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gree of dewatering of the concentrate  can be achieved while pro-
ducing a re la t ively clear , suspended-sol ids- f ree  permeate.  Fluid—
izat ion of the sludge by the addition of a light oil eEXXON~ ~‘±~opar)- , combined with the abi l i ty  of JIYD ROPERM to separate  oil-
water  emulsion s, enables the a t ta inment  of even grea ter  degrees
of dewatering (up to ninety-eight percent) .  It is also demon-
s t ra ted  tha t the oil-based sludge residue can be further treated
using the Carver-Greenfie ld  Process , so as to produce a dry ,
sterile residue .

In a small scale demonstration, conducted as a part of the
~resent study, it was shown that in the 1IYDROPERM step, 162 liters
of water  from an original 165 l i ters of black wate r  were removed
by f i l t ra t ion, leav:i ng the original solids suspended in an emu l-
sion of 15 liters of Isopar and aoproxiar.tely 3.1 l i ters  of wate r .
In the Carver-Greenfie ld  s tep,  the emulsion residue from the
TIYDRCPERM step is dehydrated by evapora tion in the presence of
addi t ional  Isopar to give comoletely anhydrous solids suitable
fo~’ direct incineration. Actually,  the emulsion, containing a
large percentage of hydrocarbon oil as it did , could have been
incinerated direct ly without final dehydration; and that is the
recommended operation .

On the relatively small scale of concern here, the HYDROPERM
Process is fa r  less expensive than the Carver-Greenfield Proc-
ess . which only become s economical on a scale of tens of hun dreds
of tons of dry weight per day; and the HYDROPERM Process is rec-
ommended alone for black water, with incineration of the con-
centrate and discharge of the filtrate.

The capital cost of a 110 -t/day HYDROPERM plant using Isopar
and not treating the filtrate is approximately ~28O0 to $~6oo ,
depending upon the characteristics of the particular black water
used; ari d as shown in Section V, paragraph 8, the labor, material
~ad rower costs are entirely minor. Conventional Carver-Greenfie~ .

• o lan ts  cost hundreds of thousands of dol la rs  for  hundreds of tons
t rea ted  car  day; miniature Carver-Greenfield units are being
s tddied , but they have not been demonstra ted or est imated at thi s
writ ing .

The only conventional waste disposal technique at all corn-
cetitive with oil-assisted dewatering on this scale appears to be
trucking away to a conventional sewage treatmant plant some-

• where nearby.  Trucking is est imated to cost about ~1O0 to .~150
car  7600 l i t e r s—cer  week at 1100 l i ters per day—for  a break-
even time with a IIYD ROPERM plant of 20 to ~4O weeks , assuming no
filtrate polishing costs.
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FORE WORD

• The present report describes the results of a study con-
ducted by HYDRONAUTICS. Incorporated under a contract (No .
DAAG53-76-C-0l29) from the U. S. Army I4obility Equipment Re-
search and Development Command . Technical monitoring for the
program was provided by Mr. Maurice Pressman of MERADCOM.

The authors wish to acknowledge the key role played in
the study by Mr. Ronald Watson (their laboratory technician)
who actually performed the tests described in this report .
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Laboratory experiments to investigate the feas ibi l i ty  of
• further concentrating the already concentrated (containing

approximately one to two percent total solids) human wastes
• of the type encountered onboard• U. S. Army wa te rc ra f t  or at• f ield troop ins ta l la t ions  are descr ibed.  The addit ional  con-

centra~~ on is performed by cross-flow microfiltration utiliz-ing unique microporous plas t ic  tubes called IIYDROP ERI\~~ (manu-
factured by HYDRONAUTICS , Incorp ora ted) .  It is shown that a
s igni f icant  degree of dewatering of the concentrate can be
achieved while producing a relatively clear, suspended-solids-
free permeate . Fluidization of the sludge by the addition of
a light oil (EXXON ~s Isopar), combined with the ability of
HYDROPERM to separate oil-water emulsions, enables the attain-
ment of even greater degrees of dewatering (up to ninety-eight
percent). It is also demonstrated that the oil-based sludge
residue can be further treated using the Carver-Greenfield
Process, so as to produce a dry, sterile residue .

In a small scale demonstration, conducted as a part of
the present study, it was shown that in the HYDROPE RN step,
162 liters of water from an original 165 liters of black water
were removed by filtration, leaving the original solids sus-

• pencled in an emulsion of 15 liters of Isopar and approximately
• 3.1 liters of water. In the Carver-Greenfield step, the emul-

sion residue from the HYDROPE RM step is dehydrated by evapora-
t ion in the presence of additional Isopar to give completely
anhydrous solids suitable for direct  incineration. Actually,
the emulsion, containing a large percentage of hydrocarbon• oil as it did , could have been incinerated directly without
final dehydration ; and that is the recommended operation .

On the relatively small scale of concern here, the HYDRO- •1

PERil Process is far less expensive than the Carver-Greenfield
Process, which only becomes economical on a scale of tens or
hundreds of tons of dry weight per day; and the HYDROPE RM
Process is recommended alone for black water, with incinera-
tion of the concentrate and discharge of the filtrate.

The capital cost of a 110 ~/day HYDROPERM plant using
Tso~ar and not treating the filt~rate is approximately ~2800
to ~56OO, depending upon the characteristics of the particularblack water used; and as shown in Section V, paragraph 8, the
labor , material and power costs are entirely minor . Conven-
tional Carver-Greenfield plants cost hundreds of thousands of
dollars for hundreds of tons treated per day; miniature Carver-
Greenuield uni ts  are being studied , but they ha ve not been
demonstrated or est imated at thi s writing .
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The only conventional waste disposal technique at all
4 competitive with oil-assisted dewatering on this scale appears

to be t rucking away to a conventional sewage t reatment  plant
somewhere nearby.  Trucking is es t imated to cost about ~l0O
to $~ 5O per 7600 l i t e r s — p e r  week at 1100 l i ters per day—for
a break-even time with a IIYDROPERM plant of 20 to 40 weeks ,
assuming no f i l t r a t e  polishing costs .

I
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I . INTRODUCTION

As a resul t  of the rapid de t e r i o r a t i on  of the qual i ty  of
the environment in the United. States in recent  years , legisla-
tion has been enacted which seve rely r e s t r i c t s  the discharge
of w i st e  e f f l u e n t s  into the wat er , a i r  or soi l .  The United
S tat e s  Army is not excluded from the respons ib i l i ty  of pollu-
tion abatement , and is concerned w:i•th the control of pollut-
an t s  genera ted  not  only within lc~:is t ical , manufac tur ing  and
troop in s ta l la t ions, but also aboard Army vessels  and by
troop s in the field in areas  outside the range of pe rmanent
domestic was tewate r  t rea tment  fac i l i t ies  (Reference  1). In-
de ed , the Sani tary Sciences Division of MARA SCOM of Fort
3elvoir , Virginia is present ly  carrying out invest igat ions in
the area of human waste  t reatment  to develop the appropr ia te
control  technologies. The present  repor t  descr ibes  the re-
sul ts  of a study that was carried out by IIYD P.ONAUTICS , Incor-
pora ted , under the support  of ~~ 2ADCOM , to assess  the fea —
si bility of using cross-flow microfiltration (utilizing pro-
o riet ar y  corous p las t ic  tubes , called HYDROPER~

fM, developed
by MYDR OMALI TICS , Incorpora ted)  as a principal unit operation

4 in the treatment of human was t e s .

A discussion of the nature of the was te-d isposa l  problem
that  is addres sed  in the oresent  study is contained in Section
II of this repor t .  Section II also contains a concise state-
ment of the object ives of the present  study . A descrip tion of
the c r inc inal  fea tures  of the MYDROPERM System are given in
Section III , while a desc ript ion  of the experimental  appara tus
as well  as the test  procedures used in the present  study are
niven ~~ Section IV. The exeerimental  resu l t s  themselves as
well is their implications are discussed in Section V. Though
the -nisent inves t igat ion  is a prel iminary f eas ib i l i ty  s tudy,
some en~ ineering economic est imates~ on actual  systems as they

• r : y  be used in p rac t i ce  are also included in Section V. Fi-
na t L~~, some concluding remarks and recommendations are given
in  Sect ion VI .

~ These estImates were carried out , under a subcontract with
i IYDR ONA JT IC S , Incorporated , by Dr. John A. Brown of John
Brown Associates , Incorporated.

L..1 - •  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ 
•
.

_ •
~ ;_~ ~~~~~~~~~~~~~~~~~~~~~~~ .~



—~~ _____

~~~~~~~
•
~

—•-
~ ~~~~

-•  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

1-~ZCEDI?~ PACE BLAI~(..NOT ~II1.~~ 
-‘

_____ —

HYDRONAUT ICS , INCORPORATED

II . DISCUSSION 01-’ TEE PROBLEM

11.1 Nature of the Problem

• As already mentioned in Section I, Army operations re-
quire human-waste treatment under a variety of scenarios,
abo ar d  Arra y vessels -and in field installations, to give merely
~wo exameles . To ameliorate the water collation arising from

~~~~~~~~~~~~~ of sh L pboard wa s tes  into the coas tal  zone and
inland waterways  of the United States , several governmental
agencies  such as the Environmental Protect ion Agen cy,  the Coast
Sunr i  an d the Navy have supported the develoament  of Marine
Sani ta t ion Devices (;iSDs). As an a l t e rna t ive  to these :.ISDs ,
many of which are still in various s tages of development , the
U. S. N avy has chosen a simple Collection, Holding and Trans-
fe r  (CNT) System composed of s t a t e -o f - t he - a r t  comp onents.  In
the Oh? conc ep t (Reference 2 , for example) ,  the human wastes
are s imaly  collected and held in a holding tank while the ship
is in res t r i c ted  waters , with the collected was t e s  being even-
tua l ly  pumned out to a shoreside treatment faci l i ty  when the

4 chi p enters a port .

The CHT concep t is especially suited to Army requirements
since most of the Army wa t e r c r a f t  are relat ively small in size

• (t yci cal ly  with 5- to 14-man c r e w s ) .  The concep t is even more
a t t rac t i v e  if the reauired holding car -iacity can be increased
by utilizing recirculat ing chemical to i le ts  or reduced-volume
flush commodes. Such concepts are also a t t r a c t i ve  for applica-
tion in Army field ins ta l la t ions, where the amoun t of human
wastes generated in f ield latr ines can be s ign i f ican t ly  re-
duced by using recirculat ing toilets .

Then reduced-volum e systems such as the ones mentioned
- • 

above are utilized for collecting and holding hurcan wastes ,
It is necessary to develop new methods for handling and treat-
m o  t h e se  was te s .  It is relevant to emahasize her e  that these
cr r ~centr cted  was tes , which typ ically contain one or more per-
cent of solids , are neither like the relatively less concen-
a r a t a d  wa s t e s  encountered in municipal sewage t rea tment  prac-
t i ce , nor  of the cons is tency  of sludge resu l t ing  from bio —

J logical digestion of raw wastes . Thus the sludge dewater ing
•arr •i hsaccal techniques developed for municipal sewage are
not ii r-~ctL :f apu li cab le  in the present context, a t  least not
;i th ou t  ;ur t h er  in t e r m e d iat e  t reatment  st•eos . It sh ould also) be no te - i  th.- i t  any treatment methodology that is develoced.
needs to be flexible and, versat i le, since it may be required
to t r e at  sn i r b o a r d  wastes in situ, treat wastes collected
fr~~ se v e r al ~h.i n~ at a shors ide f a c i l i t y ,  or t r eat  wastes
from f ield lat r ines .  The objective  of the p re sent  study was
to inves t igate  the feas ib i l i ty  of using the IYPRDPS R I I  system
as a pr incipal un i t  operat ion in the t rea tment  me thodology.

• —~~~~~~~~ ---~~~~~~~~~~ - 
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Water managem ent and udistewater treatment are requ i red in
Array ore re t ions  in other contexts  as wel l .  In areas of limit-

• • ed cater av:r:i. iability, the best  system for fie ld  .arp l icat ion
is one air Lc~r emohisizes water recycle and. reuse . Such ‘i n y c—
tern may be ra~ j u i r e d  to t r ea t  the combined wastes  fro m laun ir ies ,
g r i l e y s , s h owe r s , an d other sources , c~th opt~ ons for the re—
eycle , reuse or d i scharge  of the t r eated  c as t ew et e r s . The
ST systems , currently u n - i c r  developm ~ nt for use in ins:,’ field

hosp i t al s , is a good. ex amp le of such a system (R e ference 3).
Tn -ill these systems et’fici.~ nt remova l of sussen ded and c a l—
lodial sol ids f r om the wast e  s t reams is a necessary  nrerequi —

• 
. site before furthe r treatment. For examole , advanced treat-

- 

- ~scn t processes  such as reverse  osmosis  or carbon adsoret ion  do
not f u n c t i o n  s u c c e s s f u l l y  in the presence of f ine  so i hd s , since ,
un d e r  these conditions , the RO membranes and the carbon columns

• experience severe clogging and attendant flux decline . The
hVD RC PhRM system is ideally  suited for the pre t rea tment  of waste-
w at e r s  pr ior  to the use of advanced t e r t i a ry  t rea tment  methods
of the L y r e  ment ioned above .

II .2  Avai l able Treatment Systems

There are three general classes of t r ea tment  systems which
4 are  ava~ Tab l e  for t rea t ing  the types of w a s t ew ut e r s  under  con-

c ij e ra zion here , namely,  b iological , ch emic al and chysica l .
Thile b~olooical treatment methods such as the activated sludge

r urocess , t r i ck l ing  f i l t r a t i o n  and s torage oxidat ion lagoons
have been used extensively  in munic ipa l  sewane t rea tment , they
are  unsuitable for handling the relatively small volumes of
concentrated sewage of concern here . Also, the biological  sys-
tems are inherent ly  neither compact nor cortable , which are
necesscr rv re luirements  for  f ie ld  or sh ipboart  ap a l i cat i o n .
Them:L o a l  treatment methods  such as coagulat ion and f loccula t ion
often pro ~uce h gir o u s  sludges which  are d i f f i c u l t  to dispose  of
cor d are also unsu i t ed  for  the re la t ive ly  concen t ra ted  was tes  of
concern here .

A t h I r d  class of t rea tment  system , one which u t i l i ze s  a
r n :csical rs r i n o ip l e  such as f i l t r a t i o n, cen t r i fuga t ion  or vacuum

• ‘i ry s nyT . i s  h o t t e r  ab le  to fu l f i l l  the requirements  of compact-
n e s s , c o r t ab i l i t y  and f l e x i b i l i ty .  h ’or examp le , the NSf?  water

• r en o v at i o n  system a lr e ady  ment ioned  above (R e f e r e n c e  3), uti-
l i z e s  r i c r r \r  p h y sj c a l_ t r e a tp e pt  uni t  opera t ion s such as u l t ra —
Sil t r at  Inn m l  r everse  osmosis . Se veral  a u t h o r s  have a lso in-
v e st i ga t e d  the feasibility of u t i l i z ing  membr ane  f i l t r a t i on

• r r o c e ss e s , such as u l t r a f i l t rat i o n  (Re ference 4) and reverse
o smos i s  (Re ference 5), for the t r ea tment  of raw z :;nicir .ai sew-
ego e f f l u e n t s . Thus , i t is logical  to inves t iage  the feasi-
hiih ty of’ u tili z ing phys ica l  f i l t r a t i o n, e i ther  alone or to-
::other w i . t k n  othe r ohysical  processes , for  the t reatment  of the
m ot e s  of concern here .

4
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Pi l t rat ion  nrocessos  can be grouped into two broad cat-
cgor:Leo: nornnnal— flow ; and c r o s s— f l o w  types . In the r’ormer ,
the o i ow  of t h e  w .m s t e w a t e r  is norm .t l . to tire filter surface,
so tha t the n enara  ted so l ids  con t inuous  l~7 m c cunnn u  1 a Le on it ,
cau se  a s t eady  decline in filtration r i t e  wh en  the o r e o s u r e

1 L’fc t -ent i s r l across  t h e  i r  i t e r  m e d I u m  i s  h e l  . I sonst~nt and
neresoltate r egu lar  backwashing . A c t i v a te  carbon  and m u l t i —
sc-f l .a fil  ters  belong to this category , a n n - i  no : a e r i tO  e f—
: L c : L e n t  i~ onl y when the s u s p e n d e d — s o t  Id can on s u t ’ the w a s t e —
-r a t e r  to be t reated  is quite low . Howeve r , i t  h i s  ioecnt ly
been d emons tr a ted  (Reference  I) that a v a r i a t I o n  of the con—
v o n t lon a l  v a cuwn  drum f i l t e r  technique can he used to sue —
co ;s fu l ly  t reat  concent ra ted  was tes  of the type of concern
hz-re . In th is  technique , a f a i r l y  thick (2 .5 to 13 cm) pre-
caot of d iatomaceous  earth is depoisted on the rotating drum
of a conventional vacuum f i l t e r  prior  to the s ta r t  of the
s li t r ut i o n , ar i d  a kni fe  edge driven by a micrometer  drive is
u t i l i zed  to continuously scrape off the nrecoa t  and the solids
accumulating on it irs filtration proceeds . Of courser, eve ry
technique requires the eventual disposal  of the sludge .

