ 0.) -X ) 0 4 0 + 0 3  0. 0030 ) 3 4 - 09  0.j)3 l r I0s ) 3
0. I I  0000+ )? 0. ) 3 5 • ) , 33+( )  I 0. 001) f lO l)+0J  0.302’) ,-0+0 ,’

D— 11



- - - --
~ 

- — ----- .-----~~~~~~~~~~~ - 
-~~~- .-- -~~----- -~~~~~--- -

I

APPENDIX E

PERMEABIL ITY MEASUREMENT

An experiment was set up to measure the  p e r m e a b i l i ty  of sorben t  f~- l t

coupons (EX 1017). The resul ts , expressed in te rms  of p e r m e a b i l i ty  as a

func t ion  of f e l t  compression ra t io  were used as input for the  m a t h e m a t i c a l

model of the ZRV wr inger .

The test  a p p a r a t u s  used t o  measure  f e l t  p e r m e a b i l i ty  i s  :5’ ‘Vl ) i i )

Figure E — l .  It is an adap ted  “ pe r e~~on~-t e r ’ b y the So i l t e s t  C o m p a ny .

origina l device was desi gned to measure soil p e r m e a b i l i t i e s .  T u e  i n l e t  ~nd

outlet ports were enlarged because felt is T)]ore p e r m e a b l e  than  so i l , and so

the f low rates are higher.

P r e l i m i n a r y  t e s t s  showed pore p r e s s u r es  on the orde r  of 10 psi f o r

the dynamic wr inging process. This pressure WO S appl ied to f o r c e  G u l f  64

(used and descr ibed in the Stage I Fina l Report) oil through the  f e l t  f o r  a

p e r m e a b i l i t y  m e a s u rem e n t .  A f low r a t e  was ca lcu la ted  based on a p r e l i m i n a ry

value  of 8 .5  x lO 6cm 2 fo r  the  f e l t  p e r m e ab i l i ty .  D ’ A r e v ’ s law s t a te s

k PQ =  - -
~~-~~A

where Q is the  volume f l o w  r a t e  t h r o u g h  the  f e l t  in cm 3/ sec ,

2
k IS t i e  f e l t  p er m e a b i l i t y  in cm [8.51 x 10 cm

~i is the oil ‘.- i ~~~ ’s it . v in g /en  sec [ G u l f  (~J has - -  = 2 . 6 8  g/ cm sec - $

@ 70 °F] 
-

P 9 the p r e ssu r e  d l ’ p  a cr ss t h e  f e l t  in  d v n e s / c m ~ ~10 ps i

= 6.87 x ID
5 (hfles l

( 0  J

t I ;  t h e  t h i c k n c~ ,s :’ 1 the  It-it in  cm [6. 33 cm 1-’r 5 l o v e r s ]

~\ is  the  cr o s s— o~- e t  i~ nti l a r -a o t t h e  f e l t  i n  cm 18 .56  cm~ f o r

1. 3’ c I i ai’n - t i  - p c r n ) (  - me t  e r - - -

[ 0 . 5 1  x l 1 ~~cm 2 .687 x d y t o s / e m   1
~ [‘ .~~o~~~i~~~ ~~ E . 35 em i F  cm

= 3.03 (n / o~ - - ( -

‘
— —..

