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ABRSTRACT

Laboratoty tests were conducted to invastigate the performance of the
“Niimi Proceee" or capillary aiphon trinch, a soll based wastewater
digposal system common in Japan, The syitem is similar to conventlonal
asptic tank leaching field trenches exce;t that the trenches are filled
with capillary pand Inatead of gravel snd the lower guarter of the trench
i9 1lined with an impermeable membrane. Ttz capillary esnd snd impermeable
oenbrane are used to induce the unsaturated flow of wastewater through the
upper soil profile, or zone of aeration, vhere maximum bilological activity
occurs. According to Japaneae aclentl ts, this results in Improved
organics and nuttient rTemgval.

The Niimi Process was evaluated by constructing a laboratory scals
Niimi Process trench and a conventional acil absorption trench. Synthatie
wastevater characteristic of domestic sewige was then applied to the two
tramchas {n cwo lé-week experimenta. No statistically significant
diffarences were found betwesn the opera ion of the two systems for the
moil and synthetic wastes except for WO,- and Total-N removal during the
second experiment where the Kiimi tremch™w .s slightly more effective. Both
rasctors removed 9% percent of the app led COD, 95-39 percent of cthe
applied phosphorue and 18-31 percent of th: total nitrogen. The hypothaals
that the N{iwi trench was superisr to he conventicnal trench was not
damonstrated,

Key words: Water quality, wastewater treitment, Nutrient removal, Ongite
wastewater treatment, socil absorption, capillary siphon trench, Riimi
process.
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INTRODUCTT

Wastewater treatment using the natu:al purlfication capacity of =oil
has been practiced for thousands of years and {s the primary waste diasposal
technique in rural arveas of the world. Soil based treatment systems are
attracting increased attentlon In urban and other developed areas because
of: 1) the neceasity for low cost waste treatment systems in low densicy
aTeas whnere centralized conventional faiilitiess are cost probhibitive; 2)
the need for mechanically simple systers appropriate for less developed
areas of the world: and 3} the lmplementa:ion of Public Law 92-500 with 1its
mandate to lmprove the Nation's surface witer quality and move towarde zero
discharge.

Published research on the many aspicts of onsite treatment and land
disposal are extensive as summsrized by Overcash and Pal (1974, Boyle and
Otis {198%), and Iskander (1951). Conventlonal seil treatment syptems
usually invelve the application of wast:water to the eoll surface or to
aubsurface gravel filled trenches. Typically, the wastewater is treated aa
it percolates downward through the soil srofile. An alternative treatment
aystem is the caplliary siphon trench {C5I) or "Niiml Process" which relies
upon biclogical processes and ceplllary paenomena for wastewater treatment.
Currently, there are over 30,000 Niimi :yetems in operation in Japan and
other units are now being installed in Hawaill, Hzleysla, and the
Commonweslth of the Northern Marlanas.

The Wiimi system bas attracted interest in Guam becauae of concern
over increaalng levels of nitrate in the groundwater of Worthern Guam, the
ialand'a primary potable water source. It 1s suspected that inadequate
domeatic leaching fields are a primary iocurce of nitrate in the northarn
lenn. Japanese scientigts have reported that the Niimi system is superior
to conventional leaching systems with respect to organics, pathogen,
phosphorus and nitrogem removal. If ‘'he system 1s more affectiva in
removing nitrogen, then it may be in economic soletion to Guam's
groundwater nitrate problem.

The results presented herein are jart of the findings of a joinc
reaearch project investigating the Niiml Process between the Universlty of
Cuam, Virginia Polytechnic Institute and State University, Meljl University
(Japan), and the University of Malaysia. Primary goals of the Joint
research effort were to evaluate the system for =soils other than those
found in Japan, which are almost exclusisely clays of volcanic origin, and
to compare 1ts performance with conventirnal gravel trenches.