In c ross - f low f i l t r a t i on  (Figure 1), the flow of the
4 r:cst-ewater is parallel to the filter surface, so that the con-

sinuous accura ru lat ion  of the filtered solids on it can be pre-
vented b:~’ the  hydrodynamic  shear exerted by the wastewaters
‘s they floe: past the filter surface. Thus, as filtration
nr o c e e d s , the c o n c e n t r a t i o n  of solids in the feed wi l l  con—
c i n r uou s l y  in c r e a s e , and  filtration can be continued until a
sin-doe of a desired concentration if formed. In other words ,
cr o s s - f lo e :  f i l t r a t i o n  a f f o r d s , a t  leas t  in pr inc ip le < , the

• c o s : ;L b i l l t y  of •~u a s i— s ie ’ a dy  state o p e ra t i on  wi th  a near ly  con —
~~~ te flux ‘her tu ’~ a ’- 1 ~~ n r c  ~‘~u~ e dr i f e rentia l

a c c e s s  ccc f i l t e r  sur face  is held cons t an t  (de fe rence  6).

T~ie NVDD flID RI 1 f i l tr at i o n  tubes belong to the general
class o f i lt e r s ’rl ich c-rn be grouped under cross-flow micro-
f I l t e r s .  !loe:ever- , the  IIYDRDRE R I 1 tubes possess the imp ortant
mature tha t their ohy sI c a l  c har a c t e r i s t i cs  (such as tube
l. nn~e ‘;er , wall th .I c k n; s s  p o ro s i ty  nod p or e — s i z e  :m str :Lbut ion)

-nra be c o n t ro l l e d .  closely dur ing the menu fr c Lur ing  process .
T r  ) bfl j?~~~~~ the no~ - 

~~~ dis ‘
~ bu ion of the tubes can be

sa l  acted for  the size nod. the na tu re  of the nar t icula tes  in a
-i can thec i  s t r eam , so as to obtain  opt imum f i l t r a t i o n  p er—
S:r-rsen ce . A deta iled Hocription of the fea tu res  of HYDROPE RM
clii be deferred u n t i l  Section III .

In a c t u al  n r n c t i c e , a relatively slow flux decline will
• ncver the .len ~n occur , r equ ir ing  ‘ c l e a n i ng ’ of the filter

s ur f a c e  ove r r e l a t i v e ly  l onger  i n ter val s , sa y, of the
order of once eve ry o n e — I r u r r i r e l hours of operation .

5
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• LI.3 Specific Objectives of the Present Study

In light of the background discussions given above , it  is
now possible to vi ew the specific objective s of the present
study  in their mrrooer perspective . The p r i n c in a l  object ive of
the study wa s to examine the feasibility of uLili :1 mr ~; h l7~dYDpiihi-lf i l t r a t i on  to fu r the r  reduce the volume of the r’,’-r s t ew a t e r s  from
r e c ir c u l a ting or p o r t n i O i e  clr u d c n i  toi l e ts . The f I l t r a t e  wa s
redul red to sati sfy either d i r e c t ly  or a f t e r  nijairsa 1 further
treatment (such as ozonation or chtorinnrcion) the fo l lowing re—
nulrensents : less than 150 mg/-t of suspended solids and 1000
fecnl col i form bac te r i a  per 100 nat of the permeate. The fil-
tr ’ate is also re cu i red  to be of su f f i c i en t  qual i ty that  it can
be success fu l ly  t r e a t e d  for Ira tei’ renovation by advanced ter-
t iary methods  like reverse osmosis . The concentrate produced
by tire IIYD SCPEPII unit opera t ion  is required to be su f f i c i en t ly
th ick  so as to a f ford  fur ther  t reatment  by sludge-thickening
and handl ing processes such as the Carver-Greenfield Process*.

The snec~ fac objectives of the present study were then toconduct a oreliminary opt imizat ion study in terms of “ select-
ing’ tire i l?DRO?EIRN System for the given e f f luen t  under con-
• : ideration by choosing the appropriate pore struc ture of the
cubes as well as the tes t  condit ions.  An important  objective
was to assess the degree to which the already concentrated
eunstes cern be concentrated further using H~~R0PEPfi filtration,
sefoi-e u t il i z in o  a sludge dewsrte:ring process . In± this regard ,

• i t  should he emph a s iz ed  that  the basic limitation in achieving
a h igh  con cen t ra t ion  of solids in the feed is riot the inabil-

• ity of the JYDROFIPS-1 tubes  to handle such wa s t  but ra ther
cans a ssoc ia ted w i t h  tire d i f f i c u l ty  of pum ping thick sewage
slu r r i e s . I t  should be noted  tb -at sewage s lurr ies  with even
th r ee  to four ae rcent  of sol ids can be quite thixotropic in
nature .

To make the study comprehensive , one of the objectives
u-as to crocess the concentrate produced by the IFIPROFERh System

Tire Carser-Oreerrtield Process (Reference 7) is an oi l -based
• evauor :r t ive_ dr: ,r ing technique which produces dry, ste rile

soi l -i s  from sow-roe sludge. In the pr ocess , the sludge to
be t r eat e d  Is flu I d i z e - l  by a dd i t i o n  of a special  oil and
t h in  m i x t u r e  is e v an o r a t e l under a control led tempera ture .
S Ince the water evaporates at a lower temperature than
t ire oil , the w a t e r  in the m i x t u r e  can be driven off  wi th—
out the loss of c-il. The solid’; are then removed by con-
tri f’ugat ion an -r i  the oil is recycled.

t
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using the Carver-Greenfield Process*. Since the ultimate fea-
sibility of such a sewage treatment system may be as strongly
influenced by econom:Lc considerations as others, a brief eco-
nomic assessment was also undertaken.

It should be emphasized that the present study was a pre-
liminary, feasibility study; as such~ many asnects which areimportant for a final-synrteir~ design (such as the long-term
flux behavior of the tubes over hundreds of hours ol’ operation)
were not addressed  in the present s tudy.  It is hoped that
theseTh~ pects  can be investigated in future follow-on programs .

4

Trie trots were carried out under a subcontract by Dehydro-
Tech Corporation , East Hanover, New Jersey.

7
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III. TF~ HYI)ROPER~~
M SYSTEM

111.1 Description of the System

The “heart” of the HYDROPERM System is the HYDROPERM
microfiltration tube which is manufactured by HYDRONAUTICS,

n ico r nora t e d  using a p rop r i e t a ry  process . As ment ioned ear-
lie r , the important  fea ture  of these tubes is that their pore

• t ruc ture  can be varied over a wide range during the manu-
1-icturing process . Three typical pore size distributions are
shown in Figure 2. Tube I has a rather “flat” distribution
- - -ith the pores ranging in size from 2 microns to 10 microns .
-Sn the other hand, Tube III has a “peaked” distribution, with
most of the pores being in the 2 micron range . Tube II has
ira intermediate distribution .

Other properties of the tubes can also be varied in a
controlled manner. For example, in Figure 2, Tubes I and III
have a porosity of 65~, while Tube II has an 8O5~ porosity.The tubes can also be made from many thermoplastics and, to
iete , tubes of Polyethylene,.Nylon, PVC and Iioryl have been

- 4 nroduced. Tubes I and II in Figure 2 are made from Polyeth-
irlene, while Tube III is made from Nylon. These features are
of crucial importance in determining the performance of a
given tube when it is used with a specific effluent, as can
be seen by considering a fairly simple model for the filtra-

- . tion process. In general, any effluent from which suspended
solids removal is desired will contain a wide range of par-
ticulates , ranging in diameter from several microns to col-
b u r l  dimensions. ~Then such effluents are circulated throughshe ins ide  of a tubular filter such as IIYDROPEPJ-h whose walls
ac t as ‘ in-dep th” f i l t e r s, pa r t i cu la t e s  which are larger than
he largest pore of the tubes will be retained on the inside

wal ls  of the tubes , while pa r t i c l e s  which are of smaller  size
- -:111 g re - ta-a l ly  pene t r a t e  into the wall ma t r ix .  Clear ly,  the
:ditrat ieri performance of the tubes (both  as to flux rates
a r-f per m- te qual i t y)  will depend upon the manner in which
tine small-er particles are retained within the filter matrix
c a t  upon the properties of the ca ’ e” tha t  may be formed by
the larger  pa r t i c les  retained at the tube wal l s . Continu-
our buildup of the cake is of course prevented by the shear
exerted by the circulating feed flow wi thin the tubes.

From the simple model described above , it is clear that
there  is a close re la t ionship be tween the size of the pa r—
tid es in the feed an’I the size of the pores In the tubes,
n I t ha t , for  op timum per formance , the tubes ‘-:111 have to be

selected for -n given effluent. The important feature of the
hYJ)ROPSRI i tubes is Indeed tha t. they afford such “ selection ”
end. laboratory tests with a wIde variety of effluents have
conclusively demonstrated (References 8 and 11) the pract ica l

9
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utility of such a selection. Before undertaking comprehensive
tes t s  wi th any new ef f l u e n t , it  is our p rac t ice  to conduct  pre-
l iminary ‘ screening” t e s t s  wi th  tubes of d i f f e r e n t  pore-size
d i s t r ibu t ions  to de t e rmine  which are the best  suited to the
sn e c i f i c  e ff l u e n t  uncles considera t ion;  more detai led tes ts  are
then done with the tube. Examples which illun;trate the selec-
tion procedure will be given in Section IV.

in actual - enr i l ca t i o n , the tubes are used in bundles
secure-.i together at their ends by suitable f i t t ings, and these
“modules ’ const itute  the basic ‘building blocks” of a filtra—
t io rn  sy stem . The modules can be arranged in irnu manner des i r—
ed , and the wa s t e  w a te r s  are circulated , under oressure (Us-
ua l ly  0.35 - 3.5kg/cnrr~ ), through the modules . The filtrate
wh Ich permeates -through the tubes is collected using appro-
or i a t e l y  designed equipment. A “typical” module is shown in
Figure 3. This module has 2~4-2 tubes, each approximately 1.5
me t ers  long, and has a total filtration area of 7.~-l- square

F :  meters .

~Then comnared with other systems, H~~ R0PERI1 of fe rs  sev-
• er-al uni qna e advantages . These are summarized below:

4 (i) Scrsrnctness : HYDROPERM filtration systems, unlike
biolog ical and chemical systems, -do not require
large a r e a s .  Indeed , they can be engineered to
f i t  a vai lable  space .

(ii) Flexibilit : Since the ~~~ROPERI-( systems can ber r o du e e J  in a wide range of sizes , and since con—
struction is modular , no scale-un problems are in-
volved.

(iii) ITersatil ity: Since the HYDR CPE R ’-: System is excel-
ic-nt for the removal of suspended solids and oils,
the permeate c-an be either directly recycled in
cases whe re  the presence of d i s so lved  solids does
n~~s c-a r such w at e r  reuse , or it can be t r ea ted
fur the r  with t e r t i a ry  systems where high qual ity
s~ o-fuct water is required either for reuse or
d i scha rge .

( L v )  R n ~~oe1ness : Since they are made from iner t  the rmo-
r~~~a s L i C S , tiVi performance  of HYDROPERM tubes does
not denen- i , in genera l , on changes in i n f i uen t  p H.

in :.:oreover , due to their rugged s t ruc ture  -‘rn -I  low
opera t ing  n r -e s su re , HrDROP~-ab-~ modules  are not sub -
je c t  to the fouling -and leaking problems tha t
h ave  n iague d some membrane syn ;tern a ;  nor are they
subject to clogging in the p resen ce  of oily wastes .

10 
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( v)  Ease of M ain tenance :  B,ecause of their ruggedness
and m o d u l a r  c o n s t r u c t i o n, Il Y i )E O Pi-~Rh systems are
easy to main t a in .  They can be engineered in such
a way tha t a fa i lure  in a given module causes only
a small par t  of the total  system to be shut down .

~vi)  Product  Recove ry: Since no chemical changes are
involved , product  recovery is possible.

The v i r tua l ly  total absence of suspended solids in the
p ermeate  from the IIYDROPERi-I tubes makes the p erm eate  ideally
sui ted  for  fu r the r  t rea tment  for the remova l of dissolved
solids by opt i m al exist ing reverse osmosis membrane systems,
so as to produce a completely reusable product water. It
should be noted that  commercial ly ava i lab le  c o s t - e f f e c t i v e  RO

-~~~ membrane  systems per form rather  poorly in the r -re sence of fine
susp enSe solids , due to the formation of dep os i t s  and clog-
o,ing at the membrane surface. Thus, there is, ins general, a
rapid decline of -the product-water flux to unaccep tably low
values , howeve r , when the membrane modules are supplied with
the high quali ty permeate from the EYDROPFPd- : system , no such
d i f f i cul t ies  should arise , because of the v i r t ua l l y  total
absence of suspended solids in the permeate. Therefore, the

4 uniaue combination of the proprietary i-JYPRCPIFd-I system and a
- c r eve r se  osmosis rsenr •br -ane system should be capable of produc-

ing. reusable product water from numerous inudstrial or domes-
t ic  e f f luen t s .

111.2 Previous Tests with Sewage Effluents

::umerou s laboratory and field tests have been carried out
wIth h IllEl: ill: f i l t r a t i on  of a var ie ty  of r - :aste e f f luent s .
Since oh-a re  tests have been described fully elsewhere (Re f-
erences ~I—li), they will not be discuss-ed here , however , it
is r e l e v an t  to review here previous tests on hiYIDFSPERh-I fil—
t r a t i c n a  of’ ::en-;-egc- effluents . Tests h- -ry e been conduc te d ~ w ith
b oth  •hiiute u n t r e a t e d  sewage e f f l uen ts  an d c o n c ent r a t e d  fl —

ge:: t ef  r suru lc i pCl slu d g e .  In both tynes of t e st s , I i YEROPSRM
talc-s tenconst rat-ed the -ab i l i ty  for  a lm o s t  t o t a l  removal of
.:usnennj e n solids . The un t rea ted  r- ar -r w a s t e s  t e st e  I had a
total-solids content  of -about 750 mg/I of which abou t  120
t o  ‘-f wa: - n :un;nended solids. The filtrate was a lmos t  free of
• -urn- :n 1’ - -:oli s end BOD rejection was about 9O~ . Feed cell—
L ’O~~ t b -r c se r i a  n- i r s  re iu c e i  from about 1,100/100 ml in the feed
to about  3, ‘100 ml in the rernieate .

Tire higesto-t sludge tested had a total  5oiid~ content  of
1~~,OCO mg/I of which the susp ended so l I d -c  a c c o un t e d  for  abou t
i6 , ooo mo/I. The BOD of the ’ feed was 2 ,600 mg/ i  and the

These t e s t s  were conducted at IIYDROH AUTT CS , Incorpora ted
by J. iU cklL~ and A. Gollan .
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coliform count was over one million . Again, the filtrate was
near ly  f ree of suspended  sol ids  even at these h~ gh feed con-
centra tion s. BOD reduct ion  was again about 90/ and there was
‘r imost t o t a l  remova l of the fecal  coliform bac ter i a  with the
values in the feed and the permeate being respectively,
1,100,000/too nfl- and 11/100 ml. One interesting result of
these t e s t s  tha t is wor th  emnh asiz ing  is that  the IIYD ROP SRM
t ubes d isp layed , in sp i te of their  m i c r o n - s ir e d  n orec , si g—
~j L f i c - a nt remova l capabi l i ty  for to ta l  ni t rogen rin d phosp ha t es .
In the sludge tes ts  the tota l  nitrogen concent r - -’-r t ions  of the
feed and permeate were, respectively, 1,390 rig/i and 200 mg/I,

n- -hu e the corresponding values for phosphates were 32i~O mg/I
- 

and b2 mng/-t- . These rather surprising results Inure to be view-
- ‘ ed in term s of the in-depth filtration characteristics of the

i [YD ROp :blb - -: tubes and the “ dynamic membrane ” tha t  probably  form s
on the ir inner walls .

- 
One othe r feature  of HYD ROPERM tubes tha t is worth noting

- ‘ 
in the present context is their ability to separa te  o i l -water
emulsions (Re ferences  8 and 9 ) .  As will be seen in Section V,
thi s fea ture  of the tubes n-:as used to advan-lage in the present
study. -

-4
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IV. EXPERI?-ll~NTAL APPARATUS AND TEST PROCEDURES

IV. l The Test Loops

— The labora to ry  exper iments  described in the pre sen t  re-
port  consis ted of tes ts  wi th  most ly  single I1 :d i R f l lEIF- :  tubes ,
though tests  with small modules conta in ing a ‘ bundle ” of sev-
eral  tubes have also been pe r fo rmed .  The as ide diam eters of
the single tubes were either 6 mm or 9nmi , err -I they hail a
length of about 46 cm so tha t their  f i l t r at i o n - s u r f a c e  area
ranged  from about 86 cm2 (13 in. 2 )  to 130 cm2 (20 in .2 ) .  A
s c h em at i c  view of a typ ical single-tube test  loop is shown in
Figure ~4- . As indicated on the figure , the loops contain a
f e el  rese rvoir ( -

~ 
11 li ters c ap a c i t y) ,  -a c i rcu la t ing  pump, a

flon- : mete r , pressure gauges to measure p re s su re  deops over
the length of the tubing being tested and appropriate valv-
ing . To ensure proper  hygenic condit ions, the tes ts  were con-
ducted in a small , self-contained shed; see Figure 5.

Fesi cally, two d i f fe ren t  modes of op erat ion are used when
car ryI ng out the tes ts . In the f i r s t , which is the one most
o f t en  used  in the tests and simulates “ continuous-mode ” f i eld
operat ion, the permeate is remixed into the feed reservoir, so
tha t  ( excep t for evaporation losses) the volume of the cir-
ou l a t in g  feed , as well as its suspended-solids concentr~rtion,r e a r n i n i  constant. The feed in the reservoir  is rep la ced a t
a sor -onr i a t e  in tervals  to eliminate changes in cha rac t e r i s t i c s
-t-s e t-o biological  ac t iv i ty  and/or cons tant  recirculation .
Pr o v i s i o n  is also rn -al e to compensate au tomat ica l ly  wi th  add i —
tioa l f c - e i  for  -any loss in circulating-flui d volume due to
evenorat ion  ( see  Figure 4 ) .