E~-l ~~~~~ 
~~~~~~~~~~~~~~~ Ft 
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There are two other sys tem press ures which must be considered : ( 1)

the head of oil in the reservoir , and (2)  the pressure drop in the inlet pipe.

The hydrostatic head of oil in the reservoir is given by

P pgy

where P = density of oil [0.890 g/cm
3 

for Gulf 64]

r 2
g = acceleration of gravity L980 cm/sec

y = height of reservoir fill level above felt [15 in.]

Thus P = 0.892 g/cm3 x 980 cm/sec 2 x 15 in x 2 .54  cm/in

5 2
= 0.33 x 10 dynes/cm

= 0.48 psi

This is less than 5% of the pressure applied to the reservoir surface. The

reservoir diameter , moreover , is 14 inches. Thus when 500 ml of oil is drained

from the reservoir during a typ ical run , the l iquid level drop is only

A

where h = he igh t  loss in cm
2~A = reservoir cross—sectional area (14 in x 2.54 cm/in~~ = 903 cm j

Thus h 0.503 cm and is insignificant .

The pressure drop in the 3/4 in. diameter inlet p ipe is given by

A P = f ~~~~-1~f-

where f = f r i c t i o n  f ac to r  [f ~~ fo r  lami:ar flow]

L = equivalent pipe length [6 in. + —i-- (factor for gate valve losses)]~
D = pipe diameter [0.75 in.I

p = oil density [0.892 g/ cm3 for Gulf 64] C

v = oil ve1oc1ty~ cm/sec ; u 
2.93 ~oj~

3/sec 
2 

= 2.99 em/sec]
-

~~ (0.75 In. x 2.54 cm/in) C

~ . R . M. O1son , E s s e n t i a l s  of F~~ j n ee  luid Mechanics , 3rd ed. (New York :
Intext Educational Publishers , 1973), p. 368. 
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IpUD 0.892 x 2 .99  x 1.90 1R = Reynolds number = 2.68 =

k
L 

= Resistance coefficient [0.19 for gate valve]
4

0.19 x 0.75 in. x 1.89
Thus L = 6 in. + 64

= 6.004 in.

1 64 116.80 in.1fO.892g/cm 3 (2.99 cm/sec)2and = LiiT~JLO .75 in.JL 2

= 0.108 x 1O4 dynes/ cm 3

= 1. 57 x 10 2 1

This is quite small compared to the applied pressure of 10 psi.

To minimize edge effects on the oil flow in the felt specimen , a

column of felt 5 layers high was used . This ensured that the oil flowed through

a nt-o r1~’ constant area of felt in its path through the permeameter. Since this

large thickness of felt was used , a run was also made with the pressure at 30

psi , to check the dependency of permeability on flow rate.

The i n t e r n a l  res i s tance  of the  system to f l u i d  flow inc ludes  tha t

created by the porous permeameter plates at the top and bottom of the felt.

T h i s  resistance is expecred to be proportional to the flow rate. Two base

r uns , one at 10 psi and the o t h e r  at 30 psi , were made w i t h o u t  f e l t  in the

p~ rmeameter . Flow and system resistance was small.

F u r t h e r  runs  were made to d e t e r m i ne  the  e f f e c t  of compress ion  on

f - i t  t~~ t m , - ; c i c  i i i  v . The c ompress  io n r a t  I os u sed were = 0. 75 an d = 0. 50,
- I ) r r e s p o n d i n g  to a 257 reduction in thickness and a 507 reduction in thickness.

Results of these experiments were shown previously in Fi gure 31.

E— 4

L 
_ _ _ _  _ _ _ _  

-~~~~~-



~~~~~~~~~- - ~~~

APPENDIX F

MATHEMATICAL ANALYSiS OF ZRV WRINGER

Skrabak 3 
developed a model of the comp ression of a porous  d e f o r m a h l e

media filled with fluid. This method has been modif ied to describe pore

pressures  r e s u l t i n g  from wr ing ing  the ZRV sorbent  b e l t .  A detailed d er i v a —

tion of the governing equat ion based on Skrabak ’s model f o l l o w s  f i r s t .  Then

a comp uter program called “Ringer” is listed which app lies this equation to

the  ZRV wr inger  problem. The program (1) divides  the wringer into increments

of l eng th  and (2 )  computes  the t ime invar ien t  pore pressure  f o r  each inc- re—

ment. If  desired , these pressures can be summed over the  w r i n g e r c o n t a c t

area to produce a t o t a l  wr inger  force and converted in to  a h o r s e p o we r compo-

nen t .

Sample output for the computer program follows the  l i s t i n g .  The

program is conversational and needs little exp lanation of input data. An

option worth noting is related to calculating lower and upper hounds. If the

user types in a “o” at the start , the permeability is allowed to vary with

comp ression . If , however , the user types in a “1”, the permeability is left

at its uncompressed value . The former procedure gives the upper bound on

pressure , and the latter procedure affords the lower one.

Der iva tion of Wr inging Pressure
The foll owing derivation of wringing pressures is a translation and

simp lification of Skrabak ’s work. The derivation analyzes the one—

dimensional , isotrop ic compression of a porous material saturated with li quid.

