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Denitrification beds are being used to reduce the transport of water-soluble nitrate via subsurface drai-
nage systems to surface water. Only recently has the non-linearity of water flow through woodchips been
ascertained. To successfully design and model denitrification beds with optimum nitrate removal, a bet-
ter understanding of flow in denitrification beds is needed. The main objectives of this study were to
characterize the hydraulic properties of old degraded woodchips and provide a better understanding
of the factors affecting flow. To achieve this goal, we conducted constant-head column experiments using
old woodchips that were excavated from a four-year old denitrification bed near Willmar, Minnesota,
USA. For Izbash’s equation, the non-Darcy exponent (n) ranged from 0.76 to 0.87 that indicates post-
linear regime, and the permeability coefficient (M10) at 10�C ranged from 0.9 to 2.6 cm s�1. For
Forchheimer’s equation, the intrinsic permeability of 5.6 � 10�5 cm2 and x constant of 0.40 (at drainable
porosity of 0.41) closely resembled the in-situ properties found in a previous study. Forchheimer’s equa-
tion was better than that of Izbash’s for describing water flow through old woodchips, and the coeffi-
cients of the former provided stronger correlations with drainable porosity. The strong correlation
between intrinsic permeability and drainable porosity showed that woodchip compaction is an impor-
tant factor affecting water flow through woodchips. Furthermore, we demonstrated the importance of
temperature effects on woodchip hydraulics. In conclusion, the hydraulic properties of old woodchips
should be characterized using a non-Darcy equation to help design efficient systems with optimum
nitrate removal.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Agricultural subsurface drainage facilitates the removal of
excess water from the soil profile to provide soil aeration, timely
field operations, and reduce surface erosion. While subsurface drai-
nage helps improve crop production, it can also transport some
nitrate to surface water from organic matter mineralization as well
as from nitrogen fertilizers used to produce crops. Elevated con-
centrations of nitrate in surface water can contribute to hypoxia
and toxin production from harmful algal blooms (USEPA, 2013;
Horst et al., 2014; Harke and Gobler, 2015). Denitrifying bioreac-
tors are one approach for removing nitrate from water by
providing a carbon source for the biological transformation
(i.e., denitrification) of nitrate into di-nitrogen gas. One type of a
denitrifying bioreactor is a denitrification bed (also known as a
woodchip bioreactor) that can reduce nitrate concentration from
subsurface drainage water (Schipper et al., 2010; Bednarek et al.,
2014). In denitrification beds (hereafter referred to as bed), wood-
chips have been commonly used as the carbon medium.

Accurate characterization of hydraulic properties of woodchips
is vital for the successful design and modeling of beds to achieve
optimum nitrate removal. The design guideline of beds in the Mid-
west USA has been developed based on the hydraulic properties of
woodchips assuming Darcian flow (USDA NRCS, 2015). However,
Ghane et al. (2014) showed overestimation of the peak flow rate
of a bed using Darcy’s law under field conditions, which in turn,
results in underestimation of the actual hydraulic retention time
at the peak flow rate of the bed. As a result, bed designs can be
overly long and have undersized width according to the non-
Darcy flow component of the bed model in Ghane et al. (2015).
Beds that are too long increase the potential for undesirable conse-
quences when nitrate concentration is depleted within the bed, i.e.,
reduction of sulfate to hydrogen sulfide and inorganic mercury to
methylmercury (Shih et al., 2011). Therefore, there is a need for
characterizing water flow through woodchips using the governing
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Fig. 1. Diagram of the three main zones for water flow through porous media. The
dotted line represents Darcian flow (modified from Basak, 1977b).
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flow equation in laboratory column experiments, so the results can
be used to adjust bed design guidelines, and in turn, provide
systems that are more efficient.

For many years, water flow through woodchips was assumed to
follow Darcy’s law in laboratory experiments without validation of
linear flow (Chun et al., 2009; Cameron and Schipper, 2010;
Leverenz et al., 2010; Schmidt and Clark, 2013; Krause Camilo
et al., 2013; Subroy et al., 2014; Goodwin et al., 2015). These
studies reported a range of woodchip hydraulic conductivities from
0.01 to 54 cm s�1. Leverenz et al. (2010) calculated one of the
highest woodchip hydraulic conductivities ever reported
(i.e., 54 cm s�1). However, the related work by Hopes (2010) pre-
sents evidence that suggests their reported value is too high.

