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HIGHLIGHTS

e Drawdown plates can prevent prolonged saturation in denitrifying woodchip bioreactors.

Contraction coefficients for the orifice equation ranged from 0.74 to 0.76.

Drawdown orifice should be sized appropriately to avoid interfering with design flow rates.
Established stage-discharge relationships for drawdown orifice improve accuracy of flow monitoring.

ABSTRACT. Denitrifying woodchip bioreactors are a conservation drainage practice used to reduce nitrate loads in tile
drainage water from field crops. Prolonged saturation in the woodchip media under no flow or low flow conditions can
result in the production of hydrogen sulfide and methane. The US Department of Agriculture Natural Resources Conserva-
tion Service’s (NRCS) Conservation Practice Standard for denitrifying bioreactors recommends a low-level orifice at the
bioreactor outlet to drain the woodchip media within 48 h to prevent prolonged stagnation. This study determined stage-
discharge relationships for three drawdown configurations in an AgriDrain water level control structure (15.2 cm nominal
tile size) to improve accuracy of estimating flow in field bioreactors. Tested drawdown configurations consisted of a custom-
made inverted-v orifice plate currently used by the NRCS (3.6 cm? orifice area); and a 2 and an 8 mm gap between the base
of the structure and the bottom stop log (2.6 and 12.3 cm? orifice area, respectively). The stage-discharge relationship for
all three orifices was accurately described by the orifice flow equation (R® > 0.99). Stage-discharge relationship for the
inverted-v drawdown plate in combination with a stainless steel-edged v-notch weir was the sum of their respective stage-
discharge relationships for orifice flow and flow over the weir. Contraction coefficients for the inverted-v, 2 mm gap, and 8
mm gap configurations were 0.74, 0.74, and 0.76, respectively. The stage-discharge relationships for the inverted-v, 2 mm
gap, and 8 mm gap configurations were Q = 3.26*4*h">, O = 3.29*%4*h%>, and Q = 3.38*A*h", respectively, where Q is
inm’s!, Ais the orifice area in m’, and h is the water head differential in meters.

Keywords. Denitrifying bioreactor, Drawdown plate, Flow monitoring, NRCS, Prolonged saturation.

oodchip bioreactors (or denitrifying bioreac-
tors) are an approved conservation drainage
practice (USDA NRCS, 2020) that reduces
nitrate loads in tile drainage by routing tile
drainage water to a denitrifying woodchip bed. Nitrate load
in the woodchip bioreactor is reduced by maintaining a sat-
urated media profile with sufficient hydraulic residence time
(HRT) that anaerobic processes (i.e., denitrification) occur
(Schipper et al., 2010). While woodchip bioreactors with
sufficiently long HRT can achieve the desired outcome of
reducing the nitrate load, excessively long HRT can produce
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undesired compounds with negative environmental and
health effects. Where sulfate is present in the water, sulfate-
reducing bacteria in woodchip bioreactors can produce hy-
drogen sulfide gas (Lepine et al., 2016) which is toxic in
aquatic ecosystems (Kinsman-Costello et al., 2015) and has
harmful human health effects. Under prolonged saturated
conditions, woodchip bioreactors can become a source of
methane (Warneke et al., 2011; Davis et al., 2019), a potent
greenhouse gas, as microbes consume available carbon via
methanogenesis. In some instances, strongly reducing con-
ditions can lead to bioreactors becoming net sources of me-
thyl mercury (Shih et al., 2011).