Figure F—i shows the physical model being considered along with important

dimensions and parameter s. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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I 
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Porous Material
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~~~~~~ Screen

Figure F—i Compression Model

Symbols

K — Permeability of porous material (m2)
1 —1 —2p — Dynamic viscosity of liquid \kg in s

c — Por osity (void volume/apparent volume) of material
( —1)c — Piston speed ms

— Piston position at start of compression (in)

— Piston position (m)

A — P iston area (m 2)

A — Compression ratio (9W / f )

a — Constant (1 — c)  A

Q — Total liquid flow rate (~~
3
~ _l)

q~ — Specif ic  flow rate of liquid (ms )
q — Specif ic  flow rate of solid (~~~_ l)

— Relative specif ic  flow rate (ms _i)

q — Total specif ic  flow rate (~~~~1)

V — Total cylinder volume (m s)

V 9 — Li quid volume in cy lind er (m s)

V — Solid volume in cy linder (m i)

— Distance through which fluid flows, R—x (m)

x — Posi t ion of any location within the porous material (in)

x — Nond imensiona l position (x/R ~~)

F— 2
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( —l
v — Actual liquid velocity ~ ms

— Actual  solid veloci ty  (ms

v — Relative velocity between solid and liquid (ms
_i)

r / —1 —2
p — Pressure at any point x (~k gm s

— Pressure at piston faoe (~~g~~~15
_2)

P — Pressure at screen (kgm
_ 1

s 2)
0 

. 1 —1 —2
— Hydrodynamic pressure loss \ k gm s

In the apparatus shown in Fi gure F— i the volume of the porous medium

can be thought of as having two components; V the actual volume of the solid ,

and the void volume which is assume d to be comp le tel y filled with liquid.

These volumes make up the apparent volume , V.

V = A 2 .  (1)

~~v + v
s 2.

Assuming the solid material is incompressible and does not pass the screen V is

constant throughout the compression . V~ , howeve r , decreases as the piston pro-

gress thus forcing liquid past the screen (assuming the liquid is also incom-

pressible). Porosity £, defined as V 2./V , also decr eas ed until V~ = 0 and V = V~ .

It is useful to note that A (1—c) is a constant which will be denoted “a”.

a A U — c)  ( 2 )