OBJECTIVES

The design and operation of domestic onsite wastewater disposal
systems is generally based upon custom and empirical methods derived from
the performance of existing systems. Typizal design standards are based
upon soil percolatien and hydrauvlic loading rates. Exieting design
standards in Guwam do not appesar ta be adeguate with respect to nitrogen
removal., This is primarily a result of the soils of Northern Guam which
are often too shallow for efficilent soil absorption field operations. &n
onsite domestic wastewater disposal system, the Niiml Process, has been
proposed for use in Guam to overcoms the nitrate pollution problem but the
system has not heen tested outside of Japan and design stamdards are not
availabie for orher soils and climates, The objectives of this study are
therefore to investigate the Niimi system's performance for Guam's solls
and climatic conditions and to determime 1f it 1s appropriate for use in
Guam., This will enable planners and health workers to evaloate the merdts
nf the system in relation to conventional aystems.

The specific objectives of this study are:
1. Dercribe the technical concept of the Wiiwmi Process.

?, Compare the performance of the Niimi system with that of a
conventlonal system on a Guam soil,

1, Evaluate the suitability of the Wiimi Process for onsite domestic
wastewater treatment in Guam,



TECHNICAL CONZEPTS

Wich conventional eoll based land application systems, waatewater
applied to the soll moves downward am treatment is accomplished by a
¢owmbination of physical and bilologlcal processes. In heavily loaded or
contipuous application systems, the soll pores are often saturated with
westewater which causes oxygen depletien in anaerchic conditiens. Under
anasroble conditions, the aoil'a wa:tewater treatment mechanlem 1ie
primarily one of filrration and the scil's pores are susceptible to
biolcgical and physical clogging. Anaersbic conditions intensify clegging
because anaercbic soil organiesms are not as efficient as =merobic organisms
in removing accumilated organic matter Clogging therefore intensifiee
under anaeroble conditions, infiltration and percolatlon rates decrease,
purface runcff occurs and system fallure may result.

Soil based wastewater treatment 1s most efficlent if unsaturate flow
is maintained in the zone of seration. [his allows a continuous supply of
oxygen to eoll organisms and plant rcots. Under these circumstances,
biclogical activity im high and the optimum assimilative capacity of the
aoll for wastawater treatment is achievec.

The Niimi Process wae develeped by Tadaghi Niimi in Japan during the
1950's. FNiimi obsarved that the zone ai.tatlon (upper 50 cm or ec of the
soil profile} was the principal habi:at of soll organisme and that
decompositien of organic matter was mosit active within thie region. He
reasoned that wvastewater applied below tte zone of aserarion would Intensify
clogging since this ragion waa biclogi:ally less active than the upper
aerobic zone., Wiimi therefore attempted to develop a soll baped waatewater
treatment ayaten which would incroduce wistewater into the zone of aeraticn
gn ingure aerabic conditions by encoursaging unsaturated flow through the
uppet s0il profile.

The C5T svetem 1ia eimilar to conventional septic tank/tile absorption
field systems used in the United States. The system employs a conventional
settling tank or fileter for solids rem wval followed by a serles of sand
filled trenches with impermesble linings. It 4s the sand filled trench
with its jmparmeable lining that ig the unlgue part of the CST. Figure 1
ig a diagram of a typical CST system shorving a chamber with a fine mesh bag
for removing suspended solids and a =il absorption trench. In Japan,
solida from the meah bage are removed waekly and disposed of by the land
ovmers or a private service. TIf filter bags are not used then the trench
is preceded by a conventional septic tink, or more commonly in Japan, a
small extended aeratiem unit followed »y a settling chamber. Capillary
siphon trench design value was deried from thirty years of field
experience with the system in Japan but may not be approprilate for other
poils and climatic conditioms.