Bioreactors are typically designed with a target HRT such
that tile drainage water is not completely denitrified during
normal flows, avoiding the likelihood of hydrogen sulfide
and methane formation. Under certain low flow conditions
or dry periods without flow, prolonged saturated conditions
with stagnant water can produce these gases. Stop logs at the
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bioreactor outlet can be manually lifted to fully drain the bi-
oreactor, however doing so requires labor and time by the
farmer and awareness of tile drainage flow at any given time.
The US Department of Agriculture Natural Resources Con-
servation Service (USDA NRCS) Conservation Practice
Standard (CPS) for denitrifying bioreactors recommends “a
low-level orifice in the outlet water control structure to as-
sure the media chamber drains in a maximum of 48 h during
periods of low or no flow” (USDA NRCS, 2020). A draw-
down plate, consisting of a low-level orifice in the control
structure stop log, helps achieve the NRCS recommendation
of draining the media within 48 h. However, stage-discharge
relationships for these low-level orifices placed in water
level control structures are needed in order to accurately es-
timate flow through the water level control structure when
drawdown configurations are used. Three drawdown config-
urations were tested in an AgriDrain water level control
structure to establish stage-discharge relationships between
water head differential across the plate and flow rates
through the orifice. The objective of these experiments was
to quantify stage-discharge relationships for several draw-
down configurations such that flow through the water level
control structures could be accurately estimated when using
a drawdown feature.

MATERIALS AND METHODS

Experiments were performed in December 2020 at the
Hydraulics Lab of the Department of Agricultural and Bio-
logical Engineering at University of Illinois Urbana-Cham-
paign where stage-discharge relationships for flow through
AgriDrain control structures have previously been estab-
lished for several weir configurations (Chun and Cooke,
2008; Christianson et al., 2019). Flow rates were measured

A

2.8cm~

through an AgriDrain 15.2 cm (6 in. nominal tile diameter)
inline water level control structure (as illustrated in Chris-
tianson et al., 2019), the most commonly used control struc-
ture for controlling water level in field bioreactors in the
Midwest. Flow was provided by a constant head overflow
tank. Flow rates through the control structure for a given
drawdown configuration were measured by recording
weight of water captured in a load cell downstream of the
control structure over a given time interval. Load cell was
calibrated prior to experiments by adding a known volume
of water to the load cell, and calibration reconfirmed at end
of experiment. Sample times were recorded to the nearest
tenth of a second using a stopwatch. Sample intervals were
at least 30 s in duration to minimize relative error due to
manual time measurements. Water head difference between
the upstream and downstream side of the stop logs was
measured in clear stilling wells placed on the outside of the
control structures. Stilling wells placed upstream and down-
stream of the stop logs were used to reduce water level fluc-
tuations from small variations in flow when measuring water
level, similar to methods used by Christianson et al. (2019).
Upstream and downstream water level was measured to the
nearest millimeter using measuring tape fixed to the side of
the stilling wells. Flow through the structure was adjusted
until water level in the stilling wells was stable, and then
flow rate at each water level measured in triplicate.

Three different drawdown configurations were tested
(fig. 1). Drawdown plates were made using standard stop log
sizes manufactured by AgriDrain (Adair, lowa). All draw-
down plates were placed at the base of the control structure,
with each plate 17.8 cm in height (standard 7 in. AgriDrain
stop log). The first plate tested was an inverted-v orifice
which has been recommended for use as a “low-level ori-
fice” (e.g., CPS 605) at bioreactors designed by the USDA

0.8 cm

Figure 1. Drawings and dimensions of the three drawdown configurations tested. An inverted-v orifice plate (A) was tested in conjunction with a
stainless steel-edged v-notch weir. Two rectangular orifices 2 mm (B) and 8 mm (C) in height were made by lifting the stop log off the bottom of