Irs the second mode of laboratory tes t s , which  s imulates
- 

- - a b a t chw i s e  p rocess  in a field prototype system , the permeate
:is collected in a senarate resern-air , so that the volume of
ties ci rcul.-utlrspI feed con tinuou sly  - i nc r ea se s  n-dr i le i t s  sus—
c-ant e I s ol i d s  c :-n cen r t r at ~ on conti :-:u o u s l y  inc reases .  In this
ice e sf o-era ti on , tue  t e s t s  are cont inued  unti l  sp ecif ied

cc-::oents-ntion is rea ched or ant-i l  the volum e of the feed
becomes so low L h n t  a - i e - lU a t e  pum p suct ion from the reservoir
can no longen- he rn-aint-ilned.

r:.2 m~ W a s t es

The w a s t e s  tes ted  in the present study were obtained from
4 tine on er a t o r s  of p o r t a b l e , cons t ruc t ion - s i t e  to i le ts, since

th ese  v -n o t e s  were considered to be most rer-recentat-ive of the
tyre of’ wastes genera ted  at  Army I t  eld ins t: l la ti o n s .  In
g en e r a l , these v-notes contained various a d d i t I v e s  such as
nr e sen -v a t I v e s  (u sua l ly  fo rmaldehyde) ,  coloring agents (blue -
green dyes) and odor-masking compounds (such as p ine o i l) .

-13-
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They -i l so had ra ther  unusual cha ract e r i s ti c s . For example ,
total solids determination was made difficult by the —nucerent-
ly significant amount of volatile solids present in the wastes .
fons tro l l ed  evanorat ion  a t  55° C under vacuum indicated a total
solids content of between l,23~ and i.6%.

Tire ‘--:-astes were also quite thixotropic , and could not be
sIt 1 Lured ru th :;tan-1-rrd filter paper; no permeation at all oc—
eu rn -e - 1 un-icr gravity r-d:enr the wastes were allowed to stand
over a filter paper in a funnel .  S imi lar  r e su l t s  were obtain-
ed n’itis standard glass filters under vacuum , Thus the sus-
senSed solids content of tir e was tes  were e s t i m a t ed  using cen—
t r i fugr it ion . Centrifuging of the wastes  for three  hours at
3,000 ruse yielded a value for suspended solids content of
abou t 4,300 mg/I. However, because of the reasons aLready
outlined , the above figure has to be regarded as an estimate.

4
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V. EXPERIMEHTAL RESULTS AND DISCUSSION

V.1 Prel-imin-ary ScreenIng Tests

As mer i t i o tne - l  in Section II , tire imnor t e n t  fea ture  of the
IIITROP-RE tubes Is indeed hat ti-icy can be selected for any

yen effluent, in the cer is e  that thel r e s n m - n t l - - n l  clv recter—
is tics (such as pore—size distribution ) and ones--s - i rs  condi-
tions c— rn be varied to obtain tire best r o s s i b l e  r - erfo i ’mami ce
r-:ith tire specific feed under con-cider -at ion . The selection is
accomplished by performing a series of scn’e~ ning t es t s , each
usual ly  only a few hours in duration , on several IIYDROIIERM
tubes (w i t h  a n-uIde range of characteristics ) over- r•i n-ange of
or erat in g  condit ior  ( such as c i r c u l a t i o n  veloci ty  and pres-
sure). The present study began with several such “ screening”
tests on various HYDROPERM tubes.

The first test r-ua s done with a 9 mm I.D., Polyethylene
hhIDRO ]th-hh-1 tube n-~ith a porosity of 65ç~ and a wall thickness of
1 mm . The pore-size distribution of the tube used is shown
Is: ds gun-e 6(a), The test conditions n-:ere 0.35 kg/cm2 filtra-
tions press-are and an inte rnal circulation velocity of 1.8
se/ s ec . The initial f lux from this  tube wa s 559 i/rn2 -day,
:-:hile t ie nerne e - a t e  win s relatIvely clear, with a light blue — —

oreen color, -n i - I free of -any susuen ded sol ids .  A f t e r  one hour
or’ c sit i nca - -us filtration at a cons tan t—con cent ra t ion  mode
tie nt Is. wIth the zermeete being r’cmixed into the holding

:‘eserr - s r” , the f lux  drooped to 387 I/rn2 -day, and after five
haurs to 175 ~ /m

2 -lay. In view of the relat ively thick and
- i :fficult nature of the -u -r ote , the above results were in them-
.:-clve s not ncr ~sa t i s f -n c t o r y ; however , it was  believe d t hat  bet-
t en ’  r e :r s lt s  v-c- re possible. Thus, this test  was discontinued
after fIve hours.

Ta t I r e  second test , the waste : were fi r s t  nut  through a
1 -nsns:h :1 - -ye to :-;ee n-iD-st effect this might have on u ltra-

p-s - - f - :- r - s n r : n ’ s e ;  all o ther  conclit :Lons were i len tic a l  to those
~ t ~~~~ a ~id se:~ to s’-nro re ~he ini t ial

tins , h’ ide was no -u 991 ~As
7 -day . however, after three hours

cc ’ on- -r ation , fus e flux v-as essentially the sane as in the
:‘ :-st test. AgaIn, the tes t  was discontinued at this point.

In a t h ir d  test, agai n the same tube was use—I but ru th
the t~s~ t con ii’ui ons now be ing  changed to 3.3 rn/sec velocity

0.7 a-: 1crs5 nressure . however , the nerform-ance did not
ci na - -a sia’-icaiLv , with the initial flux being 6o4 i/ rn 2 — h a y and
the flux a L’t e r  3 hours being 163 I/rn2 -day .

- 

fc reen ing  tes t s  were -rlso done with -a number of other
‘-abe L~jnes with varying results. All of these tests need not
be de~~- : r ’ i h e d  in de t a i l  here . Suf f i ce  ii; to cay tha t the best
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HYDRONAUT ICS , INCORPO RATED

r e s u l t s  were obta in ehi  with three dIfferent types of tubes and
tie -i these s-u- i re chosen for -  f u r t he r  more do t a i l ed  t e s ts . All
three ci’ t ! s L l s r O tuber; had relssti-~-deLy high initial flu:- :es (more

h - r n 816 ~~ — d a y )  and s’cl a t ively  n ;nncal l  f lu x  declines . A lso ,
a l l  tin -ce of tire pub &~nc were ot’ 9 mm ins ide  d i — ir e e t e r  and 1 mm
n-ui. 11 thickness, tliouc;h two of tine tubes s-:ei’e ncr in th orn Nylon
-red the :h Led  from Polye thylene .  The two h~ lon tubes  had a

s- sn ; - c-y of h5~, vi tI c one having a pore s t r u c t u re  1- l en t i ca l
j i t t  s:i:es-:n in - - - -a 2 ( Tube Ill); the other had :r core—

ci -ce ii:’:: ibution :-;iuich was r onecu inu t  less po rkid - m d  had the
n-:x oua::c number of nor-us at a som-a:-:h--ot larger p ore s ize.  The
Poli o ttsylene aloe had a porosity of 8o~ and i ts pore -s ize  d i s—
tr ibut ion :io sim on-u n in:  tigut’e 2 (Tube II).

d i n n e r -  this t:-:o Ilylon tubes had very similar us -ore structures
— so I had very s- i ru i lar  ne r for mance , no specif ic  d i s t inc t ion  will
b -a me - i c  be c - .-:-e en them in the d iscus o :Lon nu given below ;-uLth both
b-a ’ce- ; a- -o fers ’eul to sin :nnl y as Nylon tubes~ the third tube will
be r e f e r e e - i  tic as the Polyethylene tube

it w a s  a lso leas-ne:1 from the screening tes t s  tha t , in
a smal ler  f i l t r a t ion  pressure  is to be u --referred ove r

las -n e :-  one since , even though the higher pressures yield
- i sa -c initi s 1 f lu me s , they also lead to c-such larger flux de-

~ L I : s -~s. Fo r e;- :urnrs -le , at a filtration uressure of 0.2 kg/cm2
an t  in -olrou in t ing  veloc ity of 3 .3 rn/ sec the hylon tube yield-

rn initI  ~l f lux of l,lQ~ i/rn2 -day and a f t e r  twenty  hours
of ::umtln’ - c’s s or-era tian a flux of 596 i/tn2 -day. The de tailed

fees: t i -mi s  t e s t  are shown in Figure 7’.
ID 2 ~-:sscs n :re t i o n  Tests

Ill c-f the “ 5cr-nurs ing” tes ts descr ibed above :-;ore con —
In p h- -s con ~s t en t — c on c en t r a t i o n  mole in which the per—

fec - s  tI ns tube;: is continuously remixed  into the feed
f:’er sn ’ - :-c :is - . dens. i-oLD the total -ru-lucre of the fee-i being

n - sec -os -u i a: ; :‘ieli as -- it :;  c o n c e n tr a t i o n  all-lays remain constant
t a n - L u g  t he  t o r t s . d: le t h in  re — ole of oucs -at ion  i s  de sir ab l e

n - s r i  scre--::irc : of different tubes , t in e  vi U t  re-ate a n —  - 
-

~i. : -u - n - si sni of ‘he t uu - -~ : r eslu ir-e s that  they tr e a t  a n-u - n o te  which
is  :f I rncn ’ee s lno ly  h i  : 1 : -en -  c o n ct e i t e a t i o n s  tha t is , ti-icy a re
s- - : s - n - e n to- : - n - -: Iu o e  concen t rat e~i sludge and c lear  r :ermeate
:1-un the :Ln.~ t I :1 n - i n s  t en . Th us t est S s-ieee also  conduc ted  with
the - ic-  lec ted h; — l on :~rrs~i Pol~-mo t i sy le ne  tubes in ‘1 con c e :u t r at l on

las . ” Then -c  :-ue:e tsr -i a d i ffe r e n t  types of exper iments  tha t

- s - f  c -aurse , L h i r  t e r m i n o l o g y  is for  convenience only .  The
ac t ua l  re-s tori-al uzo l in the construction of the tubes is
of soron t o cv ins- on ’ Lance In dot s rminil g t i n e  re r fo: -rrcinc e ;
pore o t r ’ s - c t ’ i : ’ e  -and p o r e — s i z e  d i st r i b ut i o n  are the fund a—
menta l  us- ri r’arne te rc .
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HYDRONAUTICS , I N C O R P O R A T E D

n- -a ‘a conducted air ier this classification , in the first, which
can be termed the “b;ntch—concenti’an~ion r e s i n , ’ the permeate  is
cant  Lnuou s ly - -ui thd s ’an-:nn from the system ( ;-:hich is s t - r e f u e l n-u i th
an i t n i t ia l  t i  no d vo tun e of fee l n - ia sto s)  , so th at the concen—
Lu - :: Lion of the c i r c ul at .  I rig w a s t e s  continuously increases and
t i ne to ta l  volume of i-li e c ir c u lat i n g  w : n s t e s  con t inuous ly  de—
crest -sos.  In the second , n-u iiich can be t e rmed the “ cons t an t—

- -nclume ma Ia ,’ t’resIn ic-sr i in ;  l i - i - s d  c o n t i  s~s-us1y to tine waste
halL .1 1 r ig r emu s rvoin’ at h-n s s-s::a u - u t:~s t h a t  L ine per: :5e:rte is pro—

i n - i n s - I , n -so t ha t  the c - - L un:me ci’ ha con-cal-s t iris f luid  ain -sny s  re—
ma ic i s constant; the ccncem m tr -n Lion of the feed , of course , con-
u i rn u ou sly increases .

The cons tan t -vo lume t e s t s  were done s-iith the 1-rylon tube
de scr i b e d  earlier ( p u -r e  s t ruc ture  analogous to tha t  of Thbe
ill in Figure 2 ) .  The test  pressure  r-;a s 0. l~4 kg s-cru 2 and the
te st temeerature run s about 25° C. The c ir c u l a t in g  veioci ty
thr’cuc-I-: time tube ( n-iDl eD h-ad an 1.1) . of 9r -s--e) rus t s  3 .3 rn/sec .
c - h r  volum e of the wastes used in the test- was about 7.6 l i te rs .

The t e st  results are shown in detai l  in i~igure 8. The
-c ia l  n-a nt e -ste flu:’: n -r e s abo ut 1,020 i/n c2 - da y ,  a-nd a f t e r  a

4 ]~~t t T e  nose is-harm one hour , the flux herd decreased  to about
r- / 5 5

4 
- i-ry . dos-u-v. or , thenceforth, the flux remained near ly

n,ut :nnt at ti e l a t t e r  value ( - s e e  1-Igur e 3) :iesp lte  the fact
ne c ~~~ _on ties r c a i~ s~~c n l o l j  oLe tha t for

a :c- :n~:t s nn e—vo1sc me rsu-oe, the cencentrat eon must c -n c -re u se  lin—
ear ly  - - i L l s  tL sne otno of permeate produced , s-:ith tine actual
fun-stio ss-e d r e l a t i onsh ip  being

V
= ~ + El]

n - ’ i -m -ac e t~ and C are resnectively the i n i ti al  concen t ra t ion  and
c-ho - :  :- : s c - run t s ’-mt i on  a t  - u r s : , r r bnv s:nuent time , Vu- is tine tot-a l
vc lnuusa of the n ru-s ’n r c m t e  nrc - - ru e-c -i us t-~ci L ine  tic-ce un lor  consid—

I 
- 

u al r I vohv (e r 1 to a- he iio l—
- s - cs os the circul -n  t ine  flo;-u ) . Tic c-he der iva t ion :  of Equation
T i ~ . we ha ve r sssusn e ~i that  — i l l  of the susu:on-ie-i so-lids are re —
t - i i : u - c -d w t h in the syst em b~,r the  tubes -na-i t ie-at there  is 0 coil —
ru -c f - va tlmn (s-u i th tine-c ) of these r ;ol L I s  :-:Lc-h ia tire t est  se tup .
The fc- rsss -ur ‘ms canes Lion is j u s t i f i e d  by tire f :r ct  isis-n t the p e r —
m o n t e  c- n’ - luce d In the to nu ts is- almo st t ot a l l y  f r - c o  of sus—
u - - n - i o .l solid:; ; more w i l l  be m s - a i d  abou t: the i : : t :er  assumption
in dcctio:~ -,s- . 6. Basa 1 on the ciniount of -cnn - en -a t e that was
co l le c t e d , i t  Is e s t i m - n t e - l  from Equat ion £ 1]  tha t  the con —
c o n t en t i o n  of solids in t:he c i r c u l a t i ng  f lu id  at  the end of

L 20 hour ’s w- :~ -about one and one-h’nll’  r in ses  tha t at the st a r t
of the test.
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HYDRONAUT !CS , INCORP ORATED

It has 01 r e — l I l y  been p o in t e d  ou t  tb -- i t  the concen t  u-a ted - 

-

:;an -ucge :- i - ss t ;sn ;  used i i i  the ls,s-n ;ent stu ly v ote quc-te i i i  s - u s - t s a r - i c
inn ! i i  t DLLcui t to l nu:nmu 1 . A j i m - e e L  m in i I r n ; t : i f - i u - n i  ci’ thin; i’- t rn t

f n - , - n u - : : s ~ pll ’ni: - - t~ r ~lu -er ;  m i s t  the  ( S I  e . : :i n g  of v u l v a : ;  iii the
r e s t  loans i n n s - n  the ‘:x :scrr-imcrnts , esnecial l~: -us t ime  w a s t e s
n-u -s--s- -s f t :  - - t in - s r c n - s m I s c u t r : t  t r i ’ . Thus:, t n - :en ly  hours  in t o  the con—

e r u n C — v c i u n : s - s -  c o u l r o n t n ’ t on ~ cc , ,  t h e s e  n- s- ni a t U YC i ) f lu m m -e O ri t
t in e  t es t  h - n I t o  be in t e r r u n - : . -j d .  h e i r  tim - s s l u m:  s- sepal r ’e i
m cdl  Lt:~ t i r ; t s- r n :  c-r u n - - I  s-s-l tD t ln e  5 :1:50 feed m i t e  r u n  us-l u :-SC-1

o~ e~~ - — 1 hou , uhe mu 1 i lux 3) o ~/ 
u 

~j ,but t a t .  s a: - i c k l y  d r o n e - s  I to the r mng e  of values (~~~ 
)LJ0 L/isi2 —

or n o :0 t u e  inetce supti an ( see 1--Igure 8) .