As ghown in Figure 1, a N{imi trencl 1s similar to a conventicnal tile
absorption trench except that the lower 10 cm of the trench is lioed with
an impermeable plastic mnembrane to prevent the immediate dovmward
percolation of tile efiluent, In a conv.:nticnal soill treatment system, the
trench im filled with gravel but im th: CST a 20 cm layer of fine sand,
referred to as capillary sand, 1o added first. The tile is then place and
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covered with gravel and a conventional filter fabric to prevent the soll
backfill from entering the gravel layer,

The purpese of the Impermeable membrane and capillary sand layer in
the CST 1s to increase the residence timk of wastewater within the zone of
aetation by reducing the immediate downwird percolation to tile effluent,
In theory, the sand mass saturates and temporarlly stores the waatewater,
thus reducing the onset of percolation. Wastewater In excess of the sand
mass storage quantity spllls over the sid:s of the impermeable membrane and
peTcolates downward through the soil as it would in a conventional trench.
After tile inflow etope {(typlecal of the intermittent flow characterlsties
of small onsite systems), the accumulated wastewater in the sand bepgins to
move upward and cucward inte the soil proiile by caplllary action. Becauge
this flow is due to caplllary forces, flew inte the surrounding soil is
primarily unsaturated and the soil is mor: likely to remain aerobic, Since
the wastewater is induced to flow throuih the aercbic region of maxioum
biclogical activity, diasclved organics L. the wastewater should be removed
te a greater degree than those in conven:lonal gravel trenches where flew
is predominantly satorated and dJdownwar: through anaercble soil layers.
Suspended organfe and inorganic particulate matter in the wastewater are
not transported by capillary flow and will thus remain in the gravel and
sand layers.

A In conventional trenches, larger acll arganisms such as worms and
insects are cruclal to the succeseful oieration of the CS5T. The larger
organlsms are ilmportant because thay remsve biological growth and organic
solids from the gravel and sand layer anil maintain their porosity. Since
larger soil organisms are aerobic, a well aservated system like the CS5T
should beneflt from higher soll macre inv:rtebrate populations and Improved
wastewater treatment can be expected.

Some Japanese sclentists have postulited that the Niiml system will be
superior to cooventional trenches in cont ;olling nitrogen pollurion because
the sand laver wlil alternate between ard aerobic and an anaerobic state
which will encourage denitrification znd because Inereased bilological
activity wilt promots nitrogen immcbilization. An 4investigation of thia
hypathesis 18 a primary goal of the preseit study.

With respect tos facal bacteria, the capillary siphnm trench should be
superior in removing these organisms :f unsaturated flow predominates
because bacteria are not traneported w=ll by unsaturated flew. Also,
increasaed bloleglcal activity and wmpetition from aerchle  soll
microrganisms will contribute to increasel mortalicy of fecal bacteria,

It should be ni:ted that the theoretleal operaticns of the C5T system
1z gimilar {n many raspects to that of a mound system. Both systems aseeck
to Increase the distance that the effluan: must travel through aerated scil
before it reaches & water table or otler reglon of reduced biological
activity.



EXPERIMENTAL APPARATUS AND METHODS
Experimerntal Apparatus

Laboratory scale capillary siphen and conventional soil absorpticn
trenches ware constructed at the Univeraity of Guam, the Univeraity of
Malaysia snd Meiji University to evaluate the relative performance of the
Niiml system and conventionsel gravel £illed trenches. Only the Guam
reactors will be discussed here as the results of the Malaysian and
Japanese reactor studies will ba presented slsewhere,

The experimental capillary =iphon trench apparatus or reactor is
presented in Figure, 2. As shown In fipure, the reactor had a volume of
approximately 0.5 @, The rector was ceonstructed using 2 cm marine plywood
and sealed with fiherglass. The reactor was filled with a Guam limestone
clay which was compacted in layera to approximate the soil’s origimal bulk
density. Teble | is & summary of the soll'a properties prior to wastewater
application. Soil analysis was provided »y the Soil Testing Lab at che
Tniversity of Guam using atandard moil testing procedures.

