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Abstract: The trickling filter solids contact water pollution control facility for the city of Ames, lowa has successfully nitrified waste-
water with trickling filters for the past decade. Both first stage, carbonaceous biochemical oxygen demand removing tricklifidr§iters

and second stage, nitrifying TEBITFs) remove significant quantities of ammonia from the wastewater. Based on operating data from
January 1999 through December 2001, the average specific ammonia removal rate for the TFxwas* k& N/(d m?). Most probable

number testing confirmed the presence of nitrifiers in the top media layer of both stages of trickling filters. An experiment was performed
whereby flows to the TFs and NTFs were varied to test ammonia removal capabilities of the facility. During the experiment, the TFs
removed an average of 2410 kg N/(d m?) and the NTFs removed an average of B0 kg N/(d n?) due to low loading. Data
collected during the study varied with operating conditions. It was compared to and used to calibrate NTF models. An empirical design
model poorly fit the data, and a theoretically based model could not be calibrated well with apparent ammonia removal rates. A best-fi
equation, dependent on hydraulic loading and influent ammonia concentfatipusted for recirculation was regressed directly to the

data and is useful for describing nitrification in the Ames WPCF TFs.
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Introduction wastewater with rock media TFs since the 1960s. A new plant was
to be constructed with NTFs. Gullicks and Cleagthi990b cre-

Nitrification was initially believed to be merely an added benefit ated a design methodology for aid in NTF development. Four
of treating wastewater with trickling filter@Fs). Eventually, TFs operating variables, temperature, influent ammonia concentration,
were designed as a tertiary treatment process for the sole purposBYdraulic loading, and recirculation, were believed to be impor-
of nitrification based on empirical data. In 1975, the United States tnt for ammonia removal in NTFs. During the initial study, data

Environmental Protection Agena).S. EPA published a series from the EPA's curves were reorganized into a new set of curves
of empirical design curves for the design of nitrifying TERTFs) accoqntlng for the yanables that Gullicks and Clea@e@,felt
as a function of influent ammonia concentration, desired ammonia/er® important. A pilot-scale study was then perform@dilicks

removal, and temperatutSullicks and Cleasby 1986A number and Cleasby 199040 collect data specific to Ames’ wastewater.

of theoretical models based on transport processes and diffusiorE ‘ﬁta frclm} th_(le_ _pllot stuo!y and operj\t_lng dr?tadfrqm a ““”.‘ber of
limiting conditions for nitrification were also developed for the ull-scale facilities were incorporated into the design curgs.

design of NTFs(Gujer and Boller 1986; Logan 1993; Rittman é) Atm.monla rfmoval(;s ad.JUStle?. toald*c baSItS 33? thi‘; Ne(rjnstt—
and McCarty 2001 instein equation, and recirculation was accounted for by adjust-

The Ames water pollution control facilitfp/PCPH had treated ing ir_1f|uent ammonia concentratiop and _hydraulic Ioad_ing. Th_e
abscissa represents the recirculation adjusted hydraulic loading
rate, and the ordinate is the recirculation adjusted influent ammo-
nium concentration on a nitrogen basis. The influent ammonia
concentration and hydraulic loading intersect the curves, which

1Staff Engineer, Howard R. Green, 2550 University Ave., W. Suite
400N, St. Paul, MN 55114-1052.
2Associate  Professor, lowa State Univ., 394 Town Engineering

Building, Ames, A 50011. represent specific ammonia removal rates on a total media surface
3associate Professor, Univ. of North Dakota, Dept. of Civil area basis.

Engineering, P.O. Box 8115, Grand Forks, ND 58202-8115. The TF solids contact Ames WPGRWPCF) was designed
“Superintendent, Ames Water Pollution Control Plant, 56797 280th for an annual average ammonia loading of 894 kg N/day, and

St., Ames, IA 50010. currently receives an ammonia loading of 454 to 635 kg N/day.

Note. Associate Editor: Jiayan@ay) Cheng. Discussion open until Ty TFs and two NTFs were built measuring 24.4 m in diameter