the control structure.
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NRCS (fig. 1a). This inverted-v was located at the base of
the plate measuring 2.8 cm in width and 2.6 cm in height.
This drawdown plate had previously been used at several
monitored NRCS-designed bioreactors to prevent prolonged
saturated conditions, but the stage-discharge relationship for
this plate had not been established. These field bioreactors
also used a v-notch stainless steel-edged weir to measure bi-
oreactor outflow, for which the stage-discharge relationship
was previously developed (Christianson et al., 2019). Stage-
discharge for the inverted-v orifice was measured by placing
the plate at the base of the control structure, a 12.7 cm stop
log (standard AgriDrain 5 in.) on top of the bottom stop log,
and finally the v-notch stainless steel-edged weir plate as the
uppermost stop log (fig. 1). This was the configuration used
in several monitored NRCS woodchip bioreactors. Flow
measurements for the inverted-v plate were also taken under
flooded conditions to mimic water level conditions fre-
quently seen in field bioreactors, where the flow capacity of
the tile drain downstream of the water level control structure
is exceeded, raising the water level within the control struc-
ture. To mimic these conditions, water level downstream of
the inverted-v plate was artificially raised by placing an ad-
ditional water level control structure at the outlet of the con-
trol structure containing the inverted-v plate, with stop logs
in the downstream structure raised to a height of 30 cm.
Two additional drawdown configurations with rectangu-
lar orifices were also tested (figs. 1b and c¢) which simply
raised the bottom stop log off the base of the control struc-
ture to allow flow to pass underneath the bottom stop log.
These drawdown configurations with rectangular orifice
were held off the base of the control structure using a screw
and nut to adjust to the desired height. For these configura-
tions, an unmodified AgriDrain stop log was raised to create
a 2 and 8§ mm gap above the control structure bottom, with
AgriDrain stop logs placed on top of the drawdown plate up
to a height of 60 cm. Due to the design of the base of the
water level control structure, the drawdown orifice in each
configuration was always fully submerged with water level
downstream of the stop logs above the top of the orifice.
Stage-discharge relationships were fitted to the equation
for flow through an orifice (eq. 1), which is described as:

O =Cc*4*\|2*g*h (1)
where
QO = flow through the orifice,
C. = contraction coefficient,

= orifice area,

gravitational acceleration constant, and

= water head difference from upstream to downstream
of the drawdown plate.

For the inverted-v plate, this equation was coupled with
the previously developed equation for the stainless steel-
edged v-notch weir (Christianson et al., 2019) once water
level was above the lowest point of the v-notch weir (i.e., the
bottommost vertex of the v-notch). The equation for flow
over the v-notch weir took the form of equation 2, where
Christianson et al. (2019) determined a and b coefficients of
0.011 and 2.28, with Q in L s™! and h as the height of water
above the bottommost vertex of the v-notch in cm.
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For the 2 and 8 mm gap configurations, the width of the
rectangular orifice was measured as the space between the
stop log metal brackets on either side of the control structure
(16.0 cm), rather than the full width of the control structure
(20.5 cm).

Fitting of equations 1 and 2 was done in R using the nls()
function (R Core Team, 2020), which is used for finding the
weighted least-squares estimates of the parameters of a non-
linear model. This method was used to determine values of
Cc for equation 1 for each drawdown configuration sepa-
rately, and a and b coefficients for equation 2 for the v-notch
weir. When fitting equation 1, a constant value of Cc was
assumed over the range of water levels tested. The fitted
equations 1 and 2 were used to obtain predicted values for
flow based on head difference across the drawdown plate.

RESULTS AND DISCUSSION

Flow through each of the drawdown configurations was
well-described by the orifice equation (fig. 2, Supplemental
Information). After fitting the flow data to equation 1, R? of
observed flow rates versus flow rates predicted by the fitted
equation 1 were > 0.99 for all three orifices. The 2 mm gap
configuration had the lowest flow rates for a given head dif-
ference. The 8 mm gap configuration had the largest flow
rates at a given head difference due to the larger orifice area
(12.3 cm?) relative to the rectangular orifice made by the
2 mm gap (2.6 cm?). The stage-discharge relationship for the
inverted-v drawdown plate was comparable to the 2 mm gap
configuration, likely due to the similar area of the inverted-
v orifice (3.6 cm?). At a head difference ~0.45 m, the in-
verted-v plate and 2 mm gap configuration had flow rates of
0.81£0.01 (meantstandard deviation) and 0.57+0.01 L s,
respectively.

Water level downstream of the drawdown plates did not
vary substantially over the range of flow rates tested. Down-
stream water level ranged from 7.5 t0 9.0, 7.2 to 8.7, and 8.8
to 11.5 cm above the bottom of the control structure for the
inverted-v, 2 mm gap, and 8§ mm gap configurations, respec-
tively. Flow through each of the drawdown configurations
did not cover the full range of potential flow for the water
level control structure, but rather covered the typical range
of water level and head difference at the outlet of field bio-
reactors. Chun and Cooke (2008) tested flow rates over flat
weirs up to 6 L s! in the same size water level control struc-
ture, indicating the tested orifice flow rates were below the
flow capacity of the structure.