Table 1. Soll Properties

Parameter ¥al e
Sand, % 25
. Bile, % 24

Clay, & 51
Texture clay
Organic Matter, 2 3.7
pH 7.85
Phosphorus, ppm .5
Potagsium, ppm 40.0
Calcium, ppm a0Qa
Maymesium, ppm 420
Sodium, ppm 65.6

At the depthe and locations indicated in Figure 2, corde of caplllary
fiberglase were placed for sample cellectien. Previous work at Meiii
University had shown that the capillary corde would draw sufficient water
from the soill for water quality analysis. After the gpil and capillary
cords have places In cthe reactor and compacted, a trench with the
dimensions Indicated in Figure 2 was excavated, The lower 10 cm of the
trench was then lined with an imparmeabtle polyethylene plastic membrane to
seal the lower portion of the trench, A 20 em layer of compacted fine sand
was then added to the trepch, The sand, which was made from crushed
Jimestone, was fine and well graded. A zonventienal plastde drailn plpe
with an inlet was places on the sand layer and then covered with a 5 cm
layer of 1 to 2 cm diameter gravel (crughed limestone). The gravel layer
was then covered with a fabric filter to prevent the 15 em of selil which
was uged for trench backfill from entering and clogging the gravel layer.
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A& geacond reactor was constructed te eimmlate the performance of a
conventional gravel filled soil abeorption tremch. It was identical to the
CST reactor except that there was no impermeable membrane, the sand was
replace with gravel and the entire gravel msas was surrounded by the fabric
fllter.

Experimental Mettods

After the reactors were constructed, 1{ lfday of reverse csmosls water
wag applied to the reactors for a month to help stablize the sof)
ptructure. HRaw domestic sewage from the Decedo Pump Statlon was then adde:
to the reactars (10 1/day) for one week to seed the soll and induce
increased blological activity. The reactors were allowed to rest for an:
week and aynthetic sewage application was then iniciated.

Reactor parformance was evaluated by applying eynthetic sewage of two
differant strengths to the reactors from Ausust 1983 to March 1984, During
the first experiment, Run I, & synthetic waste compoasd of 0Q.U35 percent
dark molssses and 0.005 percent urea, which zpproximated a weak demestic
sewgge, was uaed. The synthetlc waste used in the second experiment, Run
II, conaiated of 0.035 percent dark melasses, 0.0l percent urea and 0.023
percent powdered nonfat dry milk. The eynthetic waste of Run 11 was
approximately twice as strong as the waste of Run I with respect to COD and
Total-H. The aynthetic sewage was prepared deily and stored 1n a
refrigerator at 2°C prior to use.

Ten liters of synthetic sewage were introduced to the reactors through
the tile inlet each day. Five liters were applied at 0800 and 1700 hours
gxcept on weekends when the reactors were allowed to rest., As shown 1in
Pigura 2, the reactors had 21 sample ports. The effluent from each port
was collected twice daily pricr to influent loading, and its volume was
recorded, Samples for water quallty analysis were collected and analyzed
once per week since the rteactor effluenta were expected to be reasonably
stable. The samples were analyzed according to the procedurea given 1n
Standard Methods (1981) for pH, conducetiviry, ctortal residus, COD, BOD_,

RH N, §0,-N, NO,-N, TKN, PO,-P and Total-P. 3

Statistical Procsidures

The performance of the reactors was comparad using staristical
routines from the Statiatical Package for the Soeial Sciences (1975). The
T-Test toutine for paired data was used to determing 1f rhere were any
gtatistical difference between the ocperation of the reactors with respect
to COD, nitrogen and phosphorue removal, 4ll teste were perfermed at the
95 percent confidence level.



RESULTS AND DISCUSSION

Synthetvic sewage was applied to the reactors for two 14 week periods
begloning on August 7, 1983, and Wovember 28, 1983, respectively. Table 2
is a summary of the chemicazl characteristics of the synthetic wastes which
are applied to the reactors and the efflient from the reactors. As shown
in Table 2, the Nilml reactor was zlipghtly more effectiva in removing
NH,-%, KO, =N, TEN-N and Total-P while the conventional trench had slightly
lower effluent COD values., Total-M and {0.-N removal wag greatar in the
Riiml reactor during Run II but the esmPentional trench had the best
remaval during Run I. HNone of theae differences were statistically
atgnificant a2t the 95 percent confildence lavel except for WO_-N and Total-N
remaval during Run IT. The reactors removed 99 percent of tge applied COD,
45-94 percent of the appliied phosphorus and 18-21 percent of the sapplied
nlcrogen.