The t e st  n - u s c  continued for  t n—i enty- l ’our more hour’s (for a
t - a t - m l  of fos t~r — f o u e  hours)  n-then i t  h-ad to be i rn tc  n o t e  I
tue to the si lu - :ging of a valve in the test  loop. The flux -at
c-he t i m e  u-f i :s i ser ru ss-t i on  ~~~ L~73 i/rn2 -day ,  however , it should
be no ted  t i na t  t t i ~ t h ix o t r o n s - i c  n::sture of the :-erstcr s also fre—
-eu -cur t l y  s- :nu se I s i g : u i f i c— r : n t  uncontrolled n- -c i nc -t i e r s -s in isst ernal  -

a n e r s u n - e  ( - c i i  I hence , also the f l u x) ,  especia l ly  when the tes t s
:-:-rre cm ens t c - rmued urvrttended during the night.

c - Cs  r e sumnc tion  of t e s t i n g, the constant- --.’clu:::e-rnode

4 : - - s - - n t i o n  s u n s  cont inu e l for  t - u e r i t y — t t i c e e  macre  Dc- er’s ( f o r  a
t o t al  of si:-: -c~~-seven hours from the start), r s - i th  frequent

: :c-er rur - t ioins  due to 0 - use : :  fa ilure and :-~-alve c log-t In s . As can
is-c seer: from :1.-c-u ee I , t in - a aver- ug e p ar: cn-r mr te flu:: -I rs- sing th i s

c s ~ c-au 226 -t ~ — r o~ nc - s  r a_n t , i tes t  wa s
r - 

n out L a “ ba c c — c e r  cc t 1 ~ ~~ so , S ~ 5 ~e ei —

I in Cr oci th IT  
~~~~~~~ 

_ a - be a I 1 P I
to i t . T i e  f lux  r e s ul t s  f o r -  t in i —u ear L  oi~~~he test  sure a lso
c-h as -ic-n ~r c-i gun -a 3. c-ho r a e  cage f l u x  b-s I ng about 2L 15 -t /us-~ — - l ay
l~~sp l oe  the  - sc r e e s i s u ~ c on c e n t r : m t i o n .

Fine a cn ci u sion  n-u n ich cars be le s s -un te ss: tts-a t e st  -j e s c u -ibed
-ri :  - c - tE n is ti~~i t hIT ) ITCFLRD tubes as-c canuable of ci cc ins. mg es—
; -:snt i rnl ly  sl s~; ru sm:dc~i_ c - o i  Lcis—free u n e n - e n e a t e  at the ir s- -sLed flux

-
‘ i-~ -s-d c- even iD-os;: n e l a  ti ye Ly concor it r a  ted , rJ ix o c -n’ on- l - s  sewage

- sums -  tens ,

1 cEs c : -tcn-J concent ; r--nt ion tes t  s-urn s c -ct ir- ’I e i  out u s i  erg the
m — o i a ~r t h v L o r s n tube of ci ght- y - o s -n t  c - or e - c i t y  ( see ;uro 2 ,

TI f-s- s i t :  sure— iso d i s s - t r ’ i i s -u s - t i e a) , The e m a c - e n ’  ‘iran-s-hack
c-hi: :  tubns i s ;  Lb -~ t , b ec m :u:: o ci’ the 1-nr -yu  i-i aoiss .:no in i t s

:- :-m l l  rsn - u t e I x , i t  ins  n - n a t ive l y  n-u n -u k u rn— i , t i i o i - o f or e , r:u scc -n t i b le

T i ix : c  n - s m  L U : ;  l e unon n ;t r a  to tie-at in the - l o r - i g n  of : i lo t —sc a le
on ’ u -  m- -nto  ty :  a p i c - n t~:; to h ’mr n t le SUCh r sh. :eo U n ’ o n  c slu-iges ,
gi -e-e t c-are m ; i n o u i — t  be LaD en in s ele c t i ng  t h e  us -cop- er tyces  01’
pump :; - - i r s - I  v’s lying .
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H Y D R O N A U T I C S I INCORP ORATED

c-o f a i l ur e , em: p r s c i a i l y n- ,-h r t l  un ;ed n- :ith certa in t y n s e s  of c f ’ I h u i —
cuss :;. I t e v a r t i n e  icc:;, tu n - i nn ;  I-ad - l e d  to sm n t rr out ::crsn n detatlti.
mitudi en: w i t h  c - i s i s ;  t u b r r  :h n c e  i t disr i l r T - e I I u : - : — c - t in e s  f or  the
r em -cr c -a te  flux  d u n - i n - f t i n s -  ccrE n -mtnil:g t e s ; t n ;  . -or - :x em ~-- l e , at a

i t n ’ n ’ J a n  : res::u~ c u-f 0.35 i- /ceO ant c real- u U t  m g—flow vo ice—
c -- ’ cmi IL. d 5mm /s -sc . i t -  i s n i t i m i  :- c m n - n s e : r t e  f l ux  -s-es ccci’ 3,060

— i rma! s-- LId s -
~~~ t c - -  : c- - I f l t i :  h s r m t — c n s - n i c - a - - n - - n  U i ’m: ~m no- i e , t In e

:1-a:: gen icc -n i l : :  - i cc  s - a s s - s  I r e n d  a f t e r  f o a m -  h a u u -s of’ u-sic ti ~u ,
s-u - au 2,2H0 C/:: — nc -a. r;u t am - , 110:-mae:-- , LI m m s -O s - u rn s - m rhjSIc:sl L-nll —
un -c s- : c-ire t~~br~ ans i s i n us -  t e s t  15:11 to lie ( I c - m : c o n n c -  m m c l .  To ensure
t in - s c- sine :-si iu re  s-~ - :  :sut -cmi — n u i : m m s m o l o u s  one -due to :r s - a n n Iom im-
p- - n :-fe .e c- hon Ln tb-s c - c - b e , t ine ten ;  t no r d ; a r t e : i  un I rn -  :~ l ent i c a l

i t  I Q:5 i sm t i n  c-t no;-: cube . Again , tube failure occ u r red
sc -n - : in c u r s  of t e s t ing.

I -T m ll un ’e  of ’ t ine ac-me descr ibed  above in high - o s o s it y ,
- l ie ~eoe c ‘ne to -er e s-i fT . ~l e a 1. me en
_~~~ ~~ r e r~~ _ sc l ~ t ~~D 

n Ic-f_Ct m u -  c ted in u dif—
Is c -eat c ncc a :-: t . The f-c tic-u-c Linilure of’ tine ac-rb-a s: ii: s tr ong ly

I - s - s r - m s - d e n t  on the In t e r na l  n s e s su i r - s  — sa d test :e::mnerature , and
n e c  inc ore s-onto -n e i the r  by -cm ltmnbiy c:crntrollincg the :;-a pur rs —
~C c- -~-r: 05’ 0 —  t-e:-~ u5e T a e r c r o n : r c - a  -s- c measures to st u - e n a u t h - s u n  the
tc:be~~. DISC inteor a s-reese of  n c t l i s -n i : sc -o lve s -i:: - largen- u-s- sill

4 chness e :n , s tr e rn e s -  tube  ::nnt isi-ials ( s u c h  as i-9--L n in s tead  of’

• 
05100 :hyILene~ I r ’s - sc--o- n’a t i c -ne of var i ou s  st c enmi inen irmg age n Ts

s- a -
~~~~ ~‘- _ cal -

~~ e g ermer ~~ of the
tuise:: t ine use of -a; - : t en ’mn sl  su es-c -cLing ij - c t ck - : t s .

Tic-us dna f-c-ilccc’e of tub-s -sighty-rercent rocosity Poly-
-: c - i n c - I o n e  t ubes  macIn :: c-he screening t e s ts  a-as not in itself

lore I to be a fatal f l a w  c r t  thi s e :n r l y  s tag-a  of i n v e o—
it :- . dcci ir c-a und e rt ake  concen ssr -a t ion  t e s t s

a I c-s-u -s - tIlts-t ic-n su m -cc-sure. if  t h es e  cc e lhuin m ny resu l t s
- -as- -s s- - -s - - s - o:: f c - ci, c- sn-~~ ~:n5 of incr eas ing the s ;r ’o nng th  of the
t ’sc-- :s ( - ch i c  ua : s i nca i r -  

~
- t is- sore s tr u c t u r e  a n d  the pore—

tIc-cs- -j s c:t jouternal - ui Li d o - n sic-: lie s-ru - sc - tb in n - o e s ’c - i g -n t i n i g  -at a
- n c - e i -  1-see.  Ice u-~ c-- lts of s;h cm test -nrc r-in-o :-:n irs 1-igure 9.
In--- c-nat s-s-a :: c-an icn:aC I in a bu :ccb— conceintau : :t !on :: s - - i c  :~~ a

1 au -m m c-ion -nC :;surC in- -- 0.1/ kg/cr :h - mn-i a feed velocity of

~.3  a s-s - u . c-s immui tIsmto C In Cigure 9, L i m o  I n i a i :n l  f lux  s-nt the
S c - n  st of the c-s-n - s - an t s - a  t ion  nun s 933 c-/re2 ~das-T, line initial
- s - 1 ’ - rne of c-he n- ;mns te s-s-a. ; abou t: 7.6 l i t o rs  , and c-he  n~ i

— —‘ - r he vol; -r e re. 01-i concen—
j  

c - m c -:o:. m ’ c n s C :i E s -  I .  A f t e r  souse t h i r t y — f i v e  incurs  of intes-mit—
- ‘- c -  c-c o s - n t  -c~ ( t-:S ( 5 to-cc-s n-ic se 1:-sr i t e l  - i  Is ni c!s t )  . - m  l elity n c r —

-: - n - s - nc - -s-sf the - 
: .  -

- -: c-i c’s -lu ur 5 :e had beer: n-etc cs- c-rs- I :D- - : - t ime sys tem
a s ’  n - - n u L l  c-e ly o l e - r n -  s- - en- I nn- ate free of mm u~v sa r i - c r  l ed  solid:;,
i i , cu -er r ’ :- -a: ;s o:: h a g  flux los-rein —nrc also in- lien ; : a hLgr t re  9
arm - i 1 a (mars b-s seen c-i~:~n t  t h e  sun are quite  s - c- n  sosmabic . The to ta l
co I c-c-sc -c c c ’ cc - - u U-a c -s - l i. ecte- 1 a t  the etc- i e~f t i e  1 n- a - c -- L’s ye hour: ;  

3 ,151 : :m \ I L l i i i t s s ’ s  i t ul clh-is value is in e;rr:elient s :gn - la - - m u n t
s-u i t b th st aPt — ni t ie’ ; by rintograting t in e  mu- n e m s - I r a -  the flux curve

fl :1 g’ i cr  5. 
n T I S  v o lum e  of conce aLers  Led sl u - ig e  do-suite ing win ;

1 , -‘ ~
- C) c-s 1 1 Ii 1 I U (s-i-s

-‘9-
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HYDRONAUT ICS , I NCOR PO RA T ED

T n - - i1 ~ Ion tu — 11m m ti-st lec - c u’ i P - - I c ml- mm , tis s :5-eec tube
n- - n: ; als o Or - - i :s: - rr - m m t t ? i u t i /  s t  c - I t - :  5 - ri:5 ”ur s , — - a s u u r - r i t i ’ a —

i o n :  c - m s P .  ‘J’ne - s i n -  i - I  ui lsi::::mtel ,r c m ii -n t’ter Ic -u-u t : — t ’n u r
i rma - of’ or:s ’ t t - sc . L m u i n m , i t S  . ‘n : r c m cm  I I ’  c - i -~ 1-ci.ye tlny lene
t ul ’ s c - n a be -nte n i n m t s l y  stu nn :C t lnuni l , It o :m ’- -r s ti :-r u t m a t i u l
I u t ’  ,1 1 i - h i  r I g  u ’s- L i Li c - - s i  y h i - h  f l u xe s  l i S  l i e  - n t - - r u t  t r ig  i_ n a con—
C a r l -  r m  :- s o - r n  n - i - - i c.

‘r ~~ T-~rl :3 III us c - I l  I l u i li  : :-aisi  ci i

un re- -n t s - - t i C - I  e:1 u - i .  ~ the - r ir i c i s - -n i  -~i I fl’Icu 1 ty I n t r e a t —
s - Lm n g t i n e -  nc-c !. : st i veic-r  c u -mis - ru - fl: ~t ei s- : :m r t o m -: of’ she Lyre c-u t’ cruIse s- n-n

c C  ~ In t i c c  mmcl: o lie.
u s - in :-:-ns33Ti, but . r - s t i n -n r , Lim u t these s - u - u s c - - n  :n:-e -

t :d:- :cc-r ’ar :-i s , :lifdicult to -sc - cr ) nus i csmncs-c :regc-r-snt C I T l I  c-I~~ Of
valves :m0 at -b ar  c - c - : s t u - : i c t - i u - : n : ;  i n s  the test loops . To over—
c-a ss - s thin Jif:icultc-r, -n n-s -u Isne c - in s - - i  of fl~:. ldi::s’cJ c-fl h r — I  been

1 a t  T u’cor~ cr~ t- 1 In u s  n e t l  0 1
- m f’ u -i- i :-u:cI :15 i s  i : : m l m r u s : i b i e  - - i t h  the s- :a: 4 -e :s an-I - lu - c -: r i o t  p e r —

‘~ e ‘n i n ~ - EL ~uoe ~s ~ tc ~ ~iu i~. be-
s s - n -c ~L: Is cC i- -s - u~lc c-c I tier- -an gie the tuhen:. - lin c-ce c-na cr-tried

- i i  1 c - u-- c - - c -  nc- c- - - - n - . te t h r o ugh  the  tubes  it r c a i n n t - n l n s  the
c - i c  1 ~-a in -n :‘Iusi I s -mte s-uisl 1-a con t inn oc i s ie;- -t - s u t - c a r iss is a c —

~ s u q n e  er I o:~ u e r - - ~ or i r r th

c m i 1 — sl I is-~ us ac-i  ‘s u c-  — no Ic-c m ,
i)~~~~ ?~ tons -n “cc Un e abc-liLy t m s - a ~~e oil- i cr

:::i:-: c - ’n e - e s-m ~ii-s- c’e-c - a nn - s - es  3 - -m d  9) .

rs- ic--s - ss- n’ec-cnit sass- -ly, l u l L- i n i  exclor a ton -y  tes ts  on the
o: 1— i in : ia :-n  c - t ons  t c - c s n m n :-lU e s u m s - re  cc- cs -ta ct - c- s by S it s - l i :  -a - I - l o n g ,

n e - - c c-es c~ : : cec l f i c :mn : ou r n t s  of I~ cc-- rs r ( - -hi c - i s  is a highly
c - a c - i n - n i .  :- .- in i - c - e tm- c- s -u - i c -r im oii~ to t in -s cl n c - alrs t i - c- fluid. All
o a : 1

~~~ 
1 _ _ en e -~er_ r ~n r th ion

c--s- P m- ( - : i c - i n  the  s-sore s s - i n a r - r c t e n i m : t i r s s d e s c r i b e s  -ca - - L i - s - u - ) - sr nul
ce:: - r-es::are ann-c -- ve loci ty  s-s --crc - c- sc - c - sc s t i vc - i cr C) . 3 5 :

I l a  ~~~ T 
~ 

— C t - ‘ s  ‘t c ~ ur’
al s-na  Su ss- I s-nu n ruin 1m - cd -uS  t c - n s n t _ s - o m r c - e nt :r - - r t i ua r. c-sc- i-s- . ti n-s m i  —
t i m ] ~ c a n - r u s s - a t e  f l ux  r u t s  1,77 Ar/ — im y. 1-D inius  :uc - -s -— i . u lf Iso :m t’

s - i s : - :  im -Ti ls’c n-neei to -
- -5 1cuO~~- i ay .  At t h i s  :~ tI: -00 5

i.. i t m- us- or --a s- :-:an: a I l - - i  to s - i s : -  s-Tel L arch . s: i c - s i s s m s - n : t : : i : m~~ i
a bo u t  sec-ac Cite: --: ( 2  g al .  s - m i -:) of - ; s s t e .  -- - l a c - i v a t y - s l o  a:’
a Ti suecT C o m m  L i c- iu c-:I ass- u s c - F- ’ -ate L -b :r:s - c sI j ;- l n s  t u b e - : . Tim e bilk
of’ aIm- os-L i s - u - m n :  r’ -stci rs- m l  -ui c hI ns t i e s  slim : L s t i n _ g f I n s - :  - m e l  tin s
-s-- s c - t i  ‘Ie~t ts r - - n e c  of u - l i tie-nt s r - n ’ s a r s c -n 1 m m  t i ne -  n - c  c - c - I t o  s e p —
l i s t - :  i out  e m i l y  -u-n s t a n -j i m a ; ,  The t e s t  - n : ’  c c : s i i - n - - l t ’- l r - r

C 0 r 1h Ii tuer n ! i t  um on of a I in t n i l
s- f lu x  n u n s  : n h j : - t n t  1 e c -  ~ A m :S - c l a y .

s-c- ft -er tine tm ti-m i test , :1 more eec -sn u - c -h e r :  c; lye  t est  u — s S
un m i -  c - sk i rm I n the  u S s r i : ’ teunt : — rson cemnti’ ri Us - me ss s- son i c- The U-aol ;  n-s--u n:
P u - c ’ s - t n  w i c h  ‘n :e i ; - ;Uur - - of c u l t ! ut-Un: of’ U l n e  n -a -ste  ‘ mrs - i  r u - s ir .
l i i - :  t (-rn i; u n o t i t i r i u e r t  ;m o o t h i . y  and in u r m  u r c - i r : t o r : - u i r -L n - 1 fc::Iuiorr

• t’oi’ f o r t y — . no n  h c u i t ’ : m . Tine f i n i n i  ni- u -a - ‘ c - c  f l -u ; - :  ui : ;  237 1 1ei —

-1 - n y.
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HYDRONAUT ICS , INCOR PORATE D

sC ~s - r m : m u : r s - t i ’ i t~iOfl t e : :t :r  n- s-cs-re -u sa car r ied  out in t i n - o i l —
f I n s - i - i l  sc-s i s : u - : I n n . These i - s t c -  u-s-re c an - i c - u i  out  on 6 te s s:  L . D .
I :~

- l on n  c -ub e :  -s - i tie a ru -u -~s- : s t r u e t m u n ’ a n’-Imi  t ar  to that or ’ 9 mm
I .  D. tubes . Tine r e s u l t :;  of  orn ~s- of’ the t e s t s  Is : ho:-::i in F i g—
are  11) . T li ns t e st  n - : m : r  P ’ s - c u - i t :  n-s- i th a m e l  s- stu n ’ s of 3.8 l i c - m i n ;  of
n - s - n c - C e  a: 1 3. 13 I i  t c u ’c -~ or  f m ~op: ir .  As shown i n n  F igure 10 , the
i n i tI a l  ‘ t m u x  u s u r :  l , l e n  ?- /uus — i n v .  F- ’or t ln n : i iir : : t  m c n - : - : m s t j  in j n i~s
‘- b c  t e s t  n- . - n 5 i ’ ~~ ad out ins a conn t - s r I t — c o n c a n t r a t i s s m i  r rs us - ie ;
ch a t  i s , cm -: -m a t e  n-: : mu cn -:: i s--: - i .i unto thu i’ s - n c - - I  r a r e r  s -n i  r
Tinaun cem ’ou -t ic , cs- inn s t e st  co :st~ m mn m - -I i r s  n bm n cch — m n crs c- e :ntr ’nu t on n:mo-Ie ;
:ch:r t c-s, c- :nc pen -n un- s :m c-c- - - . u: coi l  usCs -  ti-s-i m: - su - - - m r - m tely. At’tes t w e n t y —
c-si x inourS  of - n o n c t l n u o u s  o r s e u i t i c : t n .  1, ,-d l) i s - i  1111 i t em  - ‘I p en ’ —
rn -s U-c in -nd b erm COils c- ed  ass-i t ine  f L u x  :-::is 224 -~ /re2 — i  ny. At
ti- is sso int ti n s - tes U c - s - ms I ins -s -s-st I u m n : u i  . f l u -r o e  t h e  vol c-sea of the
n- :ast e  -m t the  st r r c’c- of c-he test - - . a about 3 . 8 lIter-c , tine de—

sess of le ;- :a t - : s in ,; sm c :ui eyed n-i -u s about fo r ty  percent .