Values of the C¢ contraction coefficients were 0.74, 0.74,
and 0.76 for the inverted-v drawdown plate, 2 mm gap, and
8 mm gap configurations, respectively (table 1). Under con-
ditions where the downstream water level was raised 30 cm
using a second water level control structure, the stage-dis-
charge relationship for the inverted-v plate was not substan-
tially different than when downstream water level was not
raised, giving a C. value of 0.72. Values of C¢ were higher
than conventional values for flow through sharp-crested ori-
fice (~0.61). Higher Cc values reported here may have been
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Figure 2. Stage-discharge relationships for the three drawdown plates. R? values indicate the correlation between observed flow rates (hollow
black circles) and predicted flow rates (dashed black line) given by the fitted equation 1 for each plate. Red X symbols for inverted-v indicate
measurements taken under conditions where downstream water level was raised to 30 cm. In all cases the drawdown orifice was fully submerged.

due to turbulence of flow produced as water exited the
15.2 cm diameter corrugated plastic tube and entered the
control structure. Previous studies have shown that Cc can
increase as Reynold’s number increases when flow is less
laminar (Sahin and Ceyhan, 1996; Abd et al., 2019). The
contraction coefficient for the 8 mm gap configuration was
higher than that of the 2 mm gap by more than two standard
errors, despite the same orifice shape with the only differ-
ence in the two configurations being the height of the stop
log off the base of the control structure. This variation in cal-
culated Cc may be due to the uncertainty when measuring
the area of the two rectangular orifices. An error of only 0.1
mm in the height of the rectangular orifice resulted in a
change in calculated Cc of 0.04 and 0.01 for the 2 mm and 8
mm gap plates, respectively. The 2 mm gap orifice was more
sensitive to small measurement error in height of the orifice,
which should be taken into account when making relative
comparisons between the two rectangular orifices. The same
measurement error of 0.1 mm for either dimension of the in-
verted-v orifice resulted in a change in Cc of <0.01. That
calculated Cc values for all three orifices were within 0.02
of each other suggests that an assumed Cc value within the
range of 0.74 to 0.76 may be accurate for orifices in the
15.2 cm AgriDrain control structure.

These equations were developed in an AgriDrain water
level control structure made for 15.2 cm (6 in.) nominal tile
diameter. The 15.2 cm AgriDrain water level control struc-
ture was selected as this is the most common control struc-
ture size used at the outlet for field bioreactors where the
drawdown plate is placed. Orifice area created by the 2 mm
and 8 mm gap configurations would increase in larger water
level control structures with wider stop logs, while the ori-
fice area for the inverted-v drawdown plate would remain
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unchanged as it provides fixed area regardless of stop log
width. It is possible that values for Cc may differ in larger
structures if structure size affects flow turbulence, and sub-
sequently the Reynold’s number, as flow enters the structure
and moves through the orifice. Combining the contraction
coefficients and the orifice area for each plate, the stage-dis-
charge relationships for the inverted-v drawdown plate,
2mm gap, and 8 mm gap configurations were Q =
3.26%*A*h%5, Q = 3.29*A*h%3 and Q = 3.38*A*h’3, respec-
tively, where Q is in m® s, A is the orifice area in m? (ta-
ble 1, in cm?), and h is the water head differential in meters.

The combined inverted-v orifice and stainless steel-edged
v-notch weir configuration performed as expected, with the
stage-discharge relationship changing once water level
reached the crest of the v-notch weir (fig. 3). Once flow
crested the v-notch weir, total flow through the control struc-
ture was a sum of flow through the inverted-v orifice and
over the v-notch weir. Flow over the v-notch weir was cal-
culated by subtracting the flow predicted by the fitted equa-
tion for the inverted-v orifice (eq. 1, table 1) at the given
head difference from total measured flow through the control

Table 1. Values of the contraction coefficient (Cc) for each
of the drawdown plates after fitting the stage-discharge
relationship to equation 1.