2. / ~ t
— i 1 — —-

V

V -)
2.

~~~~~~V~ ~ constant since V , A , and g0 are cons tan t .
s

0
The porosity can now be expressed as a function of the compression ratio

( 3 )

Throug h any cross—sect ion perpendicular  to  the  c y l i n d e r  ax i s  t h e r e  is

a specific volumetric flow rate q given by
cA -q~~~—~~*c . ( -c )

Since only incompressible solids and liqu ids are be ing considered q is constant

with respec t to position x . This flow ra te can be broken into two ompor ien t s :

q 8, due to movement of the solid , and q 2. , li quid f l o w .  Obvious l y  + = q.

_ _  _
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At the piston both solid and liquid are moving at the  p i s t o n  speed c and t h e i r

flow areas are determined by the porosity.

- -  cAU —

q (x = ‘)  = - (5

= c ( l  — c)

( 6 )

At the screen the  solid does not move so

= 0) = 0.

The assumption of isotropic compression imp lies that the specific solid h o w

ra te  q varies l inear ly f rom c ( l  — t )  at the p iston to zero at t he  s c r - - c - I 1 .

Thus a t  any p o s i t i o n  x ,

q5 
= c (l - c) ~

Substituting (3) for t and defining ~
- =

Since
(fl

= c — c

The total liquid flow rate Q is g iven  by

= q 9 A ( J O )

= cA (i -

The a c t u a l  f l o w  area a v a i l a b l e  f o r  t he  l i q u i d  is A- . T h er e f o r e  the actua l I i c 1u i d

v e l o c i t y ,  v~ , isQ
v = ± =  ~ (11)

9. At c

Substituting ( 10) and (3)

I — a ,

v
2. 

= c -~~~ -- -~~~~- 
( 1 2 )

A — a X
= C ~~~~~~~~~~~~~~~~ 

C
— a)

Thus the l i quid velo city varies l inearly from v = c at ( l i e  p i s t o n t o  v , C

at the screen . 

_-~~~~~~~ - ---~~- -  ~~~ -.- - --~~~~
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Similarly the solid veloc ity , v , is given by

v 
(13)

Substituting (8) and (3)

v = c X .
s A

This relative velocity, v , between solid and liquid is
r

V = v  — v
r i S

S u b s t i t u t i n g  ( 12) and (13) and r ea r rang ing

~ =~~~ 
( 1-. )

r A — a

Thus the r e l a t i v e  v e l o c i t y  changes l i n e a r ly fr o m  V
r 

= 0 at t h e r i S t oi t o

v = V at the screen .
r

D ’ Arcy ’s law for  one—dimens iona l  f l o w  t h r o u g h  a p o rou s  med ium in t i f t

range of laminar flow states

K d P
(1))

where q is the specific flow rate of fluid t h r o u g h t h e  p orous  m a t e r  i :il md x

is the distance through which the fluid flows , in the case (1 compre ssing

porous material both solid and liquid are mov ing and it i s  their re iati \~d P
flow w~~ ch oroduces the pressure gradient j— - TI-ic- r e l a t i v e  flow can he ~- \ p r e s s —

ed in terms of the relative velocit y and porosit y as in (11).

q = y e  (16)
r r

In Figure  F—i f low moves f rom the  p iston toward t h e screen ; t i l ere t I r e  x = -

and

dx = d( Y — x). ( 17)

Noting that

— x = ~ (-k — ~-) (18
I- )

and
d ( 2  — x )  = I d ( ~ — ‘19)

0

( l4),( l6) , and (19) can he used to rewrite (15) as

1< dP
C ’  - = — - - - - -  

~20)I — (1 (1 ~ — \ /

_ 
~—-~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Rearranging and integrating , (20) becomes

K ( A — a )  (
~ 

— X)d (~ 
— x)  = — dP (21)

0

where P is the pressure at an arbitrary point x and P
1 is the pressure at the

piston. After integrating (21) the hydrod ynamic pressure loss at x is

AP = - = (22)

The sole condition required to evaluate this one—dimensional problem

is that the pressure at x = 0, P , is known . ln actual practice P is usually
0 0

atmospheric pressure. Evaluating (22) at x = 0 the piston pressure is

= ~ + ~~~~~~~~~ 
(23)

o 2 K  ( A — a )

Substitutin g (3) for t

= 
~ ci 

+ ~~~~~~~~~~~ ( 2 4 )

Thus using ( 3 ) ,  ( 2 2 )  and ( 2 4 )  t he  pressure (pore pressure) at any position x