A comparison of the reactor's performance for flow, COD and cotal
nitrogen is presented in Flgures 3 and 4. Pa®»e € of the figuras is a
comparison of the mean weekly flowa frog the twe reactors. The obsarved
flows are similar but demonstrate acme of the differences predicted by
Miimi Process theory. Although the diff:rences are not large, the Niimi
reactcr appears to have slightly lower flowa from the porte under the
trench and higher flows from the outitde porte. This supports the
hvpochesis that the Wiimi trench induces increased lateral flow, Parts A
and # of Figures 3 and 4 show the wariaticns in Total-W and COD's under the
Miimi trench (ports 15, 15 and 17) a:e higher than those under the
copventional trench. This is the opposite of whar was expected and the
regsons far this behavior are unknown bui will be investigated further in
futivre research,

Ag indicated Iin Table ? and Figure: 3 and 4, the two trenches had
neatly identical effects upon applied nil:rogem. Ninety-six to 98 percent
gf the applied aitrogen waa in the fora of aorganic nitrogen while the
gériusnt from both reactors waa almost exclusively NO -N (99%). Both
react.rs  were  thus  highly  aerobic at  the  présent  loadings,
Denit -ificatiom, velarilization and nitre;en immobilization were presumsably
reeponaible for the effluent nitrogen reductions,

T:e hypothesis that organics removal would be superior wich the Hidmi
system was not demonstrated. The convertional system had lower effluent
€0D's during both experimental rumns but this may have been due to the
difference in flow from Part 4 of the reactors. The flow from Fort & of
the conventional trench average 2800 mi/week while that form the HNidmi
reactor averaged 350 mi/week.

The hvpothesis that nitrogen removal would be better with the Nilwi
systen was not demonstrated conclusivels. Run 1, which used synthetic
pewsgp characteristic of medium streng:'h domestlc sewage, produced no
statistically aignificant differences In effluent Total-N. The Riimi
reacecr had a statistically significant lewer effluent Total-N during Run
I1, Lut the synthatic waste used was much stroenger than domestic sewage on
Guam and the fesulcs are not, therefore, .appropriate for {uam conditions.



Teble 2. Synthetle Waste and Reactors Effluent Characteristice.

REACTOR LMFLUENT

REACTOR EFFLUENT {FORTS 12-21]

{SYNTHETIC WASTE) WIIMI TREWCH COMVENT IDMAL TREMWCH LEVEL OF
PARAMETER ML/ R MG/ DAY MGAE  MUFDAY  SREMOYAL MOSE MGSDAY  AREMOVAL 5| GNLFTCANCE
Fun |
Votume {(1/day} {10.0) -- (o, 1}y -- -- {7.7) - -+ .003
Coo 266, 2664 & 8 i|.g Gy .4 .1 o 5M
WH3 -H 022 2.34 0,006 0.053 S8 Q.007 0,05% 98 51
HZ-H 0.309 0.09 .01 0.0%12 87 Q.03  ,023 rL} . Dbk
NO3-H 1.0 10.% 26.E 215 -- 26.1 i) -- 120
TKN-N 25.2 252 0,197 1.59 o 0,307 2.33 99 LBl
Tetal-H 6.5 285 6.8 1th 18 26,4 03 23 29
Tokal =P 0106 1.08 0,007 0.053 a5 0.007  0.05A ) L0
Pun 11
Valume {1fday) (10,0} -- (7.9 == - I7.R] ~-- - 4B
CoD 557, 5570, b8 n. 5 o9 3.3 5.0 99,4 Jous
NHZ=-H Q.167 1.67 0.007 Q.05 o7 0,008 O.084 9% 103
HOZ2~-H 0.016 a.16 0.004 0,019 82 0.005 0.035 8 358
NOE-H 1.09 140.9 L4E.3 a4 - 53.6 404 - DO
TEN-H Sl .2 Gy 2 B.125% . 385 9.8 0173 1.03 3.8 ST
Tatal-H 55.5 555 58,4 381 n 51.8 497 7 L0
Total-p 2.4k 2 0.008%  0.031 999 0,004 99.9 .89