Cc
Area Standard Residual
Orifice (cm?) Cc Error R? (Ls™h
Inverted-v 3.6 0.74 0.002 0.999 0.01
2 mm gap 2.6 0.74 0.004 0.999 0.01
8 mm gap 12.3 0.76 0.005 0.995 0.05

() Includes the standard error of prediction for Cc, the R? value of
observed versus predicted flow rates, and the residual error of the
fitted equation.

APPLIED ENGINEERING IN AGRICULTURE
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Figure 3. Observed flow rates for the combined inverted-V orifice stop log and stainless steel-edged v-notch weir configuration (A), where verti-
cal dashed line indicates the height at which water level crested the v-notch weir. The stage-discharge relationship for the stainless steel-edged v-
notch weir only (B). Red X symbols indicate the observed flow rates, while black hollow circles indicate the corrected flow rates for the v-notch
weir after subtracting the predicted flow for inverted-v orifice based on equation 1. The fitted equation 2 is indicated by the dashed black line,
with 95% prediction interval shown in gray. Blue solid line indicates the previously reported relationship for the stainless steel-edged v-notch

weir (Christianson et al., 2019).

structure. This resulted in estimates for the a and b coeffi-
cients (eq. 2) of 0.013+0.001 (estimate+standard error) and
2.3040.03, respectively. Flow over the stainless steel-edged
v-notch weir was given by Q = 0.013*h>3°, where Q is in L
s'! and h is depth of water in the weir in cm. The calculated
b coefficient was within one standard error of the b coeffi-
cient previously reported for this stainless steel-edged v-
notch weir (a=0.011, b = 2.28) when aggregating data col-
lected at different weir heights and control structure sizes,
while the calculated a coefficient in this study was within the
range of values (a~0.010-0.017; b~2.14-2.27) calculated
when separating data sets by treatment (Christianson et al.,
2019). The aggregated weir relationship equation reported in
Christianson et al. (2019) fits within the 95% prediction in-
terval based on coefficients calculated in this study.

This small difference in coefficient values for equation 2
was likely not due to the curve-fitting method. The nls()
function in R used in this article, when applied to the previ-
ously collected stage-discharge data for this weir, calculated
the same coefficients as Christianson et al. (2019). Differ-
ence in coefficients may have been due to error introduced
when subtracting predicted flow through the inverted-v ori-
fice (based on fitted eq. 1) from total measured flow to esti-
mate flow over the v-notch weir for fitting equation 2. The
calculated coefficients of equation 2 were also sensitive to
measurement error for height of the weir. A difference of
only 1 mm in the height of the bottom-most vertex of the v-
notch weir above the bottom of the control structure resulted
ina 0.001 and 0.02 change in values for a and b coefficients,
respectively. Unlike the current study, the previous study did
not calibrate the load cell with known weights immediately
prior to flow measurements. Considering, however, both co-
efficients in this study fell within the range or standard error
of calculated values in Christianson et al., it is likely the load

37(6): 1023-1029

cell calibration was not largely different. This study could
not conclude that the inverted-v drawdown plate, used in
combination with the v-notch weir in the configuration
tested in this study, significantly changed the stage-dis-
charge relationship for this stainless steel-edged v-notch
weir as previously established. This result suggests the same
should be applicable to other previously tested AgriDrain
weir configurations (Chun and Cooke, 2008). Accurate mon-
itoring of flow in field bioreactors can be achieved when us-
ing a drawdown plate, as long as the flow through the low-
level orifice is included.

Stage-discharge relationships for the orifice plates can be
used to estimate the length of time needed to drain a wood-
chip bioreactor of given size. Lab and field studies indicate
that methane and sulfide production does not occur until
HRT is on the order of days (Lepine et al., 2016; Mala et al.,
2020; Rivas et al., 2020), although the occurrence of highly
reduced conditions also depends on water temperature and
chemistry (e.g., nitrate concentration, dissolved oxygen, ox-
idation reduction potential). A target drawdown time of 24
to 36 h could be considered practical for draining the biore-
actor within a reasonable time. The USDA NRCS Conserva-
tion Practice Standard for denitrifying bioreactors
recommends a drawdown time no greater than 48 h. For ex-
ample, for a 4 X 15 m bioreactor with a stagnant water level
of 1 m, assuming a drainable porosity of 0.5 for the wood-
chip media (Robertson, 2010; Ghane et al., 2014), the in-
verted-v plate, 2 mm gap, and 8 mm gap configurations
would lower the water level in the bioreactor to a height of
2 cm within 12, 17, and 4 h, respectively.