April 1, 2005. Separate d?scussions must be submitt_ed for individual with 7.92 m of media depth. Both stages operate in a parallel flow
papers. To extend the closing date by one month, a written request mustScheme and the TFEs in each stage cannot be changed to operate
be filed with the ASCE Managing Editor. The manuscript for this paper ' 9 9 P

was submitted for review and possible publication on September 4, 2002'in series. The TFs contain plastic 60° crossflow media with a

approved on September 23, 2003. This paper is part ofitenal of specific surface area 0f_98.42|‘mn3, and the NTFs contain plastic
Environmental Engineering Vol. 130, No. 11, November 1, 2004. 60° crossflow media with a specific surface area of 16wh
©ASCE, ISSN 0733-9372/2004/11-1280-1288/$18.00. Natural draft air circulation is used during the winter and forced
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40 T | T l T | T I T on the diffusion constants for oxygen and ammonia, their respec-
tive molecular weights, the stoichiometry of the metabolic reac-

tions, and the concentrations of oxygen and ammonia in the bulk
— - liquid. Concentrations of ammonia above 4.0 mg N/L were
found to lead to oxygen flux-limiting conditions and below
4.0 mg N/L lead to ammonia flux-limiting condition&ullicks
30 — — and Cleasby 1986 Dissolved oxygen levels were found to be
vital for nitrification in oxygen flux-limiting conditiongGullicks
and Cleasby 1990aAlso, an applied hydraulic loading rateith
- — recirculation greater than 0.8 L/fis had a negative impact on
cold-weather nitrification, and the cold-weather effects of carbon-
aceous bhiochemical oxygen demaf@BOD) were more notice-
20 — — able at low hydraulic loading&Gullicks and Cleasby 1990a

Many other parameters affect nitrification in TFs. The sus-
pended solids and organics concentration should bg@ullicks
and Cleasby 1990b; Andersson et al. IpWastewater tempera-

Applied NH,-N, mg/L (Including Recirculated NH,-N)

inkgN/m?/day ture affects water and biofilm diffusion constants, bulk liquid film
10E-4 thickness, dissolved oxygen saturation concentration, and nitrifi-
10 |— ] cation kinetics. The ammonia removal rate may be adjusted for
7.5E-4 temperature by the using the Nernst—Einstein equation. Some re-
searchers concur with this type of temperature adjustment. They
5.0E-4 believe that if temperature is accounted for in a model, it should
B be in terms of diffusivity(Okey and Albertson 1987 Other re-
2.5E-4 searchers have observed a stronger correlation with media con-
. ol | l figuration and temperatur@ogan and Parker 1990

Theoretical and empirical models have been developed to de-
sign or predict ammonia removal in NTFs. Okey and Albertson
(1989 developed an empirical equation that predicts ammonia

Fig. 1. Replication of Gullicks and Cleastit990 design curves of ~ rémoval by accounting for oxygen and ammonia flux-limiting
ammonia removal at 10°C. Used by permission of the Water conditions. Logan’s mode(1993 numerically solves for the
Environment Federation, Alexandria, Va. maximum oxygen transport in a NTF, and is appropriate for oxy-
gen flux-limiting conditions. The model has been written into a
FORTRANprogram to aid in design. Gujer and Boll€t986
draft during the spring, summer, and fall. A solids contact process developed a series of theoretical equations that explain the
separates the two stages of T@g. 2. The AWPCF went into mechanisms for nitrification in a trickling filter. They then created
partial operation in May 1989, and full operation began on No- an empirical equation that approximates the results of the theoret-
vember 16, 1989. ical equations and is integrated across the depth of a TF. An
A number of general statements can be made about the mechaadditional term was added as an option to account for decreased
nisms for nitrification in TFs. Nitrification is the conversion of ammonia removal as a function of depth. Parker et(H89
ammonia to nitrate by aerobic autotrophs. An ammonia substrateexplored the Gujer and Boller model further. It was reasoned that
is needed, oxygen must be available, and an inorganic carbonthe maximum ammonia removal rate observed in the TF is a
source should be available. Alkalinity is needed since it is con- function of an efficiency term and the maximum oxygen flux.
sumed as the carbon source during nitrification. Based on the needs of the AWPCEF, goals were developed for
Specific observations have been made with respect to nitrifi- this research as follows:
cation in TFs. Nitrification in TFs is generally either oxygen flux (1) Determine the nitrification performance capabilities of the

0 04 0.8 1.2 1.6 2
Applied Hydraulic Load, L/s/m2 (Including Recirculation)

limited or ammonia flux limited. The limiting conditions depend AWPCF's TFs and NTFs.
Inflow Primary
Q=20MLA  Claifies TFs NTFs
Solids Comtact
AerationBasin & Final Final
Intermediate Clarifiers Clarifiers Efftuent
Q=945MIJd Q=$ML}‘&
l T
\
Q=11MLA
To Dige sters =
Qu00SMLA Q=55MLA