Darcy’s law has also been used to provide a rough estimate of
hydraulic conductivity in the field based on assumptions and with-
out validation of linear flow (Van Driel et al., 2006; Robertson et al.,
2009; Robertson and Merkley, 2009). In one of these studies,
Robertson et al. (2009) found a wide range of hydraulic conductiv-
ities from 0.3 to 5 cm s�1 for a bed assuming 90% of the water flows
through the coarse woodchips for the first two years and 100%
from year two to seven. David et al. (2016) attempted to determine
the in-situ hydraulic conductivity of woodchips in a bed, but they
encountered a non-linear relationship between specific discharge
and hydraulic gradient that did not allow them to determine a def-
inite in-situ hydraulic conductivity based on Darcy’s law. More
recently, Krause Camilo (2016) reported a hydraulic conductivity
of 10 cm s�1 for a mixture of bark mulch chips and straw in a
pilot-scale bed based on Darcy’s law and without validation of
linear flow.

Only recently has the non-linearity of water flow for fresh
(Feyereisen and Christianson, 2015) and old woodchips (Ghane
et al., 2014) been ascertained in laboratory column experiments.
Thus, reports of woodchip hydraulic properties using the govern-
ing non-linear flow equation are scarce. Therefore, a need exists
to determine the hydraulic properties of woodchips for non-
Darcy flow in laboratory column experiments. In particular, old
woodchip properties are of great importance because they repre-
sent the woodchips that have been under natural conditions in a
bed, and they have been found to have different properties than
fresh woodchips (Robertson, 2010; Ghane et al., 2014). While lab-
oratory experiments have ascertained the non-linearity of water
flow through woodchips, this has not been shown in a bed under
field conditions. Therefore, there is a need for graphical evaluation
of the non-linearity of water flow through a bed in a field
experiment.

Drainable porosity (specific yield) is an important property of
woodchips, which can be used instead of effective porosity to cal-
culate the actual hydraulic retention time (HRT) when the latter is
unavailable from tracer testing. However, there are only a few lab-
oratory column studies that have calculated the drainable porosity
of old woodchips. Ghane et al. (2014) calculated drainable porosi-
ties of 0.37–0.39 for the two-year, two-month old woodchips, and
Robertson (2010) calculated a value of 0.46 for seven-year old
woodchips when draining the water for 1 h. Some studies have
assumed much higher values (i.e., 0.70) for woodchip beds under
field conditions (Bell et al., 2015; Rambags et al., 2016). Therefore,
there is a need for more experiments to obtain better estimates of
drainable porosity of old woodchips.

Temperature is another important parameter in woodchip
hydraulics. Temperature effect on soil hydraulic properties is well
known (Gao and Shao, 2015), but this effect for water flow through
woodchip media has never been shown previously. Some studies
have accounted for the effect of temperature on woodchip hydrau-
lic conductivity (Ghane et al., 2014; Feyereisen and Christianson,
2015), and some studies have not (Van Driel et al., 2006; Chun
et al., 2009; Robertson et al., 2009; Robertson and Merkley, 2009;
Cameron and Schipper, 2010; Schmidt and Clark, 2013; David
et al., 2016). Those that did not account for this effect could have
had temperature as a confounding variable affecting specific dis-
charge, and thereby, affecting hydraulic conductivity. Therefore,
there is a need to evaluate the effect of temperature on hydraulic
properties of woodchips.

Although hydraulic properties of old woodchips are essential to
the design and modeling of beds, we found only one study that had
reported those values while validating the Darcian flow. In that
study, Ghane et al. (2014) reported the first laboratory and in-
situ hydraulic properties of old woodchips using Forchheimer’s
equation. A review of the literature shows that there is a need to
better understand the non-Darcian flow, and determine the
hydraulic properties of old woodchips using other flow equations
such as Izbash’s law, for which, to our knowledge, has never been
investigated for woodchips in its entirety.