It is important to select a drawdown configuration that
does not affect hydraulic functioning of the bioreactor dur-
ing design flow rates. The orifice should be sized such that
flow through the orifice at the outlet stop log setting does not
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exceed the design flow rate for the bioreactor when the bed
is fully saturated. If flow through the woodchip media is as-
sumed to approximately follow Darcy’s Law for flow
through saturated media, outflow from the bioreactor should
follow equation 3.

0=k 3
L
where
k = saturated hydraulic conductivity of the woodchips,
Ah = head difference across the bioreactor,
L = bioreactor length, and
A = cross-sectional area perpendicular to flow.

For proper design, orifice flow through the drawdown
opening should not exceed the design flow rate in equation
3. Setting equations 1 and 3 equal, assuming the invert of the
outlet control structure as the datum, the maximum allowa-
ble orifice area to prevent these conditions would be:

A =

orifice
0.113* k*(hinlet - houtlet,l )*(hinlet + houtlet,l ) W (4)
CC *L*\/ houtlet,l - houtlet,2

where

Aorifice = orifice area,

hiner = water level in the bioreactor inlet control
structure,

houer,; = water level at the bioreactor outlet on upstream
side of stop logs,

houter2 = water level at the bioreactor outlet on downstream
side of stop logs, and

/4 = bioreactor width.

Values of saturated hydraulic conductivity range between
2 and 7 cm s! in woodchip bioreactors (Chun et al., 2010;
David et al., 2016), and values of the contraction coefficient
calculated in this study were 0.74—0.76. Water level down-
stream of the drawdown plate may depend on site specific
outlet conditions, with water level varying by <3 cm over the
flow rates tested in this study. At orifice area values greater
than the value in equation 4, the observed HRT would be
shorter than the design HRT as orifice flow exceeds design
flow rate, likely affecting nitrate removal efficiency. In the
previous example of a 4 X 15 m bioreactor, the 4 h time to
drain for the 8 mm gap configuration may be too close to the
design HRT and provide too large an orifice. Use of equation
4 for field bioreactors should consider that water head in the
inlet and outlet structure would be marginally different than
the head difference across the bioreactor (Ah in eq. 3) due to
head losses that occur when water moves across the wall of
corrugated plastic tubing (Mohammad and Skaggs, 1983)
typically used for bioreactor flow distributors.

For some field bioreactors, the pipe downstream of the
bioreactor outlet control structure may not drain as quickly
as expected. It is important to remember to use the head dif-
ference upstream and downstream of the drawdown plate ra-
ther than the water level height upstream of the orifice.
Under flooded conditions in the field (i.e., when flow capac-
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ity of the outlet tile line is exceeded), flow through the draw-
down plate will be overestimated if only water level up-
stream of the orifice is measured since the actual water head
differential across the plate is less than the upstream water
depth.

CONCLUSIONS

Drawdown configurations are an inexpensive method for
gravity-draining the woodchip bioreactor media during peri-
ods of no flow or low flow to avoid methane and sulfide re-
duction and do not require additional labor by the farmer to
manage water level. Calibrated flow equations for the in-
verted-v plate, 2 mm gap, and 8 mm gap in the water level
control structure (15.2 cm nominal tile size) were Q =
3.26*A*h%5, Q = 3.29*A*h%% and Q = 3.38*A*h%3, respec-
tively, where Q is in m® s, A is the orifice area in m? (ta-
ble 1, in cm?), and h is the water head differential in m. When
these configurations are used, the stage-discharge relation-
ships should be combined with calculated flow over the weir
in control structures to accurately measure total flow through
the bioreactor. Conservative sizing of the drawdown orifice
should be used, such that drawdown rates by the orifice do
not affect HRT and nitrate removal performance during de-
sign flow conditions.
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