Fig. 2. Ames water pollution control facility flow scheme
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(2) Determine the effects of operating variables, temperature, Table 1. Average Flows in Ames Water Pollution Control Facility
and recirculation ratio on ammonia removal in both the TFs Trickling Filters during Test

and NTFs. Flow
Reviewing literature, Gullicks and Cleasby’s original research, Period Trickling filter (1C° L/day)
and the AWPCF operating data led to the following hypotheses: | (50/50 TE 1 142
(1) Noting the nitrifying capabilities of the TFs, it was hypoth- '
esized that CBOD and ammonia may be removed simulta- TF2 14.2
neously in the TFs at the AWPCF. NTF 1 s2.7
(2) The AWPCF TFs remove ammonia as predicted by Gullicks NTF 2 32.7
and Cleashy’$1990h design curves and hence nitrification !l (60/40 TF1 171
is dependent on hydraulic load, ammonia influent concentra- TF2 114
tion, recirculation, and temperature. NTF 1 39.3
(3) The Gujer and Bollef1986 model employs these key oper- NTF 2 21.2
ating variables, based on theoretical concepts, and may belll (66/34 TF 1 18.8
calibrated to extrapolate ammonia removal in the TFs and TF 2 9.7
NTFs of the AWPCF. NTF 1 43.2
NTF 2 22.3

Note: TF=trickling filter; and NTF=nitrifying TF.
Materials and Methods

Operating data from January 1999 through March 2002 were ana-

lyzed. The specific ammonia removal rates in the TFs were deter-ods [American Public Health AssociatiofAPHA) et al. 1995.
mined, but were low or unknown for NTFs since most concentra- Flow weighted composite samples collected by the AWPCF have
tions were below detection limits. The data were analyzed for a also been used in the study. A number of the samples were tested
correlation between ammonia removal and organics loading, tem-for nitrates to confirm nitrification. The nitrogen balance was
perature, and time of year. Trends and anomalies were sought. completed by testing samples for total Kjeldahl nitrog@iKN).

An experiment was designed to prove or disprove the hypoth- ~ CBOD;, chemical oxygen deman@OD), pH, and ammonia
eses listed and complete the goals of this study. The TFs arewere all measured as suggested by Standard Meti#delHA et
exposed to the entire ammonia loading on the plant allowing for al. 1995. Probes were used to measure ammonia and pH. Nitrates
maximum ammonia removal performance. The NTFs, however, were measured using ion chromatography on Dionex Equipment
receive a small fraction of the overall ammonia loading, typically (Sunnyvale, Calij. consisting of a conductivity detect¢€D20),
less than 32 kg N/day, due to nitrification in both the TFs and the gradient pumpGP40, suppressofASRS Ultra 4 mm, column
solids contact process. The flow scheme at the AWPCF was(AN300), and an auto sampléAS40). Data were recorded onto a
changed to augment the ammonia loading on the NTFs. Thepersonal computer with the Dionex Peaknet Chemo workstation.
NTFs were temporarily switched with the solids contact aeration TKN was measured by the analytical services laboratory within
basin in the flow scheme, to increase the ammonia load on thelowa State University’s Civil and Construction Engineering De-
NTFs. The ammonia load on the NTFs increased to between 45partment using an auto analyzer with spectrophotometry. The dif-
and 68 kg N/day for the study, and the CBO&ncentration was  ference between influent TKN and ammonia was assumed to be
typically less than 5 mg/L. organic nitrogen that could be ammonified through the plant pro-

The ammonia influent concentration naturally varies on a day cesses. Operating data included measurements of total daily flow,
to day basis at the facility. Recirculation of digester supernatant CBOD;, total suspended solids, volatile suspended sgW&sS),
augments and causes additional variability in the influent ammo- ammonia, wastewater temperature, and waste solids flows and
nia concentration. The wastewater flow into the TFs is held nearly concentrations. COD estimates for TF operating data have been
constant by recirculation. The hydraulic loading to the TFs was calculated based on the actual CBOD concentrations using ratios
varied manually for one month during the study, and samples of 2.2 and 3.0 mg COD/mg CBOD for influent and effluent, re-
were taken after the flows stabilized. The parallel flows to each spectively, which were determined during the experimental phase
TF stage were manipulated by adjusting sluice gates in the splitterof the study. The soluble effluent COD was then calculated using
box. One sluice gate was lowered at different levels for both TFs the measured VSS with a ratio of 1.42 mg COD/mg VSS.
and NTFs to adjust the hydraulic loading. During the study, the  The data used for the analysis were operating data from the
TF flow fraction was changed from 50/50 to 60/40 to 66/34 so facility, and data from the experimental phase of the study. For
that one would receive a high flow while the other was at low the TFs, 355 operating data points and 27 experimental data
flow. A pan test was used to verify the flow distribution between points were catalogued and used for the calibrations. Experimen-
the TFs. Average flows are shown in Table 1. tal observations yielded 48 data points for the NTFs. Data were