Another test -run: conducted in a s l ight ly  d i f f e r e n t  ope n - c r -
c - I c c - n-s- i c-Sc--IC . lE’rn i n’ mole I n s -  s i::nilar to the const an t - -cairns-a mode
10555 - b - c -- :I e t c - i T -sc , is-ut i n a n e  oil  ins - a dded  cont inuously  to the 

-c: ul -n~sim: : dl- . i d  to rep t -r oe c-h c nears-nc-ate that is withdrawn .
linu s . c-sun ‘coins-co of s -ne m stes  in the c i rcu la t ing  f lu id  ecent lnu-

4 -a ccsiy r i e c r e r : s e -n ( :mns -I it s  concentr at ion  i n c r e a s e s)  even though

I ‘ tie-a t u ss n i c- -u- -l ure-c of t in -s c i r cu l a t i ng  f lu id  remains c o nst a n t .
ifime r - ns ult s  of u s -m Is test  are c-hc -i-s -~ in Ciigure  11. The tes t  s-s -as

.- :ith cr rsl:-:ture of 3 .7  l i t e r s  e-ecb of the w a s t e  and the
c- I l .  c-f - c - - a t :  f on - s s -y -Ln -; o hours  of opera t ion , 3, 280 mi l l i l i t e r s  of 

: : - : st e  i n n - i  been rer :sov-s--i fcc -rn the syc terms - . Thus , tin s degree
of i s s - : -m t s - - c i n o  r -: cn s -civc i s t y— s c v e n  percent ! De ta i l s  of the f l ux
n u - r n c o r i t - r r : i c - : n  h i st o r i c- n : a n-c slion -un in Figure 11.

Tine t e s t s  desc r ibe d above d e m o n s t r a t e  that  the o i l—
f’1c-n:i -i i . sa t c - : n . :-uin e n cus:cil r n u n r i  ‘- s - i t-h lC c-u-RO PIR :-l f i l t r a t i o n , is a

sw- sf ’cc l  U- s - cbs -n i  - c - n e f an ’  - t e . - - s -a t o r i r c g  the - i l  I f ic ult  th : L x o tr o n i c
s l u ic e s :  of’ the t I m e of c socemn here .

-h 1l c-c-s- lisle Tests

.‘ :: r di s :nt i a:c:-i e ar l I n  n- , one of the o b j e c tiv e s of is is-s n r c —
cos T -

- c - i - iv  w a s  to n r c  rh ai c- a cu - m a c n c - ca  ted clari s-Ce u - c - Lag IA I)i~O
CTP - l U mbe r ; -nsi -i tc- : u n c - c - m s s  t I r e  f ea s i b i lit y  of ’  f ’sscc-h en’ - l n w a t e r —

c-h i  s - si ’s- C- a U n: Lag t im  - c - t i - - un - - u~~ d u - e emn f i e l d  Process . For
p 5 m m - n  s c  a .;  IIYD 1IC P1-1 11-I module s  n-s -c u~c- u :uc l to con—

- s - s u n  U n - - i c - c  t h e  rmesa i r ! t er  of the 207 li t er - i rum of n- r am ; l , i- feed
- s SIsaL in - u i been c - b t m j  tn - -i f ’ s-o s-n the p u s - m - t - u b i e — t o i i e t  o p e r a t o r .

t-Tslu le  I
iI uenbus r  of t ubes :  7
Tube l.D. : 0.9 cm

-

- 
i - k u t - s r l a l :  Nylon
A c t i v e  s C u m f : n e e  area : 736.3 cm 2

- i o u liilc - length: )
~5. 72  cm

ieo i u: te OD: 6 .03  cm
-21- 
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HYDRONAUTICS , INCORP ORATED

DO u l ij i c -  II
i :u m m b e r  of’ tubes: 7
Tube I.D.: 0.9 cm
:- : - .~ t e r i ai .• Dill on
A ct i v e  sur f a ss e  ar ~ssn : 11P177 cm2

-iodule l eng th :  121 . 92 cm
ilodu le  OD: 6. 03 C i i

A s -  roi ntes.i out ea r  Li a ~
‘ , 2 h em ;c  cs - m m ste s - s c o u n t - n e  mm ci abou t  1. 5;~sol 1 1:: in n-s -rn U-ar to s -u i ich a cs - n o rm si et:n ry mu scm: ’s-rva t i ve  m s - on ta -in - -

i n  su- oi:ne o il  - m d  do- - sun - n i -  i s - shy- ic  In -md been rs id e s-i . Ii; ci so con—
t n i sn e 1 u gm -eon dyer Ti ne t e s t  n -s - - m s conduc ted  in co rns - tun t -volu rne ms-o le a n I  began
:-s- i t in a m i xt u r e  of e 4 u - m i  — / o iuj n n os  c-f the ns- a c t e  and I sopar  (abou t
15 li t- ass e a c h ) .  li i asn r s -u - stem pe ru -sands -ed out through the H YDR O —
Ch IT: tube w a l l ,  and t ine op erat or  added ic-ore of the n- iastes to
ti ne s - e c - - s - r v o i r  dc -c-en t -In :so to t ime so as to keen the reservoi r
vo]u- nr ss ( simm-i  o i l / s -u- s -te a  r a t i o )  c o n s t a n t .  This ope ra t ion  was
ccmn t~~neia-s I u :st i  i the em n t i r e  irus -sn h:nd been add e d  ac-n- si -an equ icr —
c r l e r n t a: :nouen u- of fi lt e  rod sor ter  co l lec ted, leaving -rbout 30
C i t e m ’s  of t in-a  o i l — m s - i s - n - l y e  s;sl:-:ture in the ho ]  i c -n y  r en ;e s - - ; o i r .

4 heyc- m r-  I s i m :  no c-n c-  t lne  f i le r s  c-ion n-s-a s cont inued in a b a t c h —
- s-s - os -u -cu’ ; s S t i  c-m n nsa -i c.  :s- s-ue -~u s-r - SIS c-ice di 1 t r rrt ion  ps-sa cs- -c- c -LI  and
the  :‘- e c - s r v -u - i c  le— se l boe: sm n to f a l l , the ec ix tu r e  gelleel s-athc r
ab s u t t l y  c-u- u-s-c- ama -s-nsnm s--cseso- able residue

me gelle-J r e s i - lue  n -s - as sssr ar ed  out of the r e s s u - - z o u r ,
ic -mu-a s-i 151 :s n-:-lyethyiene c-rrboy, and s i s i n n e s - ni to the Deiny i ro —

- u s - s m  c-c-ceo-i--s tic-n for rn n-nlysris and fiscal :cc :atcscin- - -sy the
I s u-c e ! — -C ~e iaf1~ i-i P r a m s - c c - s .  Tin :n U phase of :s -h ic - n -o s - h  is dec  —

s - sr  i .h e d  Isa fec  t ion UT . 5 be low.

Thc-s us- c ar s- s- sate :-s~s rss t t i r n - s - d at I1YDRJDAI JTICS , I c - sco rn - o ra t ed
l o u -  c-mna ]a- mni I s : , un-i  a nan - -mr s - ic  s- , -s s fo r- -u - n a i ad is-a D a i s - v - I r a  —Tech

nan 1 n cc c m s- r i on s-th  the
o r - - ’ - - imn -n l n- - a r - t e s s - - s t - s r . lbs-s Dci: : - I , c -  r r i .c c - s -n isi ms i i r ’  arc  d i s c u s s —

— : c on 7 i~ in I) u
~~ r ml z ~e ~ ‘ole  of

c - I s - :  -j ul g i . : ic - m I. s - s - n c -  :s-:a~ss t ’a u - n - s - c - m n : -n l s o  f one i -mses i -c~i to De In s- ;- is’o—Tec h
for  - n m n a l j s  inn -s - r n - i cc-c-cr-a s - i  son wC~ t in c - i l-S o ther  two ms- nc -n o Lo s

I c - n i l e  a i c c t - s i i c . I  srs-s igcs’ is of the i-ens -ma l t s  will  be de—
O5 ’ s: i t i l l  i - s t e m - , it  is r e T - a v an t  to no te  here that  the to t a l

-;rs- ls - m r r i~s of s-: - n : ; U e  t r e a t ed  s- - l 1c5 l it  - a r m s , The volume of n c - a —
nr a c  c-un sm-: o’-as -u I an m u 162 1 1. c- c i-s . l inu s , Is - i m e u legree of m i s - s -s - n t r u r —

c-s - ~ e ’ce c-i  ley J D DR0I~ - lI-I r~ lone ;-zas 77. ic-,.

--h~~ nc - n- :  (~-s n-vns r — i r enamsFLei - -I Process

T im ’: 0-a : i c e m — c i r o - : t m  f ie l d  Process  is -n t e - : h n m  I ‘u-a for the
In L y l s  lgr e f t ’ L u n  l e n t  removal of c’-mter by c - v r mpo ” a  Lion w i t h o u t the

-22- 
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HYDRONAUT ICS , I N C O R P O R A T E D

problems of thickening and scaling that  are often encountered
in s impler  techniques . A mete red  quant : i ty  of f l u id ims - ing  oil
c - sI u u dd ed to Is-he feed solution , slu r r y  or -sludge ; and the mix—
i s - mi re  is p suss -so d through a series of mul t i p c - e — eft ’ect , fa i ling-
s - I .  1 c-I u - v - m o o r-.ntor s  where the n-i -c -tar  is evaporates-i , 1 em mvi ng  the
so l i m i s  suspended in tine oil ass  c-u f lu id  c-slurry . The oil is
tb - sun sep ar ated  from the dry solids in rn cen t r i fu g - -and re-
c - c - s - c c - n e d  to the fec-si t-ank for rouse ,

One of the b c-nc - s of most direct-  c o n tac t  - n m a:i  heated sur-
face ev-snor sntors is the fouls-ion s- ; of’ int nm - i.or surfaces by the
n m - s - e l s a  U -n Is-ion and cubing of sec-arc-nti n s--I :nms-:I/or decom posing
so lutes; r in d  one of the major  l imn s i t a t ion- :  of any c o n c e n t r a t ion

-us - f i lt r -r n t i on  process is the Lh. i .c k en c-tng— often -to the c - o L n ts- of
:- :n i l a t i on — o f  the feed stream that  occurs as the f lu id iz ing

i qui i is removed — mnd the concent ra t ion  of suspended sol ids
m i s s e s .  It is not unusual  for organic  s lurr ies  such as sen-ra ge
sludges to became too thick to pum p at solid loadings  of 3~%a n n u l  to become qu as i - so l id s  at loading s of 6~ . suci~ colloidal
neyc t e mr n s cc-n be fur ther  dew-atered only n-s -ith great di f f i c u l t y
ins devices  such as cen t r i fuges  or p res su re  or vacuum f i l t e r s.

In the - f ’-mcver-Lre enf ie ld  Process , the added fiu s-L Iizing
o i l  c an t u s - -as the rmrecic i ta t ing  solids and keeps them ic-n freely-

- 

‘ 
cLacul-utinru suspension. It even fluidizes such intractable

- : ‘mut enes c- mu’ u ’s-he nossssa i ly—un punsc ---c-ble quas i—gels  fa ces-ad by a c -t i—
-u - - n c - cc - i  c- ic - is -lye sol ids  -and wa ls-ec - ’, arms -i a c t i v a t e d  slu- ige  is r ead i ly
i - s : s - :m t e r e m i  sac - i  the n- -cry to dryness in a Carv er -Greenf i e id  un i t .
Lii i-s e the aqueous case , tbe oil-solids-s  slurries are readi ly

s - a o sm r a t e - i  by simp le f i l t r a t i o n  or centcsi fuga t ion  to give dry,
c-’ sccv ers - s-I  sol ids  and clean f lu ids.

The HYD 1ROPIIPi --i residue , consis t ing of a s t i f f  o i l - w a t e r
n : r u l s ian , n- - c - a  f ia st  a n a l y z e d  s-in a g l a ns -u-s - c -c r c -  unit simulative
of ’ u f i a ll-scale  C-nrv nc r- -Greenn t’ield unit. In this -analytical
n m - a c e - l u r e , a sarnp l-s of the ran-,’ feed is m :ni.x ra - -1 i-u- _i _ isis toluene in
55 I i is- I . h a t  Con  fl-ask ;  -sac -i l a m u m I s - s i s - u r e  of’ wsmter s-sc-c s-I toluene is

- l C : ;tj l T e -l  o f f  s u n s - i  cos -’ smi en se - i  us-nt il no more s- s-etc-c c -s - s -m s -n e c - over ,
4 ‘U s - r e  L o l u - s m m e  is c - r i d s - s - - i  f ro m  ties-a to is- is-sic if s i c -c c - s ca r y. The

‘- : iu eun cs s : ’ e I n a i r m i r i y  in the  f l ask  i-a then n:crs-arated from the
soT rs - - nn :n i sa c-ny the  the f l ask , and the toluene is evaporate -II - -c - d s - ’yn -s .- sns  . A ll  c-moun t s  are n - r e i y h - -i .  This gives the c-mount

ad  e - ; -mno r ab  t o  w a t e r  in the feed , the amount of o i l - so luble
u - - a s i c - s -c- ( i t s - u - s h y s - s m i l ed  “ f — i t s  -and oils’ ) ,  -and the amount of
u - i  i — i r n : o l u b h s - :  n n s -rs i I r m a  ( u s u al  l:,r c -n i l e - i  ‘ nonfa t c-o l d- i s ” ) . In
‘ I s - C  cuss ’-  of ’  dc - c -n ec -t i c  s - s m - c - ayes , the “ r m o n f - s t  sol.i d c -n ” -are l a r g e —
l y  c e l l ulo se  t i b e t - sn f rom s - l i  c - i n t egr a t e d  u - a r ’ c s r ;  and the “ f a t s

1 m m  1 o i l s ” sure  rm c om p l e x  m i x t u r e  of invol-it i l e  n-a I;ui’a i l iquids
such an -n n s - c - ;t s - ers  - m n - i  low molecu 1ai ’ -~- ; e i g h L  f a t s .