within the porous material is given by

-1- )
p = p + — 

~~~~~ ~~~~ - (25)
x o 2 K  2K A

F— 6
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Pro gram Listing 
— 

“ Ringe i”

lOFt
IMPLICIT REAL*8 4A— H ,O— Z)

WRITE (6,20 1
READ (5 ,200) ICON

200 FORMAT (12 )
201 FORMAT V TYPE IN I FOR CONSTANT MATERIAL PROPERTIES-’)

WR I TE (6 ,202).
202 FORMAT V TYPE IN BELT SPEED, FPS’)

RE AD (5 ,204) VB
WRITE (6 ,203)
203 FORMAT C’ TYPE IN WR INGER LENGTH , FEET’)

READ (5,204) XMA X
204 FORMAT (F7 .2)

W R ITE (6 ,205)
205 FORMAT C’ TYPE IN OIL V ISCOSITY , CM**2/SEC’ )

READ (5 ,204) RNU
WRITE (6,206)

206 FORMAT C ’  TYPE IN OIL DENSITY , G/CM**3’)
READ (5 ,204) RHO
WRITE (6 ,207)

207 FORMAT V TYPE IN FELT THICKNESS , CM’ ) I)
READ (5 ,204) XLO

RMU=RNIJ*RH()
A 0 . 1 1 9
P0=14.7
x =o.
3 GW=I .2*QEXP (—0. 233*X )
WRITE (6 ,1201 ) OW
;201 F3RMAT (I,’ GW=’,E12 .5)
Gr~- G.0233*DEXP ( C.233*X)
RL AM= (2.*GW/3 . )/0.5
IF (RLAM .GE. l.D0 ) R L A M 1 .
WRITE (6 , 1202 ) RLAM
1 202 FORMAT C’ RLAM = ,E12 .5)
DY=RLA M/5.
WRITE (6,4) X ,RLAM
EPS= I .—A /RLAM
IF (ICON .EQ . I) EPS— 0.881
RK= (2 .79*RLAM— l • 17)/1.005
IF (ICON .EQ . I) R K — I. 62D—5
C VB* I 2.*2.54*GP
C2= ( 14 .1*RMU*EPS* XLO*C)/2 ./RK/ (RLAM—A)/ I .OID6
WRITE (6 ,1205 ) EPS ,RK ,C,C2
1 205 FORMAT V ‘,4E12 .5)
Y=0.
2 PY~ I4.7+C2* (Y*Y—2 .*RLAM*Y )
IF (PLAN .GE. 1.00) PY=14.7
WR I TE (6 ,1) Y,PY
IF (PLAN .EQ. l.D0 ) Y=500.
I FORM AT I’ Y— ’,E 12 .5 ,’ P~’,EI 2.5,’ PSI’)Y=Y +DY
IF (Y .LE . PLAN ) GO 10 2
Y=0•
X= X.0 • 5
IF CX .LE. XMAX ) GO IC) 3
4 FORMAT V X~’,EI2.5,’ Fl’,-’ LAMBDA ~-’,EI 2.5)
99 STOP
END
EUFI
*1

- 

F-7
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Sample Input and Output for

EXECUT I ON BEGINS...
TYPE IN I FOR CONSTANT MATERIAL PROPERTIES
*0

TYP E IN BELT SP EED. FPS
*40.

TYPE IN W R I N G E R  LENGTH , FEET
*5 .
TYP E IN OIL VISCOSITY , CM**2/SEC

*2 ,7
TYPE IN O IL DENSITY , G/CM**3
*0 .9 7

TYPE IN FELT ThICKNESS, CM
*1.27

M= 0.120000+0 1
RLAM 0.10000D401
X= 0.000000+00 FT LAMBDA= 0.I0000DOI
0.881 OOD+00 0. I 6200D—04-0.28407D+02--0 .42444D+02

~ = 0.000000+00 Pa 0.14700D+02 PSI

0W 0.10680D+0 I
RLAM= 0.100000+01
X= 0.500000+00 FT LAMBDA a 0.100000+0 1
0.881 000+00 0.1 62000-04—0.25283D-l-02—0.377770+02

Y= O.00000D+00 Pa 0.14700D+02 PSI

0W 0.950580+00
RLAM= 0.100000+0 1
X= 0.100000+0 1 FT LANBDA ~ 0.I0000D+0 I
0.88 I OOD.00 0. 162000—04—0 .22503D+02-0.33623D+02

Y= 0.00000D+00 Pa 0.14700D+02 PSI

GW= 0.84605D+00
RLAM= 0.I0000D+0 I
X= 0.150000+0 1 FT LAMBD A= 0.,00000+QI
0.88 I OOD+O0 0. 16200D—04—0.20028D+02—O.299250+02

Y= 0.00000D+00 Pa 0.147000+02 PSI

GW = 0.753010+00
RLA M = 0.I0000D4O I
X= 0.200000+01 FT LAMBDA= 0.100000.01
0. 88 1 000+00 0. 16200D—04—0. I7826D+O2—O.266 34D+q .~

Y 0.000000+00 Pa 0.147000+02 PSI

GW= 0.670200+00
RLA M= 0.893600400
X= 0.25000D+0 l FT LANBDA= 0.893600+00
0.806830+00 0.132310—04—0 .158660+02—0.324790402

Ya 0.00000D+O0 Pa 0.147000+02 PSI
Y= O .17872D+0O Pa 0.240370+02 PSI
Y= 0.351 440+00 P= 0.312990+02 PSI
Y 0.536160+00 ~ 0.36486D+02 PSI
Y 0.714880+00 Pa 0.395980+02 PSI
Y. O.89360D+00 Pa 0.406360+02 PSI

F—8 
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Gfl= 0.596500+00
RLAM= 0.795330+00
X= 0.300000+01 FT LAMdDA= 0.795330+00
0.850380+00 0.104900—04—0.14121D+02—0.409690+02

Y= 0.00000D+00 P= 0.14700D+02 PSI
‘r=  0.159070+00 P= 0.240290+02 PSI
Y= 0.3 18130+00 P= 0.312850+02 PSI
Y= 0.477200+00 P= 0.3~ 468D+02 PSI
Y= 0.636270.00 P= 0.3~ 578D+02 PSI