Grab samples were taken three to five times per week from thecompared to the design curves, used to calibrate the Gujer and
influent and the effluent of the TFs. Influent samples were taken Boller (1986 model, and used to develop an empirical equation
directly from the top of the TF media by placing a two liter for ammonia removal predictions. Ammonia removal was calcu-
beaker on the media to capture the wastewater after it flows fromlated as the observed change in ammonia through the TF on a
the distributor. Effluent samples were taken from the collection specific basis or per total media surface area. The removal has
channel at the bottom of the trickling filters by dipping a two liter been converted to a 10°C basis by multiplying it by the diffusion
beaker into the channel. Samples were chilled on site by placingcoefficient for oxygen in water at 10°C and dividing by the dif-
them into a cooler, and they were refrigerated in the lab. They fusion coefficient for oxygen at the actual wastewater temperature
were then tested for ammonia concentrations within 24 h, or pre- (Gullicks and Cleasby 1990bDiffusion was determined using
served and tested within one week as indicated in Standard Meth-the Nernst—Einstein equation:
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The adjustment reduced the observed ammonia removal at tem- H4H
peratures higher than 10°C to lower values. 3 60 H
A linear fit was used for comparing nitrates generated versus é Z H
ammonia consumed. If the slope is one, nitrogen conversion is &
complete. A negative effect of organics on the specific ammonia x40
removal rate in the TFs was also tested by a linear fit. The null
hypothesis for linear fits is that the slope is zero, and the alterna- 20
tive hypothesis is that the slope is not zero. Slope significance ‘
was therefore determined by comparing thealue to the signifi- o L CedEdoiEiiidade it
cance level, or alpha value assumed to be 0.05 for the analyses. Dec-98 Oct-98 Aug-99 Jun-00
All statistical regressions were performed using the statistical Date
software JMP (2002. Values of R? were used to value the B Stage 1 Trickling Filters
strength of the fit. E=———] solids contact
Gullicks and Cleasby’s design curvés9900 were approxi- ECIIKRT stage 2 Trickling Filters

mated by an equation to allow for a statistical analysis. The fol- ) ) )
lowing best-fit equation was found to give the best representation Fi9- 3. Percentage ammonia removal in Ames water pollution control
of Gullicks and Cleasby’s design curves: facility biological treatment processes

jn=-0.000 41 + 0.001d, + 4.9X 10°°S; - 0.000 467 + 3.4
appropriate for the NTFs. Due to its theoretical basis, the model is

5 — 6
X 107§ jvy — 2.0x 107 S,i,i 2 suitable for extrapolating beyond the range of the data.
The equation is appropriate for the range of data shown by the A best-fit equation was regressed directly to the data in terms
design curvesFig. 1). The Gujer and Boller modelL986) with- of hydraulic loading, influent ammonia concentration, and the
out an empirical depth parameter is specific ammonia removal rate adjusted to 10°C to improve pre-

dictions. Since the best-fit equation was regressed to the data, it is
not appropriate for extrapolation. The best-fit regression equation
and the Gujer and Boller model were used to evaluate perfor-

It b iulated t ve the ob q ii ¥ mance of the TFs for design ammonia loading. Significance of the
i can feﬂr;na.nlfpl)u a:a 0 solve Ihe o tse:ye spde(;l 'g reTO\I’a (;n models was determined statistically usiRg values and the co-
erms of the influent ammonia concentration and hydraulic load- (¢ ot of variability:

ing in the same manner as Gullicks and Cleasby’s design curves

ZajN,max (S\ll)
——— i~ N | 3
S‘, S\ + n\ — ( )

VH

(1990b: SD
C,=— (6)
mg m’ X
1,000———azjy . B .
B kg L A lower coefficient of variability indicates a better fit.
SNi = Statistical F-tests were performed on the regression equations
mgn® ! regressi _
1,000———(jn ~ jnmad@Z and the parameters of the equations to verify significance of fit.
(86.43 ”‘3v ) 1-ex kg L The overall F-test establishes if the equation as a whole has sig-
dL " Nl 86 s nificance, and the partial F-tests impart significance of individual
) Id L VH terms in the equatioKleinbaum et al. 1998 The null hypoth-
@ esis is that either the equation or the individual terms are not
significant, and the alternative hypothesis is that they are signifi-
Note that asjy departs fromjymae the exponential term ap-  cant.JMP (2002 was used to generate values, which can be
proaches zero. Hence, E@) simplifies to compared to a chosen significance level or alpha. An alpha value
of 0.05 was chosen, and when thevalue is less than 0.05 the
SN«(86.1S m3VH) null hypothesis is rejected in favor of the alternate hypothesis;
. ! dL i.e., the equation or terms are significant at a 95% level of confi-
IN= mg n? 5 dence.
l,OOOKQ—LaZ In order to determine whether ammonia removal occurs simul-