- ‘
~ The IIYDRO PE II-I r e s idu e  c a n t - m i ned a m a j o r  amount of Icopar

since lc -op sum r wins sulc ie d in the fi l t rat i o n  step, and the Ic-op-ar
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HYDRONA UTICS , I N C O R P O R A T ED

cont ent was also measured .  The result:ing analyses were as
follows:

IIYDROP ERM
Concen t rate

pH 8.1

n-c- ri t ar  31,0

~ 
Isopar 66 .7

~ to ta l  solids 2 .3 -I-
~~~ “ nonfat  solids” 1 .69
~ “fats and oils” 0.65

A tc-c-t on the HYDROPED s- residue was also conducted in the
s- tsrver-mdroenfield ailot -plant in Nc-st Hanover , lIen— c- Jersey,
s-uh ici n  is a single—stage , vertical, falling-film evaporator
:-nith a sso c i a t e d  fe-s-sd and c - mix i ng t :nnak s , c i rcu la t ing  pump s ,
vc-u m s- c - :-’ chambe r , collection vessels , centrifuge and the like .
It  is s- il lus t ra te-s i  ic-n the sehenn at ic  f low diagram shown in

I - -- ‘sc-u s - un 12 ama-i tins-s o-cneral photo shown in FIgure 13. It has
- 4 a s- san m - s s - i c -~u- of apnrc-o-s immnately 6.8 - 15.5 kg of n - s-n ter  evaporated

r a y -  c-sour I cu-neuc lisa us ari tine char-s-ncteristics of the feed .  It
is s-cot  -i n s - i u ’ :m s i  f a n -  in iy h  e f f i c i enc i e s  or t h r o u g hou t ; but
n - c - t i n e s I - a’ esnsc-m nsts-at ions -u-f feasibility, screens-dog f o r  un—
exrs - -act e: I  m l f f i c ul t i e s  sans -i the g a t h e r i n g  of engineering data
s- s-c - in c -u- yields , he-at t r a n s f e r  ra tes , and the like .

Tine s- :crs ’s-e-s--a t ar  concentra te  resao ied from the IIYD ROPER 1M
- mmcci n i s i mm m ns - a - l to his-inc--lao—Tech Ocrus-orsarion n—c-eigherl 10 kg

( s r  s-ro:-s:s:s- rt’niy Ic-u s’ s - ’ sc - i i a sa s )  ‘ m d  ‘s-os-n ss- snined 6.6 ks-n of Isopar
be en ~sa s - n  the ‘hRO F N tee , leaving only 3 32

i-n y c -
- 5 5  u-u-u-s: c- s-a rc-sale . This is much too ms -mal l  a S u s - u l l i c -  for pro—

m r - s r  C- m s - C r  u s t i o n  of tb-a h-s- m s-nave u e liot p l a n t ;  consequent ly,  the
s- -c - : :ul In s  ob ta in -s- i are  yen r -al r ath :- (s-h ams d e ta il e d .  ~ ne c-i tua—

-u -m n mu ’ r e scue-f , }nos-:ever , by the f ac t  tha t  the n -s -nnstewa ter
I -~ - n i  i’s--n is s-so simi lar  to other  residues which have been proc-

- - n :: :~ i n s  l a rg e as-n c-m u - s i t s  t h a t  cu :-rr cpari -aon s and exti- - - mrs - c-i-c-tions
nsa ac-s- i u~0 -u-s-slid.

A total of O .l-3 kg of nonvoismtiles w-as recovered from the
Lot n c-nt  run , a ~s es - s -n c - s i c - re - i  to 0.23 1-ri , rc-- I ic te s- i  f rom the

mr c -ul; :iLi s s -iS i i - mUm ~0.17 kg of nonfa t s c - i c -n c -  and 0.06 1-cy of fats-
as.  i — s - u l l s )  . 1n - u - i - c - n- c - of tine irm ’ndes -m ’a:stc Si  ze of the  s a m p le , Is-his

:00 i - n g s - ’ s e n n u e r n t .  The p i lo t  m : i - s - m a i t  no r m s u a l l y  leave s a trace of
in time rms-m cs-ove renl s-sc-liars for dus t  control , lU s I  thi s can

- - - c - s r i  ly ua-s-c ’ant fan ’  t ine extra 0.05 bun . None of ti ne predicted
O.O U mn~- ~ f f a t r s — ~n m n i — o j l c -  ‘~c--cr s  r - ’sco ’j erruc i b a a - s u n s - a  the vary small
:urr ~ou n1 L — o s - -u I y  -about  65 ml!  — w a s  ms- c-c-c-n y i_c-st on the i nt e rna l

in r ; uu ’f -c - ice s  of the p i lo t  p l an t  and in the volume of c i rcu lat ing

_2 11. _ 
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Isopat’ . As note-U above, imnuch larger samples are required for
ope n’ m mt i Of l i3  sc-n good yield s-- . Never theless , tine ec-sentir-lly
q u - m m m t u i  t at ve u-cco ver--/ of the nonfa t  solids , coupled wi th  the
fami L i ar i t y  of the c-rumple type and the demons im-s ited  ic-c-k of
m m n er r n r e s t e d  p r o b t € s - u m m s , makes  this test ran a sc-t i c - fac to ry  one .

The recovered nonfat  sol id-a consis ted of’ a f l u f f y, fibr-
ous , I ~- ;in t — y r a y  in n -a c- mu ’ s c - t i n  ve ry l i t t l e  odor.  It wa s - a n — c - a m - c - n t —
ly us - s m a - m s - ts- i c-m i ly ereliu l a n n e d ie -c-c s  dro ss-n ~ii s in t  egrated paper , and
s-s-cs-ui - i be expected to 11:50-c- -n duel value on the order of 1,990
i-~C c - t , based on ext ers rs i ve experience with other , similar resi-
dues .

hfi th the sole reset -or at ion  that  the sc-mole size w-i s too
ms - c - mal l  to give goon recovery of “ fat s - and -o i l s” in the pilot
p lant , this was an ent ir -cly  s a t i s f a c t o r y  demn son t ra tion . No
on-erational  problems n-s-ore encountered , c-nd ~he recovered non-
Ic-st solids were in good ac-reement w i t h  analytical predictions.
Alt in ous - - :h  this process co -u -i s-I  t echnical ly  ope m -ute  in the fi e ld
n-n ith out  d i f f i c u l t y ,  the economics of the system size prohibit
i ts  applicat ion .

Ass ;um ing a typ ical , mu l t i p l e - e f f e c t  Carver-Greenfie ld
‘u -i c -n t  and recovery of the Isocar , the d e ln y f r a t i o n  process
s-c-on l-: be energet ic-al ly  self - sus ta in ing . Self -s-sust a inment  re-
quires a feed solids content  of u sonrox ic -cat e ly  6 i- it-~~ of which
70~ is 5,550 m: ca l / k g  fuel  value c-nr n te r i a l , for  a net fuel con-
tent of 233 I-~cal/ 1-rg as comp ared ta- -u net fuel content of thi s
s-s- -n -a U s-s-- s-rater residue (ex I so osar )  of 330 hc s i in ’i-c-y . As a ms - - ac -nc - t i c - al
c -m a t t e r , however , one s-c-ould ms-ever consider bc -sl iding a multiple-
odds-n —u ’ t harver-Gm-e-cnfielci olant for -such a snss :nll was te  stream
( g 5 veuc s-m s i ,o6i l i t e rs  of s-nas tewater  per d a y) ;  the css r s- i ta l
i n n — s - e n s  ten s -sc-n t would be too la rge .

Of course , the resul ts-sot  I-I YLROIL RI-i res idue emulsion con—
t a l c - s i s s y  a large f r ac t ion  of oil is directly burnable ;--‘ithout
-soy f u r t h e r  n r occ sei r i y  or -ic-hydrat ion;  and thu t  would be the
rec osss-eeu -n - ieci di sposal  method .

~vh6 A- ss ~1y es of the huSs -- - c - r m t n ’ a t e  aims -i Pc -m r s-n e c -c -c  : - 5 -c- mp les

+ 
- 

ins alre—md y ms-antione I, the permeate  in all of the t e s t s
c c - n m nu u a te - i s-luring tine pre n-u e u t stung ’s--c-re found to be t o t a l ly

-
~ fr-s- n of m us t s - c c -ms - i-s -mi c-oh i-s . ‘[‘h’c- t o c - - u l  so ’s c - d c - :  in the earn s-s-ate

(c - ic t i ni s c a i n e , - - m i s - s o eq ’n :n i to the diss - sol os -mi s-s-oh is-is ) i-ringed
f m - u - c - i  0.37 to o.h5 u s - o r c e n t .  iiince she tot:m l s- so l ids  of the
is - s - i  L i i i  feed rartye’c-l fm’cm 1.23 to 1. 6 -srcent  (of  whi ch —about
0.)t3 n e r c e nt  ‘- s- c- s s -u - a c - - ended  solids), the ‘above results would

n to ind ic sn te that (Ins - n IiYP Rhic - -~R - I  tubes c- i s :o d i sp layed
-a s i g u n i  Ii i c c -n t  r e j ec t ion  fan- the d issolved so l ids!

in
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However , a puzzling aspect  of the resul ts  was -also that
the to t s- a l  sol id-a  in the concent r - sn te s  did not increase in the
expected manner . For example , in the test  nn ln owui  iii Fi, pu -r e 9,
e igh t y  percent  dc-water ing  of the o n - c - y i n - a l feed  was  a :i n I eyed ,
so that  a f i v e — f o l d  increase  in the n s u s n e n - I e d  s-solids c-lone
saul-I be ex o e c t u n s -  (or  5 x 0,~i3 2. 15 p e r c e n t) .  Howeve r , an
- n mm rs l vs - s - in s  of the  t o ta l  solids in tine f ’s rn -n i concentrate :ss-ielded
only 1. O1 p eru - s - u is -cs ! Such mat e r i a l  imba lances  m i n d the - ‘  n i l  sap—
p-s- -- n r r l u i c e ” bf so Is -c -dc - vie-re a rule s-in the pre ss- s -n t  t e s t s .  Be-
ss- - n sns e  of the i n —  I ep th  n at ur e  of IIYDRO fl-dP i f i l t r a t i o n  -and a lso
b-s -cau se  of the filt e r  cake that  forms along the tube n-uall s ,
i t can be p o s t u L a t e d  tha t  sonic of the solids arc “ los t” ei ther
in t o  the s-s-all s t ruc ture  or into -the f i l t e r  cake . However ,
t i n i s  n oss - tu late  -st one is i n s u f f i c i e n t  to expla in  away the sig—
n L 1 ’c - s s - t s n t  n m : s o c - l a s n c e s  not e - sI  in the t es t s , so that  some addi-
t ion -a l as-sniansa tu on in necessary . It can be sp eculated that
the m I s  mu’ c -ny sol ids were vo la t i l i zed  and/or oxid ized  during the
r ’rolonc-c-s-- i ae ra t ion  and ag :Ltss-utio h that takes p lace in the test
ic-op ss- • It s imoni d  be note s-I  t ha t  ty ni c a lly ,  depending on the
ci rcul:n ti rs-g veloci ty,  the entire -ro lum e of n -s -- c -st e -s in the t e s t —
loop m -e s cr v o i r n s~ used in the present  study are circulated
through  the IIY DR OPE RI-I t ubes  once every one to three minutes .

- 

- 
h-h-c-liar c-sa ss imbalances n-s -era also found in the deta i led

- sc - n c - i c - c - e s -  tha t  u-are carr ied  out by Dehydro-Tech Corporat ion on
s-h em HIDdOPdRh concentrate fr an c -  tho module runs . Th e follow-
: r m ~~ s i et -n i led  as-n sn lyses  c-sad inspect ions were obtained on the
c - c - 5s -  f-s- s 1 , the HYDROPLRh pe rm ea te  -c-nd the IIYDROPhIP I concentrate .
he ns -c -s - s -- u s  I on ’ a b r s n~~ve’i v a l u e s  c-re sham-s -u s in bold face typ e , as-
s- c-c-sn -n-i vs-s lu -a s a res shown in paren theses , and calculated values

• s r -c  ms - bc - s - s - u s  ic-n cusos-tatio ss ma rks .

R aw Feed Permeate Ccncentra t e
is-Ft 6 .oo — 8.1
ic-ters 165.09 ( 161.98) 15.16
ii  l o y r c - n t sn ;  “ l6~i .73 ” “ 161.63” 9 .98

i t -  ~ s-s-s U e r “ 9s-3 .62 ’  “ 99 i~3” 31.0
;~c- ,~ Ic -c-ear 0 0 66 .7
i-:t-~ Tot-u l holids 1.38 0.57 2 . 34
‘i t— d-s-sJ ’c-t  fo i l s - I s 0.93 — 1 .69
;.h- —~ - ‘c - st r ;— - ns n ]—Oiis O jl-5 — 0.65

I - c - g s c - n : : s  doll is n c - u - i c .  “2 .27 ’ “0.9 1 ’ “ 0.23”
m h  lD im ~

- um r mss h- nsov-crecl — — 0.17

In
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HYDRONAUTICS , I N C O R P O R A T E D

fsg nin , the most signi f i can t  feature  of the above data is
tha t ap p m ’ o xi ur n u t e l y  1.13 kg of the in i t ia l  2. 27 kg of dissolved
and s ; u m s - n p s s m n d e c l  sol i d s  a p p e a r  to have dis c -ms -p c-s m sc-sd - b r  i c-ny the f i l —
t r a t i o m i  n rc - ce -c - s. The exact  amount is un i-c -no n -~c-n bee -c -use  not all
of t I n e  con c ern t r c -t e  was recovered and s - - : e i y ino - t :  there h u b  to be

ommm - -s a nn  i -ac - ic -h i -u -  its oun t held up inside the I1 ’tflIiOFmr RI-i m o d u l e  and
in t i n - s  n r c - u - L u g  (be -c r c -u se  of’ tine n ’ s the r c-b r unt  y c - n i l i m n y  descr ibed

h - a n  ( s - I on V. ~i )  . But no conce ivable  amoun t of ho ldun  cou ld
sns - cs - nu nt for tb-em observes-i anproxlusestely 50/ loss , so ther -e has
to be a n nn - sjo r  Jh m s m n o p e a r a r i c e  mechanism . It c - m n  only be spec-
ulated tb-n t tb-c- m n iu ;n oi t ne- ;  n c m l n e r i a i  n -s - sn - a voia t il ized—s s-erhaps with
o s - m s - i da t i c-n—- dur ing  the prolonged , s - c - us tensive aera t ion  associated
s- rs -Lth cc -r cu la t ion  through the H~DRO2ERM moduie *.

It might be pointed out that the 0.17 kg of solids re-
cove s-a d fcc-sn the concentra te  is a c t u a l l y  in good agreement
s-s - it l n ( s - i sa 0. 2~-i- kg p r ed i c t ed  from analy t ica l  s tudies . The 0. 23

cc-sa c - m i s t s  of 0. i6 kg of in so lub le  solids p lus  0.06 kg of
I c - u - n - s n --soluble oily m :satei’ i -uis - . The re-cove r e -n I  ma t e -n - i c - i  in—
110 s - - c - m u g  c o nsi s t s  of’ the inc-soluble s-no l i d s  wi th  perhaps a trace
of Is-soc-c-mm sin-i /o r soluble oils left on them, and o .i6 pius-a-
l i t t l e  is in goo - i  — n gm - e e m n nc mn t  n- :ith 0.17.

4 in c-si -s- .-: of ’ ti n s - n f- m c-s t ( s-h - i t  save s--c-i d i f f e r en t t e s t s  a t  two
Isc ie s  - - s s m  c-as-c t i c - c - c - n- -S  s - o s - ’ -~n~ c-s- c-s-s--s-n r iLe I 1 - c - s - I e s s ent i a ll y  the s-c-me
n, ‘-u- its - . nt n c - - c - s - s - s  h i gh ly  5 s c m  I h -c-ely c-h- s t t h ese  could be any
c n n ’ s - m n ;  i nn tb-a -u s u - il ys -n- s s , l inu s  th-s-r -- l i n s -s - mn u -~~arance  of the Soij i l S

- 
- sn ~ -

- c - c -  b - n a - a s - e n - t e n  at  s - - m c a  c- -c-hue, s m i t h  c- -s-la c-i l i z - c - t i  c-n cl U e - to
-nec -s c- ’ s - m s sac-c- a - s- i s - c at i o n  b - s  lana tic-c U - -n ’- ss 1; Lye naxciana Lion . We
- a - u s c - . -:- -s - s-s- s L e t  u s - o  sa t in s- :  ous-~ t hu-s t sic - linus - s c- u’ c - s m - s - - u -i I b~a fel.t at
- 

- - u - - c : s - - : -s- s- r - ssnce o f  b c -h  I nc-f c-his fee-ins-tock . The object of
c .~e i to ~‘nt  r~~d c-V ~~~

-‘ 1€. ~o k , m n ~ i t s
-.-u - l u r -;c-n -g h i s s - - n u t s -ec-nrance s- c - s to be -c - n e - s - ms-s un t e d  s m i t h  pleasui-e !

7 5s - t u x  keg -c- s-aerat ion

7 t s- s - sm s in s-s-s Ls ~ i s- s - s I out en s - - i  her t b —n U its - s c - i ks-s tim soc-as-in—flow fil —
‘ I t ’  - c - - , s - s - ro s s— fl-as-: f-i ) trc (iofl provides an -m bs - Lhi ty (n o o~s- - :rrate

- s-n-. -c- ms- n:- m d i  ills-f qua s - s i — m s t - c - s a n l y  st at e  fa s - sin i on . ihever ~- i m s - s ] e ss ,
-dos- s - u  is: , is - s  a - c - sn - cr - s - mi , a s I on-: flux n i - s - s-s Line clue to the b c-n i ldup
o n ’ a L i m b s  c - nh -a  h - c - g e m ’  nex t  to the tube s--s- -ails . I -lore-over , since

mj a f s - X i i c t  amount of v o i -n t i l i z sn t i s - s m n  tha t  c— m n occur in an
c - c c - t u r n  I p i l o t  or  P r o  s- s - o t s - in e  p l c - t m  U n-s - i 1) . s - s r u n ; u m u l  ubly irs-c-end on
( i x- r ’s-s 1. c - 5s - I c -~ r : v- s - s u i t m n i e s c -  of the I s n s - J - l i n y — t s m s k  v o l m i s n n e — n ’ r m t e  of
r-’ ts; p u m y  o t’ s-da’ s-s- n s-~ tes s- t i n  rough the lIIDii fl Pd hP-i te a - lu  len s , that
is s , on the ac--~c-m- m - m ~y:s m ’e r ~ i - l o n e - c  t Ime of ’ a p ’ir t i cle  wi th in
Li u- n im ~ 1 1 m u -- ( s - s- i s- uk b-s t ’c- s -c being reci rcula  ted

15 -27-
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I l Y I n i i n l h -I RiI inc ludes  some -c-spec Us of .i n— de c-t im filters , I..he uf’—
fs- ’ct ive  pore structure of the tubes sc-n .y .- - ;u -c - i i i s u h i y  eli-uun- ~ s-n s--~’ i t h
U I  s m - n due to the  i n t r usi o n  o~’ n — s - s - t i  cries in Is-he c - e s - s - - I n s  ‘,OISk into