Y= 0.795330+00 P= 0.4061 50+02 PSI

GW= 0.530900+00
RLAM= 0.107870+00
X= 0.350000+01 FT LAM8DA= 0.70787D+00
0.831890+00 0.804950—05—0 .125680+02—0.533880402

Y= 0.000000+00 ~~= 0.147000+02 PSI
Y= 0.1 41510+00 P= 0.2433 1 0+02 PSI
Y= 0.283150+00 P= 0.318210+02 PSI
Y 0 .42472D+00 P= 0 .3 / 1 7 1 D+ 0 2  PSI
Y= O.56630D+00 P 0.403820+02 PSI
Y= 0 .707870+00 Pa 0. 414520+02 PSI

GW = 0.47252D+00
RLAM= 0.630020+00
X= 0.400000+01 FT LAMBDA= 0.630020+00

0.811120+00 0.58777D—05—0.l 1186D+02—0.731I6D+02
~= n.000000+oo P= 0.14700D+02 PSI
Y= 0.126000+00 P= 0.251480+02 PSI
~ = 0.252010+00 P= 0.332740+02 PSI
Y= 0.37801 D+00 P= 0.390780+02 PSI
Y= 0.504020+00 P= 0.42561D+02 PSI
Y= 0.630020+00 ~~= 0.437220+02 PSI

04= 0.420560+00
RLAN= 3.560740+00
X= 0.450000+0 1 FT LAMBDA= 0.560740+00
0.78 1780+00 0.394470—05—0.99557D+0l —0 . 1 08940+03

Y= 0.000000+00 P= 0.147000+02 PSI
~ = 0.112150+00 P= 0.27032D+02 PSI
~ = 0.224300+00 Pa 0.366240+02 PSI
Y= 0. 336440+00 P= 0. 43475D+02 PSI
Y= 0 . 4 48 590+00 Pa 0.475850+02 PSI
Y= 0.550740+00 P= 0.489550+02 PSI

Cfla 0.374310+00
RLAM= 0.49908D+00
X= 0.500000+01 Fr LAMBDA= 0.49908D+00
0.161560+00 0.222420-05—0.886090+0 l —0.1932 1 0+03

Y 0.000000+00 P 0.147000+02 PSI
‘r =  0.998150—0 1 P= 0.320250+02 PSI
Y= 0.199630+00 P= 0.455000+02 PSI
Y 0.299450+00 P= 0.551250+02 PSI
Y= 0.39926D+00 P= 0.609000+02 PSI
~ 0.499080+00 P 0.628250+02 PSI
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APPENDIX G

EXPERIMENTAL CONFIRMATION OF WRINGER ANALYSIS

Introduction

Th e dynamic process involved in the ZRV Wringer is a unique

combination of fluid flow in a compressible , porous medium . It is not

immediately obvious that textbook values of static permeabilit y can  be used

to get valid predictions of dynamic pore pressures. Thus it is i m p o r t a n t

to va l ida t e  our adaptation of Skrabak ’s model for one easily modeled sorbent

material. Given adequate experimental verification , then , the anal ysis

identifies important system parameters which characterize the s-i in g ing

process.  The model becomes invaluable in analyzing other belt m a t e r i a l s

that mi ght become available in the future.

D e t a i l s  of Experiment

A test coupon was made of two 1/2” layers of EX 1017 felt. In

the  cen te r  of the  3— 1/2 ”  x 12” coupon was a 1” x I”  hole in to  w h i c h  w as

inserted a compacted lump of solder. After the test coupon had been com-

pressed using the wringer simulator described in Appendix 0 of Reier~- r e  I

the thickness of the lump of solder was measured. This thickness was t a k en

to be the minimum width of the  test coupon and henc e the  m i n i m u m  w r i n g e r

gap during the compression stroke. This rather unorthodox n e a su r em e n t  p r o —

i - edu r e  was usi-d a f t e r  d ynamic  measurement s  taken w i t h  a 1 i l l i - a r  pote-nt  1—
ometer were shown in e r r o r .

Us ing  a l i n e a r  cam ( f o r  simp l i c i ty )  on the  w r i n g e r  s i m u l a t o r  (see

Append ix  0, Reference 1), the motor speed was o ct  to  compress  t he  f e l t  f rom

1” to 0.655” in 0.18 seconds . This gave a compression speed c of 

( 1  — O . 6 5 ~~)”  2 . 5 4  cm= X = 4 . 87 cm/secU. (
~ ~a-c  in

The cor rc - i-; pond jug 1~ r i ’ i g  ing  f o r c e  was read from an ose ii los cope c o n n e c t  ed

a load ce l l  noun ted on t h e  base of t i l e  w r i ng e r  ~s imu l ~i t o r  . The d r y  t. -
~~~ t