[ ———————— P ettt o L L L e bl

*Statistically significant difference at the 95 percent confidence level.
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Japanese sclentists at Meild Unilsersity have teported similar
preliminary results suggesting that there 1s 1lderle, 1f any, difference
between the performance of caplllary sipton and conventienal trenches at
low influent loadings (lesa that 500 mgs& COD). Their preliminary results
indicate that the capillary siphon trench does not show significant
improvement ovar the conventicnal trench until leadings exceed 1000 mgft
Con,

Several problems were encountered during the study which may have had
adverse 4impact on the regults, One oroblem was that the chemical
composition of the effluent did not stabillze as expected during the two 14
week experimental rums. Figure 5 shows th: variability of the effluent COD
values during Rums I and II, As shown In the figure, neither reactor
reached and eguilibrium sctate. This greatly increased effluent wvariance
and may have masked some significant differences between the two reattors.

Fiow determinations were complicated by the occcurrence of a leak
(approximately 4600 and 3725 mi/week during Runs T and IT, respectively) in
the conventional trench reactor near port 18. Attempts to seal the leak
were unauccessful, Analysis of the flow cata indicated that the flow from
ports 18 and 19 were unreascnably low so the leak was appertioned between
these ports in subsequent mass flow calculations. FProblems were also
experienced with ports 1, 2, 3 and 5 to 11 of both reactore, as these ports
raraly had effluent. Apparently, the capillary cords worked only under
paturated conditions,

Anaiysis of nitrogen dynamies and removal rates in the reactors is
questionable because the TKN teat results were much lower than the expected
theoretical values, Theoretical influent TEN to the reactors should have
been at least 25 mg/i but laboratory analysis gave only 6.3 mgffi. It is
guapected that the digestion temperature used in the TN digestion
procedure was too low and the digestlon proceas was therefore incomplete.
Based on sewage digesticna run during experiment and after, the TEN results
have been corrected uaing a factor taking Inte account this problem.
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CONCLUS LOYS

An experimental study was wundertaken to evaluate the performance of a
Niimi or capillary siphon trench as compared to conventional gravel filled
s0il absorption drzinage  trenches. Ko statistically significant
differences were found between the performance of the two reactors for the
s0il (heavy clay} and synthetic wastes used except for NO,-N and Tetal-N
removal during Run II where the Nifmi trench was the” slightly more
effective. The reactors removed 99 percent of the applied COD, 95-99
percent of the applied phosphorus 1B-31 percent of the total nitrogen. The
hypothesis that the Niimi trench was superior to the conventional trench
was not demonstrated. Both aysteme achleved high rates of COD and
phosphorus reduction but had limited effect upom nitrogen removal. Meither
system appeared to coffer significant advantages over the other at waste
loadings characteristics of domestic sewape on Guam,



1b

RECOMMENDATIONS FOR FUTURE RESEARCH

The mechanisms of pollutant transpo-t and removal In soil during
unsaturated flow conditions have mneot been studied thoroughly.
Fundamental research 1s needed to determine optimum waste and
hydraulic loadings as a fumction o soil type and condition for
unsaturated flow treatment system,

Insufficient information is available concerning nitrogen dynamics and
transport in soils teo evaluate soll based treatment systems. Vork 1s
needed to guantify denitrification, velatilization, and immobilizatien
dynamics as affected by soil type and meisture levels,

The present study should be repeated with domestic sewage for a longer
period of time to see when and 1f the reactors’ effluents will
stabilize. This will allow a more accurate appraisal eof the Hiimi
sysbam.
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