time  tube  sn i n t r i x  . In a ts-/pica I Il l l m R oI - h-IR : - :  Lu s Is- s - i n  ;.m co m a s  t a n t —
c o t ne en t r at  ion mode - , the f l u x  usual  Ly leci.inec-; in tn-no m m
i s - i  L I n e  ILL s-si ; s L - n ~~e , t i n - flux declines c-c-H -i I s - ,’ t m ’ s - s - sm c - I s - s  h u . i .t lal

v-n I u s e  to sibomst fifty to s-s i s - -sty p e rc e n t  of t i c - m i - v — s - l u s - a  .-s- I thi n an
m u - u n -  or two . c-n t ine m s- c on - i  s t - n y c  the is-’ Li gn -’ s d u c - i y i C c - F m - c - s e - c -

a pe:- - e - u - - i  of se — i a s - - c - n i c - C t s c -  of i n c - u n ’s to c-m s h ue s ; s- s- u i c-li sire
c-sLy ss Von-i nercent  ic - s-s-c- i ’ tb- n c-n the value at tine end 01’ the f i r s t
S I~ 5 . ’ 5  In the t e s t s , U is u sc--a l s-c-a c Is-Ice o 

- ,  u - s - s - c- s - n e  the
f l i t s - :  to its initial vms -ic-u sn V s -s-er mu ne-r io- i  of c -nb c -ut  a l m s - S  — i n u m c - I r e d
icc-ar :;  o p o r s t L o m n  by F !  cle- nsi imn the tubes fe-n a b o u t  esi i s - m u s i c - I cy
n-s --s c-icc -, it l i - i s  be-en I c-un- I ( lc-o f e r - s -n n c e  11 ‘1 Is - l c -mt I s - h ue  f l u x  mac - u i  be
rn - n c - s c o r e d  ( s m s-f’ter each one - l ia rs -c -I re - i  hours of o n e-r a t i o n)  i s- c- i t s
i n i t i a l  value by c ir sn c - s l . a a im c g  through the tube - -a  for l s - t  minutes
a nub LI solution ce-nun I ma ims -u- rhosphoric acid. hin n i. IL sn r l.y, ‘- dc -en
s- n sa - -a s- i ng (s -c -c -bid s- s -sat e -ru - ic-. b c-s  been found thsa t the Has-: c-s- n be
r i m s ;  Loved by using a n - mr - s i - :  solut ion of ms-oiLs-s-sn hypochlorite.
d .cn.s~~.- s - n c - 1m i . n g  os-f the tube-a  is also poss ib le .

Is - n t ine present  study, only a very pre -U ssn L ma c.rg itn c - e st ig -c --
Li c -ni o s-I’ c le - ssa l ts s - -b was cc-i erie-sI out . It has :  be-en f-u -c-a-i c - h a - a  U , for

4 c-in s- c-re .-ent s-s-ssstes, a cons - es - c-sially—c -n’msil-s-ble bie;nch boils con—
s i- lea-ab le  n r c -mi sc .  A sn ore systesns ;.n ss-ic sand de ta i l ed  lun c - es t iga -
t l . i s - s c  s-s-V tine c -he — su ing ,  p rocedure  s-hoc-Id c er L u .nly be a s-n ecessary
u s - a r t  of any folios-s--on studies.

c- i -s-i do ns-arnie Llst imates

As a ac - i ;  of the oresent  s tudy ,  a br ief  eec - sac -u i  c - n s n - m l y s ; i s
of the  sn - c - sc - - ms- s e l  sySted :n n-s-c . s-s also us -id e:-s-t -il -as:m . At i.l se ou t m c - s - s t  , it
- P o s i t  b -s-s ns - osi s-c-ted out c - inc - n c- t Ine  voluu-ne s of s - s - s i - a t e - a  iu ± v o l v e i in

tic -c s- s - c n s e mn L context  c-ire c - - c -n ns i -- i e ra b i y  sc - mal i -a ss t i c - c - s - n ones for
n c - n c - c - h  s-s-c ic-a ve c-xu’c rieumce in eu -t ic - s- sa t ing  cost s . At 7 .6 l i t e rs

m c -y  per  s - s - c c - mm of c csn-c - c n s n t r s ~tei n - -a c -t a , t in e  t o tal  volun e of
s - s - c - s c - - s c - ;  to be t rea ms - c I c - e m ’  c-s c-m u- for  a l2-l- - i mnc - sm u— s t e n - c s -~m f t  s- is only
I 0-is- ‘ i t e m s  ! The c - c - s - m t  o I c-n FrY Dnl O idj g - n i c - u n c -, l i k e  t h a t  of any
u - t i c - , - s-m s-i c- sat , is s.m fuss -a t ‘ c - un of scale , c--s ith  lam -a c  n - i c-m n tss- being

4 cc-’ ash ru-o re e c - s - m n - c -mun i ca l  os-n a rs ’er— g ;n l.lon b a s i n s  a i m -aim s -uc - c - s1.i p l a n t s .

Thus, is-s t h e - n r c  nr c - s -l bninary es t iu s-  a t e - a , s-ne have cons f ined
c — m u ; - ’ o tt ’s- s- c -t i e -n  to a n n i m - c - r o — b c - s s -u nI r c -e-i l  I ty  t i n — s t  c-c-n trc -s sc- t the

- n - s -u ; m u -  li-c-s; a groan of n\- ;a tet ’c raf t . . Fe -u ’  n s : m n n l l  H m s - s i t s , on the
or O r ’ of 1,061 li’s - s - m r s  c - en ’  ni nn y as con L em sur - l aued  isa ( . h is  s tudy,
Lb - fo l i o  -n is -m g gern e rsl h i  t ie s  i n c - n i  y

• Module cost = 53-I~ pen ’ squ i re m e t e r  of f i l t e r  -are - a .
• A s s o c i a t e d  puss-ps , pi t - s l u n g ,  et c . = - ; ;5 .00 to ~10.00 per

3. 79 l it e r/ d ay .
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• P- i ltss-r a r e a  required = Daily lowi in liters/attain-able
f l u x  in li ter/rneter2 -day.

-* Typ ical a t t a inab le  flux in dewate-ring a i .5-2i~s- ;olids feed by appr ox iumu s ate ly  eighty
p ercent  409 -~/ni2 -dcny .

~ Ty ica l. a t t a i n a b l e  flux in dewatering a l.5-2~
u - o l LIc -  feed by more than eighty
percent  20~i- I/rn2 -( lay.

c-a requi s - -s -s sn - s -n rn t of 1,061 hi ts-nm-s of ::c-stcn-;c-nter per
j - s~ r ( t c s - s -  L s- I - —n :s - c - ui  n -n a t ca cs aa’ f t  and 7. 58 li.ten-s of n - i rs - n nst . c mi-: a t e r  per
srl a5 s’ nmc is-ny ; for’ 1,059 kg n or  day  wate r  an-i 13. 6 k: per day
s o c - c - - i s ) ,  s-u hPDR OPII If-i plant would consist of one I I m D d O l h i Ri-1

nm -c - i m c - I t . s c-c -nd a s-c- c-c-sap and associateil n:Lping . At 409 ~./ m :m c- - s-ha y and
.Is i .756/t/ -.l -c -y,  the cap i ta l  cost viould be :~2 ,800 . At 405 I/rn2 -

Pn - s u n - i  -c-C . 379/-C/day, the cost n-zould be f5, 600. Labo r costs
.s - cciii be rm~s-g L i y ib l e , n ss-r t icu lr r tr iy  if GI -c--c-ser aaed , sin c- se very
11 i;ti-~ cc-eec -tar attention is required , mi nd  mOt e-ri - sa l. costs

- p u - i s n e l s s - n i s - l y for  I c -o p -a r , ;~0. 29/-t) would also be mnegl igib le .
cost s-s to dr ive  the circulating u ou - ms s ss n -mould be small and

4 c - S - -s-s nc-ct Is- al- s -s--sc i s - - co o c -nc -count .  iliac norrm c ;nl i ndus t r i a l  costs  of
t u n e : ;  nh s - I s - c s - s c - :  ;s-nnc e ns n’e also not considered here. It should

ç -
- n - : i th nu t s - s - c g iny  that  the above numbers are  f i r s t - c ut  cc--

sc ’ s - s - s t e m s -  c-lily. ge-ac-i for c - e r i c -ms - c - c Live and c - in t e r  of ms - n ;  mmitude
s-s s - s - m n .  s n -c - . s-ny sen-s-i.e-us cost ec - c -~ ss-ite should be based c-n ex—
r - s - m n i - c - i  I-en -n cs .i. i.ot smisant run s and should i temize all cc - ac - i t a l

I c- -e mma s- in s - s - s c s- sc-c -s- i -in as much detail as nossible for tine
s- I c - i n s -  c - :- r s - l i c a t i o n.

i i m s st c - J c -r  w;n s ~ocused c-na the remova l of w a s t o n - s - a t e t m -  scolids
s-sc i c - n  is - iu t ~i~m a coss mo Le cc 1m m s-s i .5I1.s -L ’iti ofl, the re c--nc-li be ad s-li t i -u-. c-mi
os -- n - s 4;i-::cs m’ s- a i r e d .  li me n-s -cc -ten- s-c-ic r concentrate n-nc-c-id have to
501 i i  sn-o r-me-I of at s-sc -urn a hilt s-i  our s-i  c oss -  ~s- , and the i ll  is-ra te  c-snag
a- a- I sos- i i u - } c - i s s -~~ c-st sossa s- cs -i- u c-las-nc-l cc -u - I s -  b e fo r e - l i  s sc i s ar . :e to re— 

; n U ~ n: - - s ; . I s - i - me  c on c e n s - r o t e  should pose - no u r n  c -b ier . . At
I , s - o u ;- - m r  s - ic -  in:  f’i r m s n si ; sb I c - n  m r s - m s - I  could be - i i s s - p o s - s s - m- .i of in almost

I c-  t~~ o~ bu ‘~s The i s - i c - r i t e -  e is
I L im e  - ;  on se of t i u i s s -  s t u ng ,  m s h t l n o u g i n  some p re lxmina ry

. = . . - ~~~~~s-
1

t : s  nne oiHe u e-i ls-i~O..5 i s - i  th is  sects-ion .

s - L~n d m - - .:c - s -~~i n - e c - u m t i e l I P m - u - n e s s , ms - P lc -h  is e e oc - s ons -n i  cal on a
n r c - s ic , -a- -c--. I  .1 h ave  c-n u , m ’ h i bj tj V e l c  i s i g h  c an i s c - 1  cost on

i l -
_

s ms - I n.: s; -- ~ I c  of 1 .061 s - I c - c -u sc - s c-er .1551/ . s - Cs-55e f igs .n cess  s-:h .Lch
u - s l y  to i - u  r - , s-tv r s c c - l e : ;  -nr c  con t r a ine d  in lc -r spend i X A.

I’- I s - s  . s i  n r c -p  s’irn Is -c -at tins - i s point  to compare  i s - I s - c  cost c-  of
P - H -P 1- I-L I t. i - - c ’s  sm s rsnt n-s- i Lb o~- } cu r inc- I s -h au l s  , The t echn ique  of
“ t n  5 /  ‘ c-uuu j5m u - s- - c - s-mo -a is - Vii t t:Lon ( R v l u i ) I c-ti c- is - s n - L un g of black

w - m t u s n -  ans i o t i s - e r s - ss - i n ruii r ii’ s lu i ge s s s--i-s-s inv ess ti -gi l eil b.,’ Joh nc -—
I i ns - r i his - fo r  I - s - s -  I-I D-l on ion U c — n e t  DAACr 53- 75-C- 02 76 , sand -a
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de t c- i l e d  su n n ss n — n ry of t in e work  s-is m m v c - i l s c - b l e  in the - Final Report
from th sst  co ntr a c t  s-i~i t OsI  J anuary  26 , 1570 . B r i e f l y ,  the t e c h —
sni c l ue  c o s t s - s i c - I s -s of apply ing  a L’ — m s - i s - I y  t h i ck  ( o s - i c  to Hi.mn ’  i n ches)
cj sL sI .o u snnce OUm s ear th  m s - r e c e s s -  t onto sm r o t a r y  c -mm s - suum Vs-i .1 t om ’ arid then
c-’i . it e r i  sag mna s s - c on - a t ed  bis ack i-c -ste -v through i t  to g iv e  a u s c - l i d s —

c- . l t  n sa c -nil  a f i l t e r  c aic e u s -  f i l le r  c c -n t bi - ra m e t
gc-m i.ckly. snt ud a ro t ;m r - -c ic - m m c-fe is uss - - -i to shave the des-n -nter cd

- ion-rn to fr-c c-h H it s -  r - s - I l -a l tec - -  c -u s-h u - -a si c- t i n  5055 .- s - i l  the feed
s ’ C s s s - S V O  c - v .  ~ ae U i. s s c h m s s - ; - m d  f i l t s -n  cake f i m sa ss  c - ro t s - mm I 65 soi i s I s ,
c -h o c -u  6 to .123 1 -.iolat lie  soils-I s ;; — mu d , t ine  1.1 ] . t r — nte  is high
es-c-s-c- h in BOD and TOC tha t f u r t h e r  t r e s i t s s s e m n t , m i s .; sm i t h  carbon ,
is-c- msuggestecl .

tI s;ing a cornu sner ci- ;-.i l y— c -v u : i l a b i e  0,5 1 m di a m e t e r  by 0.30 m
f-ace  i-at-cry ar e -coa t  H i . I s- er sc -c -c l liii- LO 5 l i t e r  a s - i - I  c-i Lb a p p r o —
s - i c - S  c--c ss- -c-nksn s-~e , c -m s-i s c - iu ag -c- s- rn I V 5 IC U US s - s -  is-nc-i t~ - n i ss s- fcc ’ c-s-amo s-n , John s—
h - a s - s - s - i lie ens -  s - c i s c - c - ted  an ecu ic -m euct  cost  of $35, 400 for a 758 1/
clap u r s s s -r e a t e s - l  human n - s - n c - c - c  t rc .- m ts -c-c-ent c-ys -c-4 - s - m c-c- , e x c l u s ion  of f i l t e r
cc - I -n- c i n c - s i  n-c r - -c- s - i o n  or f il t r a t e  poli. s - s } n i sc - - c -s - - c s - n s m s . Ticey e s—
H c-Hi  c- H on ‘s-c- 1 of l ,3 .~-2 ‘ r y ,  ari d

-s - s -us- i ts - cs - n t is -  .I a m r n a t e m - i - -iLc- ( f i l t er  -c~ d)  c-os -s t of’ I14 . CO per
a ,7 ~~~~ li t e r s  f il t e r e d  c - a s - n - mi -a c - s - c - n - s - es - ” cost  cf 151 Pc --s - ic - i’ c- -ar 3,790
l i t e n - m: f I l t er -c - n i .

- n ; s-m us-sisncc- u-he s-serc-nice is available it ti~~~ s- site , hauling
c - m O  b l a ck  -s- sm cs-er ma n -s - c - v b~ a sec-t ic  c- m a in c l e - m m n n :  sac- Cons tn-actor is

c- ic-c - 
- 

- -s - i s - e c -n-ens t -solution isa the s- s - l u au-i n-c-c-a . cisc - tm’u csks carry
7,5: 0 i~~c - s - t c r s - ;  t :r s i cc -ml i.g, s--s-hi s - ai m cc- n c - c -  c- 7 , 5~~i) l i ter  holding
cm’s - sc - k -s - cs -s - i lnI  be fi lled  and tb -cu true s--ce i s-n - -s - - mv ro s- s -sTlc -l .c-r once a

I-c- s it s  vary ,  but  a c s - s - i c - i c - s - mi In - s c - c l s - u s -  c - i c - s c -c--ge i s - -i 100 to
c-HO c-cr truckload . Ac- 6 1 2 i / i - c - .m - I .  $5000 ‘-s-u - c-l i  n rovi  Ic 41

c - - s - - m n i - c - s - S of :11 5 - u - - c - a l  u -er - -s-ice ( a t  1, 011 i / n i - s - n y )  - - . :.th no c - is - il i.iouc-al
mcu - st s  c - i’ s o L ~ i s .; im u s -s i.ncs - m rmc -t i .on or s-h i c - s - - c - s a c  oh nsl-a .8 u n c - .  Over

s- cc-s-c- Ps-n cr cc -e m b c-i s-c -c-f time, desce si- iisscg on the cc - s ic - of soils-Is,
m s - s - c - m u - s - i - c - i s - i n s - r n  a n - I  filc-rate colic-hIss-: , on—site treatment by

P H be-cc-c-n-s-s nrc-ore cnconounicnl.

I -c-st b ’s-s -sm t min i t r - : i ier  su san—out i c -t n  r~.i .orss ( in  the dew
P c - s - s I c -  — 1. -c- c - - .- h ersey c -r c a  at  l eus t~ e i t h e r  in ; c-i. t heI r  s--s -sn -ste-s to
- u , ;-lu- . I c - c  Is:s - smn I s-a g m a r c - c - s  c-n’ s - s - ems - c l  t }nes c-s to a i-as-ge , c-a c -c -e s -n L ion-a l ,
s- -an-: sm - s- - s - i t - c c - i n s - s e n t  s l a m s-, where  they are m i x e d  s--;ith a much l a rger

of tsic-rn c - i n c - i  Sen -s -age s-ins-I di sc -c -nrc -u - ea r cm - c - us - a  s igh t .  do ox—
sssn n s l r s- c - c - c - s  fousn - i  of a c-c c -n p — o u t  s t m .mtion t h m t  treated its own

c - - s - s - s  s-s-c

T h e r e  ar e  of cou r ’n ;r a , a number o~ incine ra t ing  toilet
ss - - - ms - i s - s  on t In e  s - sn - n s-- ic-e l, -and/or under  deve lopmen t .  111 tin inc in—

- m s - n c - c c - u s, Ic - s - c - se  sys tems- s  run tens of the-us-sari-is of doLl-arc- .
ihey ;- ;Lll not be - i . i s c - u s m s - e d  f u r t he r here .
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Final I y ,  a fcn-s- n - s - c - r U s s on the need for  pol:i m i s -  i . rug t the
I I Y D R O [ d i Q I -  s - i  I tics s-se as--c its - os - les - . lI n c - si-il ton h i s - s-- c - c - u n  s - i n c -n-i a total
s- so Li In s - m s o s m  c-lit of 0. 7 ’ for the m l  J . t r at e , which  m -m s-n c- la ten s to
21, ~6 i-c- s c-er thou c-ms un ,1 g-cs-l louu s- ; or  14 ,700 t u r U / ~ of d I s so lve l bur-
ies -s . stm ocs n i f  tin -n t mossy be ill -sn l . :i tni ty sn -s i - i slic -nol vis i i nmo l -mrs - i c

m - - m i t c -  is -uI ;  m n c o s n s ; J . .. l s  c ub ic  f m - s i c - t i e - n  of it  is p r o P s - s - s l y  BOll ar id
Pc l o s - o u r ;  s m m s s -  Icr 1 s t  i s - ; , ms - n i l  t ine  I I I . t i - -- s - t e  c--s-Ill pm. ’oi .s :n b ly  need s-sc-s-s-nc

m s - - i  os. - -o U s - s b n . L u n g  t n -c - - i Ic - ti c -n t .

O c - u r i s a n coiurn cs n s - r e m n t s - s - s n - m n t  is - c - co c s m r sms - s - n n iv  suc -o - :e c-t -c ci  to:’:’ nc -c- nh
s-n c -’ s - l u s - s m t s - ;. It Is - s riimn o ms t u s - s - I . v c - s - :- s m l l y  s - s - i s n i l. cm .m b ic s - , - s - m n - I  c - a s s - I t s - il

om n u p .  cost  tudie  i a ’ Table n ~I ( i  fa l
. t. does-s us - c -c-sent  cm new dI sp osal  pr ob l rn : tha t  c- f  I s- inc c- s - es - a t

u - m u m - b c -u .

u s - n  al L mrn a s-s-i c-c- n - i n s - c - c i a  nm-la s-c - id be c o m i c - c - d c - r e d  in s  the new
~ zc -~ — o Pta n xocess ch u~ s-c ry  ( _ r a a

s- c c- i 
~~~~~ 

an ~ u cc- no 1 s-s _ c o_ c- ii
u - c - - -  n u n s -  - c - - : s - c m n ’s- i t s  ci c s -  L m O C  s n  c--s-en r ecs -u .L r s -ucn-:.n snc - s . One sc - s - c - - O i l —