taneously with CBOD removal or at lower depths after CBOD
For a particular TF, the media depth and specific surface area willremoval in the TFs, it is useful to know ammonia concentrations
be constant. Thus, the specific ammonia removal rate will be de-along the depth profile. Unfortunately, sampling ports were un-
pendent on the ammonia influent concentration and the hydraulicavailable to acquire samples at intervals along the TFs. A most
loading when the TFs are not operating near the maximum spe-probable numbefmpn) test for nitrifiers was performed as an
cific ammonia removal rate. alternative way to verify or disprove the existence of nitrifiers.
To calibrate the Gujer and Boller modg986), data were fit Biofilm samples were scraped from the top of the media in one of
to Eq.(4) using a nonlinear regression function. Calibration of the the TFs and one of the NTFs. The biofilm from the top of a
Gujer and Boller model is specific to the characteristics of a TF. trickling filter was scraped from a number of random spots and
The TFs and NTFs were therefore calibrated separately using themixed together to give a composite biofilm sample. An mpn test
operating data. The Gujer and Boller model is intended for TFs was performed on the biofilm samples. The mpn test was per-
after secondary treatmeGujer and Boller 1986and is more formed in accordance to the method listed by Schmidt and Belser
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Table 2. Typical Range of Ammonia, Nitrate, and Total Kjeldahl Nitrog@iKN) Concentrationgmg N/L) at Ames Water Pollution Control Facility
during Normal Operation

Trickling filters Solids contact Nitrifying trickling filters
Influent Effluent Influent Effluent Influent Effluent
Ammonia 16-23 3-9 3-9 1-3 1-3 <0.5
Nitrates 2-5 12-17 12-17 22-27 22-27 25-30
TKN 25-32 13-18 13-18 4-6 4-6 2-3
(1994). A recipe for nitrifier media is given by the method, and The relationship between COD concentrations and the specific

nitrifiers were identified by the presence of either nitrites or ni- ammonia removal rates in the TFs was studied in detail to esti-
trates using an ion chromatograph after six weeks of incubation. mate the effect of organics and, consequently, heterotroph com-
Serial dilutions of 10! through 10° were used since the ap-  petition on nitrification in TFEFig. 5). Strangely, a weak positive
proximate number of nitrifiers was not known. linear effect of influent soluble COD concentration on ammonia
removal was found to be significaiitesults not shown This
analysis fails to take into account that an increase in influent
Results soluble COD is usually accompanied by an increase in influent
ammonia concentration. On the other hand, a weak negative lin-
The operating data were used to show which processes were reear effective on the specific ammonia removal rate accompanying
moving ammonia in the facility. The data show that the TFs re- an increase in effluent soluble COD was found significant:
move the largest fraction of ammonia in the faciliig. 3). The
solids contact process also removes a significant amount of am- jn=0.000 420 - 5.5 1U7Scoa,e 7)
monia. The NTFs remove only a small percentage of the current.l.he R2
overall ammonia load. On average, the TFs remove 63%, the
solids contact process removes 20%, and the NTFs remove 14%
The nitrogen mass balance was completed by measuring am
monia, TKN, and nitrates in the TFs. Typical values for ammonia,
TKN, and nitrates during normal operation are lis{@dble 2. A
plot has been created that shoiigy. 4) nitrates generated versus
ammonia consumed on a nitrogen basis. The slope of the curv
should be 1.0 if all ammonia lost is being converted to nitrates.
The slope is 1.1 mg ND—N/mg NH;—N, which may be ex-
plained by experimental error or organic nitrogen undergoing am-
monification and subsequent nitrification. Based on TKN testing, and 10 per gram of dry soilSylvia et al. 1999

?t appears.ft.hzt.rotuhgh_lly_/lzl to i mt? Nt“(; gf SOIIIJ\Ib/IE prganic ni.tfr.o%e.n Operating data for the AWPCF TFs were plotted and compared
Itls1 an’\]_ln_"(:m'_'l_eh inhe | _sag _‘"tl (;u : mg ¢ IS ammon_lf_|e t'm to the Gullicks and Cleasby curvés990b (Fig. 6). The effluent
€ S. The unexplained nitrates may beé from ammontiication ., ,5i5 concentration for the NTFs is below the 0.5 mg N/L

and supseqyent nhitrification of organic nitrogen, however, most detection limit for the AWPCF laboratory, therefore, the operating
ammonification appears to occur in the solids contact Process. y i~ in Fig. 6 is reflective of only the TFs. The TFs normally