coupon was then i -ye! ical lv loaded until a constant maximum I o r( - e was ri -pe at —

edl y a t t n  m ed. For a t e s t  coupon of a r ea  3 2 . 9 1  i n .  a t (‘rcc - o t  V~2 lbs  was

recorded . Thus  th e mmi t -r m a l p r i - s ou re  was

~52 l b
= 

32 .~~l ~~~ 
= 1 0 . 7  psi  —~~ Y) r r —- - - -

~~ 
-

- I 

- 

- ‘
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This pressure was that caused by m a t e r i a l  d e f o r m a t i o n  alone in the  absence

of oil.

The test coupon was then saturated with Navy Special Oil having

a viscosit y of 2 3 4  cp at 70°F. When the saturated specimen was subjected

to tim e same deformation described above , the force was 848 lb. This was

a t o t a l  p ressure , P , of

848 lb .
= 32 .91 in2 = 25.8 psi

S u b t ra c t i n g  the m a t e r i a l  pressure  f r o m  th i s  one can f i n d  the  pore p res su re

on the w r i n g e r , P . ,  caused by the motion of the fluid:

= 25.8 — 10.7

= 15.1 psi

t1c~tL Va~~~~~~~~~~~~~~ rison

Skarabak’s model gives the following expression for the pore

pre s su re  on the w r i n g e r :

P~ = ~cQo c A / 2 K

= 
~~~14

_&/cm .sec_~ :-~~ 7_c~/ji~~~ A) (~~4 .7  p s i .cm 2 .sec 2\
2K ‘\ l . O l  x 105g cm 1

—4 2
= 2.11 x 10 -

~~ . cm

—5 2At the  beg inn ing  of compress ion , ?~ = I and k = 1 .07 x 10 cm . At the
—5 2

maximum compression , A 0.655. Now , K = 0 . 5 2  x 10 cm fo r  A = 0.67.

k i t h o u t  knowing the  d e t a i l e d  geometry  of the wring ing process the expe cte d

maximum and min imum pore pressure  can be e x t r a c t e d . The h igher  p e r m e a b i l i t y  4

gives

—4 • 5 5
P2 = 2.11 x 10 — —-—-- ----------

~
- - --

- 1.07 x 10

S

-i .

_ 4 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~



12.9 psi , while the lower permeability gives

p = 2.11 ~ 
0.655

0.52 x 10

= 26.6  psi 
-

Thus , the experimental value of pore pressure , 15.1 psi , has
been bracketed by a maximum of 26.6 psi and a minimum of 12.9 psi. The

observed value is closer to the predicted value obtained using the uncom-

pressed value for the permeability. This is due to the difference between

test conditions for static permeability measurements and dynamic wringer sim—

ulator tests. It is likely that the oil is expelled early on in the compres—

sion process , when the instantaneous permeability of the felt is fairly high.

_ _ _ _  ~~~~~~~ -~~~~~~~~~~~~~~
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