Os n o~ op~ — J  ‘ ne ( a D nte ’ , L T 2 s - ’ )  o~
s - : . ount e  i oi l  ot - :s s-I t s  o s -’ s c - n r c - s c  u - i -mate s- .;i :s- e an s i  c i t e s  c - a c - - s - c - u’ cos ts
s--F . 0.30 n - sm - 3 .7s--O l it e r s  fe -u’ t i ’cnat i . np .r n75 .000 l i t e r s  P c - u -  slay
c - f  c - c c - o s - m i s - ny -a i f lu e n c -  of 16 ss:/l TOO . f-ms-n c -mi T er  u s -c - I t s  s c - u i
s- 5- c - c - SVs - s -. - m m - TOO icc- SIngs-s n ’s - c -c -Is - i cost  more i n - c - i’ 3,790 lit e r s  but less

~‘-c-
s’ I cy. -
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EcOd :-:Tc ~d c~- T IL l  cAR ~/l-~~ -dRE E NT IELD SOLIDS DEHYD RATION PROCESS

s - v ~s- riUion~~l Carve r-Greenfi el U plants i ie  vast ly  too large
nc-H ; 1,0-3 1 L it e r/ d a y  -‘~oplic-atLon . They become economical

os- il ;  - c , t s -  the l~~vj l  of tons  or h u n m h - e s - i , c -  of tons per day. The
do L c--,- : i n ~ ox-c -mn L o s  are illustrative :

s - - c - - r - o ’ I e T~o. 1 — . -mnn ~~ClPa l  dews -c-to e s-~luW -~e (F~c-gineering Est :~rn a t e )

o dc-.-: York City area.

o 21:7 tons/ day ( d r y  bas i s )  of p res sed  or cen t r i fuged
sludge.

o dale of surp lus fuel as electricity.
— Lorrt rase: l2.53~ solids digested sludge = -l~l9.O7/

s-p c- i~r i c  ton net cost.
11am c-c-se: 20.1 solids undigested sludge = .~27.2O/

r’-c-~~- ’~ c ton net profit.
-s- P es - c -t c c - s c - :  ~~~~ so l ids  undiges ted  sludge =

4 m et r i c  tc-n net profit.

H : - : - s - s - : : n L o  Pa. 2 - ~dn na c -Lc i p a l  Sewage I l ludge ( Engineer ing E st i m a t e)

o P a c -h i x Ht o n , 0. C. area .

o 173 tons/lay (-dry basis) c-f 2O~ solids filter cake
f:sorn mixed primary and secondary sludge.

o 2-arab s fuel sold as pellets.
- Pet cnarital ari i ocerating cost - c-~l~~.73/dry metric

ton.

~ d o. 3 — ~-1astewater dram ims-c-’- t a nt  l o f f e e  P lc-n t  (actual
- c c -  h c-tory)

c dec--i -Jersey area .

o 3O ,-~l-~ ~-c-g of c--na ter evaporated per hour.

;:c-c co mb per liter , c--;ithout fuel recovery = O.3 13/
lHc - r .

‘ 1-c-a cost per liter , wi th  fue l  rec- sv-c-ry - 0.21,3/L iter.
- ~on : t  to haul ac --n ay to duma - , u n t r eat e d  = 1.3l-,3/ l. L t e r .

- l> s - ’l c - c - r ) m  I T o .  — s- ’-n ent  1re~-iery P c - n c - h  ( a c t u a l  case  h i s t o r y)

o Rod -: d o - i r s - t a m  area .
o L3 .62 sc - b ri e tar s ’ /r Jay ( d r y  b - a c - i s )  c - ’ t n -lci by of )I.ç.’

c- a l  I Is w a st e  a c t i va t e - I  s lu - I d i c -  rrom brewing
Ws :; bc-waters. -

~ 
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HYDRONAUT ICS , I NCORPORAT ED

o Sale of pe l le tized dried product  for  animal  foo l con-
tenip la ted.

-X- Total cap ital and operating cost = :~l7”l/metric ton.
-
~ Product value as animal feed. = I~l33O-~I4O/metrjc ton.

An ; a very rough rule of thumb, Carver-Greenfield plants
1- vt - - c -  u c - u m c - h l y  t u rned  out to c o s t  a b o u t  o n e — h a l f  nc-i s much to
b u i ld  c-nd opec --a te  as e :[uiv-c-lent c - nm r’ — i ~- — s - i c - ’ yi n ~ or incineration
s i c - n c - s  , c - i m& in ly  due to the energy c -c - i s - i  fuel e s - n o n --c - cc - i cc - of multi—
r- l s - c - — e d f e c - b  nea t u t i i i c - -a t a on . ~‘1hen the d ri e d so l ids  have fuel
va lue , there is a f u r t h e r  cost sm c -v ing  in t hat  t he i r  CL -c :c-bust ion
a c-n o ft e n  pr ovide  all the energy c-ic --u 1ed to operate -all the
ea-aao c-’ation sta~ es; c-~a-J the plant has zero c-ncc-c-’gy con :c-njni~tion:
i the n i ’O IuC t s- n to be burned c-n c-i if the r -mc- w feed contains
sc-ac-ac- t n a n  2~ of nonvolatiles with fuel value of 5,550 kcal/
kg, the Cc-rver-Jreenfiei-J plant becomes a net energy producer .

C o n m n c - - t r u c t i o n  costs c-c-re subject to all the usual geo-
t ’ r aa s -h i c -c -. imfiat anc-ry a n d  op t i o n  se lec t ion  e f f e c t s ;  but  the

- 

- tolicc--:ing exc -rnc -rc--les using mid-1976 prices are illustrative :

o 0-me-stage , pilot-scale plant . All stainless steel.
3

I~ kg of wm-tter eaaporated per hour . $110,000.

o three— sc-age, inc-ic-strial-scale plant . Carbon steel.
6c- 1i-c-303 kg of c--:-mc-~~er evaporated nc-er hour . $250,000.

o lou - -stage , ccnn .nc -c --c-rcial-scc-le plant . Carbon c-ted .
kg of :-zater evaporated per hour. $7E50,000 to

~s-l , 000 ,000.

1 ‘c - t i c - r e  2-c-rver— I r e a s c- f i e l d  slants des Lgne -d to handle
- 17 _ I  ,~~ ,5 l it e r s  of .-:as c - e c - - : a te r  cc:’ s-imilr are nc-c-Icr stu d p  at this

c - : m ’ c c - m I  ~Jan :-aary L27 7~~; h ut  c-hey hav e  not yet  been designed
or con’ t est ia : : toc~..  I t  is a r n a ic i n at e d  t i c - a t  t hey w i l l  be
c - i  n c - o l e — s  t n-I c u n : :L t c - -  wi t h  -il s-r ,p l i f i e  I heat  recovery  an s -.1 oil r e—

sa c-ri ddc-i :g ‘am-c- of their usua l enem y erfi—
-• c ’ - s - , -c- c- s- L n -i d c - - s a c -  of co nc c - n ) - c - c- -

~nec-’s and low cost. They w il l  r e t a i n
-c-il thu  c - - j~, ’ c - c - n c - t c - c -~~s of oIl ftuis-Jization, c-n c-i their outrc-ut

-‘ 
c - i c - - c a n s -s -c- il l  st i l l  be d i s t i l l e d  c-- c-c- Ic- e c-- - an - m i m t n c - h y c - i r o u c -  s o l i d s .

is  an t i c i r a  t-c - c - i  t i c - a t  t hoy  c--c-ill  be m I-c- d c-i or t ruck  moun ted  and
wi l l  f i t  into acorox im -a t e l y an 0.2 m u t e r  cube.

I

- - 
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H Y D R O NA U T IC S ,  INCORPORATED

Table 1

?doc -l ule I
(Data do :!’ Figure 11~ )

j I  ‘ s - p~~~
Time P V T v Call.
Hrs . :Tq/Crn~ rn/ sec °C -tp d/ irS Li ter  L c - :mc - ; i rks

0. 25 0.35 1.83 25 289.3

1.00 2tI~ 273.0

2.00  25 13k.5

• 20.00 1.83 22 89 .6 2-L052 II

20. 25 3 .35 15 517.5
21.00 2~-I- 321.9

23.00 29 221L 1
25.00 25 191.5
)i-3 .oo j 23 l lk .l  6.827
67.00 21 69.3 5.397

91.00 2~4 )-l-8.9 ~-I- .282 II

-91. 25 17 ~07 .5
13.00 2~ 158.9 3.087

115. 00 - 2~ 105.9 ~~~~~
133 .00 25 85 .6 6.067

162.00 27 81.5 5.727

i36 . oo 25 73.3 )- I- .869 TI
186.25 0.35 12 550.1 3.672

210.00 0.21 26 i67.1 7.752

• I 230 .00 0. 21 22 130.t~ 9 122

253.00 0.21 3 .35 21 97.8 7.1V( 2

Cor:-’ . to 35° C.
I — S t .  ‘c - c - ’ Sory ’en L r’ & t ion

TI — s - i l  c - c - r i  Ing

~~~~~~~~~~~~~~~~~~~~~ 5’I -
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Table 2

Module II
(Data  fo r  ic -L 1;ure  15)

p c-an .
‘iiirne p V T v CoIL1 .
l ir s  . Kq/crn~ s-n/s c-c ° C ~ p d/nc- - Li L m c - ’  R -c- c- rnia rk o

0.25 0.21 3.35 13 I 823.1

1.00 20 623. 4

I - 25 427.8 14.992
6 .oo I 25 358.6 7.912 II

6 . 25 15 268.9
8.00 1 23 220.0

13.00 : - 26 163.0 14 .592 II

13.25 13 195.6

15.00 24 142.6
20.00 26 6i.i 7.492

22 44 .8 11.612
1i.oo 23 36.7 6. 402 III, IV
l i 15 - 14 130. 1-i-

-:c -5 .0O 25 53 .0 13.872
L 13 . O O  27 2)4 .0 8.182 ILV

J!3.50 - 1 23 53.0

0. 2 1 3.35 26 32.6 3.502

‘ Cc -r’c- . c-- c- 25°C
— t a r t  C n . c - u t r w m . lor s-

I — - I s-~~m~- Os- : c-n
— d1 - a m . ~ r :-
— 

‘ t S c -c - ‘I ‘ 11 c-c- c- I-c- - - - -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~-~~-_ j~~~_ ~~~~~~~ ~~~~
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HYDRONAUTICS , INCORP ORATED

Table 3
- 

, (Data I’or Figure 7)

Time P V T
Hr c- . Kq/cm 2 rn/s ec ° C ~ p d/m2

0.25 0.21 0.028 ~3 1193.9
-
~~ 0.50 26 68o.i

j  1.00 28 937 .2
2.00 30 929.0
3.00 30 9)45 .3

- 
1.9 .00 27 533.8
20.00 0. 21 0.028 90 59)4.9

0n , c - r r .  to 25 C

S -

-~~~~~~~~~~~~~ - - -  
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Table 4

(Da Is- a l’or F igure  8)

Time P V T
firs . Ps-c-/cm

2 rn/sc-c ° C

0. 25 0 .14 3.35 17 900.5

0.50 21 643.8
1.00 23 529.7

2.00 24 460. 4
3.00 23 )i72 .7
4.00 23 472.7
20.00 23 ~s- 493. 0 ~~

4 
20. 25 12 639.7
2 1.00 23 513.4
22 . 00 

- 

25 431.9
22 .00 24 399 .3
27. 00 24 399 .3
44 .00 23 472.7
0-3 .00 24 200. 4

9 . 0 0  24 2 3m 7 . 4 -

61.50 23 220.0

23 i~ 5.6
27.00 22 326.0

4 ~3 o o  221 2s-30.)4

112.0 0.14 3.15 24 203.7

o r r .  1- 5 25

‘ 2, us -  O ’ c - c - c- - , - - - - I - c - - nc -h

p.

---:

~ 

~~ w-:c~~2i~ ~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~
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HYDRONA UTICS , INCORPORATED

Table 5
(Data. for  Figure  9)

S t a r t i n g  Volume - 7641 nil .

_ _ _  ___ 

P

__ 

V T
i-nc ~- n nno c - c - /nec °C tpd/m2 c - n c - i .

p o. 2m 3 - 0.14 3.35 26 982.0 
—______

1.00 23 737.5 330
2.00 - 

27 635.6 310
-

- - 

3 .00 27 599.0 300
4.00 25 468 .6 210

6.00 25 448.2 360
-3.00 26 415. 6 430

13.03 - 24 338 .2

- 
1 1 . 0 0  

- 23 419.7 i8o
13.00 : 

- 26 34 2 .3 54 0

16 .00 27 358.6 576

17.3-3 
- 

15 415.6 ~- 185
‘ - - . 3-2 20 395. 2 

- 
30-3

21 .3 )  21 362. 6 310
22.3) 22 37)4 .9 16-3
23 .3 )  2~4 338 .2 120

2 5 . --).) 24 313.7 265

21 .33 25 231. 1 260
24 264 . 3 151

1 - 9 .33  24 277 .1 115

3 1. .2) 20 2,0.4 215

23 244.5 290

35.00 0.1)4 3.35 29 268.5 120

- s - c - s - -c-- . to 250 0.

1-

- ~~~~ ~~~~~~~~ j~~~~~~ *~~~~~~~
’
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HYDRONAU T ICS INCORPORATED

s - Ls -mc -b l e  6

i)atmc- for ~li gure 10

mIsc-c P V T ~v
- 

- 
Irs . li/ s - c - c - c -c- rn/ c-cc °C ~ - - - i / s-c -~ Rema ‘ I-c- s

0. 25 0.35 1. 13 27 1177 .6

0.5 0 26 1043.1

1.03 25 550.1

2.00 25 9-37.2

3.0-3 25 884 .2

- 

- 
L c - i . 00 2~4 603.0

20.33 24 603.0 St c - c - t  Is c - e n s - i r a :  b c-c-

22 . 5-3 25 639 .7
2 5 517 .5

26.00 26 529.7

h~~~ 00 26 239 .3

:2 0-3 28 220. 4

0.35 
- 

1 .33  25 22- -L i

I c r r .  to ~5°’i.

L. 
- ~~~~~~~~ -~~~~

- 
~~~~~~~~ 1~~~~~~~~~~ t - 
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H Y D R O N A U T I C S , INCORP ORATED

s-
~~~c-lc  7

(II’ c tmc - I’ - - r  Pb 1 - s - c - s -- c- 11)

Ti c- ni - P V T
Hi’s . K- n/-mm 2 rn /c--c-c 

0 C

0 . 25 0.35 1.83 23 1202.0
0.50 26 1153.1
1.00 25 1083.8 **
2.00 26 1026.8
3.00 26 961.6

25 9 17 . 2

2 U .0 0  29 244 .5
2~~.O0 28 122 .2
24 .00 26 203.7
16.00 25 195.6
-2.00 0.35 1.33 31 260.8

- - -o- - a c - c -- . c-o 25 C
2:--s- s- ’c - Cone -a r c - t n - c-c-ic- i on

It

1-

-

~

m ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ 
-