The observed ammonia removal rates are an underestimate of th%perate at a constant hydraulic loading nearl0'g/r as seen in
total ammonia removal if the ammonia resulting from ammonifi- the plot of Fig. 6. For the data above O.As/n;z however. the

cation is neglected. Gullicks and Cleasby-type curve shape begins to emerge. The

for the effluent COD comparison was found to be only
0.05, however, the equation has a small slope. Based on the slope,
an increase in the effluent soluble COD of 76 mg/L would be
required to decrease the specific ammonia removal rate by 10%.
Nitrifiers were found to exist in the top of the TFs and NTFs
based on mpn test results. The mpn of nitrifiers for the top media
layer in the TFs found 3,000ammonium and nitrite oxidizeys
eper gram of dry biofilm. The mpn of nitrifiers for the top layer of
media in the NTFs found 31,80@mmonium and nitrite oxidiz-
ers per gram of dry biofilm. The number of nitrifiers found is
similar to that of unfertilized soil, which would be between®10
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Fig. 5. Relationship between ammonia removal and soluble

Fig. 4. Ammonia removed versus nitrates generated in trickling carbonaceous biochemical oxygen demand concentration in trickling
filters and nitrifying at Ames water pollution control facility filters
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Fig. 6. Operating data from the Ames water pollution control facility Fig. 7. Experimental data from Ames water pollution control facility
trickling filters superimposed over a replication of Gullicks’ design trickling filters (TFs) and nitrifying TFs superimposed over a
curves. +=0-2.5x 10% kg N/n?/day; ¢ =2.5-5.0<10* replication  of  Gullicks’  design  curves. =0-25
kg N/m?/day; A=5.0-7.5<10* kg N/m?/day; and (0=7.5-10.0 X104 kg N/m?/day; ¢ =2.5-5.0<107% kg N/m?/day; A=5.0—

X 107 kg N/m?/day. 7.5x 107% kg N/m?/day; andC]=7.5-10.0< 10°* kg N/n?/day.

jn=7.65X 107°S vy 8

data poorly fit the curves based on a statistical comparison with The R? for this equation is 0.56 with a coefficient of variability of
the Gullicks and Cleasby curve approximation resulting in a co- 0.30. The plot of Eq(8) (Fig. 10 shows a moderate fit to the

efficient of variability of 1.06. data. Empirical data came from AWPCF TFs and NTFs and Eq.
Experimental data from the AWPCF study were plotted and (8) may be applied to those TFs. Most of the data used to generate
compared to the Gullicks and Cleasby curves separéftéty 7). this model, however, are from the TFs, and this model is most

Influent ammonia concentrations for the TFs can be observedappropriate for use when predicting ammonia removal in the TFs

above 5 mg N/L and below 5 mg N/L for the NTFs. It can be within the range of the data used to regress the empirical equa-

generally seen that the curves are, as intended, a conservativéion. Use of the equation also assumes that external conditions,

basis for cold-weather design. For example, the specific ammoniavariables not accounted for in the equation, remain similar to

removal data for the range of 7.5E-4 to 10.0E-4 kd/day lie those for which the data were collected.

between the region of the curves that predicts a removal between Eg. (8) is reminiscent of Eq(5) where the specific ammonia

5.0E-4 to 7.5E-4 kg/fday. The 75 experimental data points removal rate is dependent on only the product of a constant, in-

poorly fit the Gullicks and Cleasby curve approximation with an fluent ammonia concentration, and the hydraulic loading. Note

R? of 0.55 and a coefficient of variability of 0.86. that the average specific ammonia removal rate for the TFs is
The TF experimental and operating data, 382 points, were fit about 10% of the calibrated maximum specific ammonia removal

to the Gujer and Boller mod€lL986). Global minima were found  rate from the Gujer and Boller modél986), which reduces the

for the resulting equation which had a negat®R&(poor fit of a exponential term from Eg4) to 0.08. If the depth and specific

nonlinear equationand coefficient of variability of 0.49Fig. 8). surface area for the TFs are substituted into & the coeffi-

The calibration for the NTFs used 48 data points from the experi- cient becomes 1.2410°%. If the depth and specific surface area

mental phase, but due to the limited data, the regression wouldfor the NTFs are substituted into E¢), the coefficient becomes

not converge at reasonable values for the constants. The value$.65x 1075,

suggested by Gujer and Boller were, therefore, used to evaluate The models were used to predict ammonia removal at the

potential ammonia removal rates in the NTE&g. 9). Model AWPCEF for design loading conditior@able 4 with no recircu-

calibrations can be found in Table 3. lation in the TFs or ammonia removal in the solids contact pro-
A best-fit equation was regressed directly to the operating and cess. Average annual loading during the design year for ammonia

experimental data: is 900 kg N/day at a flow of 32510 L/day, resulting in an
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Fig. 8. Experimental and operating data from the trickling filters
were used to calibrate the Gujer and Boller mod€186. +=0-2.5

X 1074 kg N/mé/day; ¢ =2.5-5.0<10* kg N/m?/day; A=5.0—
7.5X 107* kg N/m?/day; andd0=7.5-10.0x 107* kg N/n?/day.

influent ammonia concentration to the TFs of 27.5 mg N/L. The
models predict full ammonia removal at the facility at design
loading conditions for nitrification occurring in both the TFs and
NTFs.

Discussion
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Fig. 9. Experimental data from the nitrifying trickling filters is
compared to the Gujer and Boller modé&b86) with default param-
eters. +=0-2.5x 10* kg N/m?/day; $=2.5-5.0<10*
kg N/m?/day; A=5.0-7.5x 10°* kg N/m?/day; and[1=7.5-10.0
X 10* kg N/m?/day.

intended for CBOR removal. A significant linear effect on am-
monia removal was not correlated to CBObut the effect may
have been hidden by confounding factors or been nonlinear. For
example, an increase in influent CB@Roncentration is fre-
quently accompanied by an increase in influent ammonia concen-
tration at the AWPCF. It is difficult to determine if the curves
have a fundamental flaw. Indeed, the design curves seem to fol-
low a pattern not unlike the Gujer and Boller mod&986) except

The data show consistently high ammonia removal rates in thethe curved section is sharper and the ends become parallel to the

TFs despite the high CBQpPload. Higher influent or effluent

x andy axes instead of slowly approaching an asymptote. Oper-

CBOD; concentrations, and consequently loading, do not have aating data appear to follow the Gujer and Boller model in the
negative linear effect on the percentage ammonia removal. Thecurved region better, but data nearer the vertical end are incon-
presence of nitrifiers in the top of the TFs was confirmed with an clusive, while no data are available for the horizontal end. A

mpn test. The effect of CBOPon nitrification in the TFs is
negligible, nonlinear, or masked by other unaccounted effects.

number of different specific ammonia removal rates overlap for
the same conditions, which suggests that some other variable re-

Data collected for this study do not match the predicted per- sulted in an increased or decreased removal.

formance from the design curvé&ullicks and Cleasby 1990b

Gullicks and Cleasby’s model has &3 of 0.55 for just the

The disparities may be due to the intended conservative nature ofexperimental data, but a negati® when tested with the oper-
the curves, unaccounted factors, or fundamental flaws in theating data. Eq(8) has aR? for the operating and experimental
curves. First, a majority of the data is from the TFs, which are data of 0.56. Interestingly, Gullicks and Cleasby’s model includes

Table 3. Gujet and Boller Model Calibrations

jN,max az N
Trickling filters Data source (gN/m?/day) (m3/m?3) (mg N/L) C, R?
TFs Operating and experimental data 1.14 777.36 8.9 0.49 <0
NTFs Experimental data 0.85 1,298.9 1.6 0.27 0.67

Note: TFs=trickling filters; and NTFs=nitrifying TFs.

A/alues suggested by Gujer and Bol(@986 were used because the data for the calibration were limited.
1286 / JOURNAL OF ENVIRONMENTAL ENGINEERING © ASCE / NOVEMBER 2004



I ammonia removal, and the correlation coefficient reveals how
much of the variability was explained. E@) is the simplest test

of the importance of these variables. It was found statistically
significant and had aR? of 0.56 indicating that 56% of the vari-
ability in removal can be explained by the predictors. A number
of data points have similar values for the predictor variables, but
different ammonia removal rates as seen in Fig. 6 by the overlap
= of different ammonia removal rates. Factors responsible for these
differences have not been discovered by this study.

30

20 .
Conclusions

The AWPCF NTF study helped accomplish the desired goals,
supported a conclusion for the hypotheses of the study, and has
ramifications for TF nitrification and future studies. The following
conclusions resulted from the study:

e The models that are useful for predicting ammonia removal in
the AWPCF TFs are the best-fit equatifig. (8)], generated
from a statistical regression in this study, for the TFs, and the
Gujer and Boller mode{1986) for the NTFs. The default co-
efficients were used for the Gujer and Boller model, however,
and a customized calibration would yield better predictions.

e It must be conceded that the first hypothesis, influent CBOD

has no effect on nitrification, is not fully supported by the

study. The evidence indicates that ammonia removal can be
reliably high despite high CBOD concentrations, but this rela-

tionship at the AWPCF is poorly understood. E§) does a

moderate job of explaining the variability in ammonia removal

in the TFs. Part of the unexplained variability may be due to
the effects of CBOD loading.

The second hypothesis, the TFs at the facility remove ammo-

nia as predicted by Gullicks and Cleasby’s cury&990b,

appears to have been disproved. Gullicks and Cleasby'’s curves
are actually a conservative basis for winter weather design,

inkaN/m?/day

10— 10.0E-4 ]

Applied NH3z-N, mg/L (Including Recirculated NH3-N)

| 4,

o L1 NBARE. 3 N
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Fig. 10. Empirical regression[Eqg. (6)] with operating and
experimental data from the trickling filte(§'Fs) and nitrifying TFs.
+=0-2.5X10* kg N/m?/day; ¢ =2.5-5.0x10°* kg N/m?/day;
A=5.0-7.5x107* kg N/m?/day; and [0=7.5-10.0<107* °
kg N/m?/day.

an intercept term, which indicates that with no flow or loading the
TFs will have a negative specific ammonia removal rate. The
negative intercept is a result of the intended conservative naturee
of the model and is reflected in its poor fit.

The Gujer and Boller model poorly fits the TF data, and does
not converge to the limited data for the NTFs. Gujer and Boller
did not, however, intend for the model to be used for TFs with
high organic load¢Gujer and Boller 1986 The NTF data are too
limited to provide a fit to the model. Ammonia removal rates
within the TFs, from sampling port data, would have given useful

and it is shown from the analysis that Gullicks and Cleasby’s
curves, as intended by the authors, underpredict removal.
Nitrification in TFs is a function of a number of variables.
Given the appropriate model, the four operating variables
listed as important in this study appear to explain a significant
part of the variability of TF nitrification, as indicated by the
correlation coefficient. A large part of the variability is, how-
ever, not accounted for. Either additional variables need to be
considered, or the relationship used is not accurate.

The results from this study have implications for future stud-

data that would have improved regression. ies. Specifically for the AWPCF, an improved calibration of the
Four variables—influent ammonia concentration, hydraulic NTFs to a theoretical model should be performed by augmenting
loading, recirculation, and temperature—have been relied upon aghe ammonia load on the NTFs and installing sampling ports in
ammonia removal predictors in TFs. These variables were incor-order to observe the maximum ammonia removal and acquire
porated into all of the models used. The statistical tests for thesedata that reflect the effects of variables on ammonia removal.
models reveal how well these variables explain the variability in More generally, the phenomenon of simultaneous CBOD and am-

Table 4. Ammonia Effluent Predictions for Design Conditions at the Ames Water Pollution Control Facility

Influent Effluent
Flow NH; NH;

Process 10° (L/day) Model (mg N/L) (mg N/L)
Overall 325 — 275 0.0
Trickling filters 32.5 Eq.(8) 27.5 8.9
Solids contaét 325 — 8.9 8.9
Nitrifying trickling filters 62.4 Gujer and Bollef1986 4.6 0.0

Nitrification in solids contact neglected.
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monia removal in TFs should be examined. Capital and operating

(APHA). (1995. Standard methods for the examination of water and

costs could be cut considerably if a single stage TF system could wastewater19th Ed., APHA, Washington, D.C.

be designed and optimized to perform both functions.

Notation

The following symbols are used in this paper:
a = specific surface are@m?/md);
C = diffusion coefficient;
C, = coefficient of variability;

Dot = diffusivity of oxygen water at temperatuc&),
(cm?ls);
jcope = effluent soluble chemical oxygen dema(teiOD)
concentrationmg COD/L);
jn = observed specific ammonia removal rate
(kg N/n?/day);
inmax = Maximum specific ammonia removal rate
(kg N/n?/day);
N = half saturation coefficientmg N/L);
SD = standard deviation;
Sy, = ammonia influent concentratiqmg N/L);
Sy = ammonia concentratioimg N/L);
T = absolute temperatur&);
X = mean;
z = depth of trickling filter medigm);
Rh,0 = Viscosity of water, centipoises; and
vy = hydraulic loading ratgL/m?/s).
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