The objectives of this study were to (1) graphically evaluate
Darcy’s law for water flow through old woodchips in a permeame-
ter and in a bed under field conditions, (2) determine the hydraulic
properties (i.e., flow coefficients and drainable porosity) of old
woodchips, (3) compare the performance of Forchheimer’s equa-
tion to that of Izbash’s in describing the flow, (4) determine the
error of ignoring the non-Darcy flow, and (5) evaluate the effect
of temperature on hydraulic properties. The practical importance
of this study is that it provides essential information that is
required to design efficient denitrification beds in which undesir-
able consequences are minimized.
2. Theory

2.1. Pre-linear, linear, and post-linear flow

The theory of water flow through porous media is fundamental
to a wide range of disciplines. Basak (1977b) identified three main
zones for water flow through porous media for a range of hydraulic
gradients (Fig. 1). These zones are pre-linear, linear and post-linear
zones. The former occurs when water flows through porous media
at very low velocities. For this zone, specific discharge (apparent
velocity) is not proportional to hydraulic gradient. For the linear
zone, water velocity is low, so specific discharge is proportional
to hydraulic gradient. In this zone, soil scientists commonly apply
Darcy’s (1856) law for water flow through soils.

For the post-linear zone, the linear relationship between speci-
fic discharge and hydraulic gradient does not exist due to the high
water velocities in the porous media (Basak, 1977a). In this zone,
the increase in specific discharge is proportionally smaller than
the increase in hydraulic gradient. This is because inertial forces
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become substantial compared to viscous forces at high water
velocities (Bear, 1988). Examples of post-linear regimes are water
flow through sand (Soni et al., 1978), gravel (Sadeghi-Asl et al.,
2014), rock fractures (Chen et al., 2015), geosynthetic materials
(Bordier and Zimmer, 2000), highway pavement (Dan et al.,
2016), and confined aquifers (Wen et al., 2013; Wang et al., 2015).

2.2. Intrinsic permeability

According to Hubert (1940) hydraulic conductivity can be
calculated from intrinsic permeability as

k ¼ kinqg
l

ð1Þ

where k is hydraulic conductivity (cm s�1), kin is intrinsic perme-
ability (cm2), q is water density (g cm�3), g is gravity acceleration
(cm s�2), and l is water dynamic viscosity (g cm�1 s�1). The benefit
of using intrinsic permeability is that it is the property of the porous
medium (e.g., woodchips), and it is independent of fluid properties
(e.g., temperature).

2.3. Forchheimer’s equation

Forchheimer’s (1901) equation is commonly used to describe
linear and post-linear flow regimes, and is written as

�i ¼ 1
kF

qþxq2 ð2Þ

where q is specific discharge (cm s�1), kF is Forchheimer’s hydraulic
conductivity (cm s�1), x is a constant (s2 cm�2) that incorporates
the non-Darcy coefficient or inertial coefficient, and i is hydraulic
gradient (cm cm�1) that is the ratio of head loss (DH) to length over
which head loss has occurred (L). In the linear flow regime (x ¼ 0),
Forchheimer’s equation shrinks to Darcy’s equation (kF ¼ kD and
q ¼ �kDi). The two unknown coefficients (kF and x) are determined
by fitting a quadratic equation (with zero intercept) to the plot of
the hydraulic gradient versus specific discharge. Then, Eq. (1) can
be used to determine the intrinsic permeability.

2.4. Izbash’s equation

Izbash’s (1931) equation is an empirical equation that can be
used to describe all three zones of pre-linear, linear and post-
linear flow regimes, and is written as

q ¼ �Min ð3Þ
where M is the permeability coefficient (cm s�1), and n is the
non-Darcy exponent that is 0:5 < n < 1 for post-linear regime. In
the linear flow regime (n ¼ 1), Izbash’s equation reduces to Darcy’s
equation (M ¼ kD). The two unknown coefficients (M and n) are
determined by fitting a linear equation to the plot of the log specific

discharge versus log hydraulic gradient (M ¼ 10intercept and
n ¼ slope).

Some studies have used Izbash’s equation to describe water
flow in confined aquifers (Wen et al., 2013; Wang et al., 2015).
For describing the water flow through woodchips, Feyereisen and
Christianson (2015) used a power function of the same structure
as Izbash’s equation. In that study, the authors determined the
hydraulic conductivity of fresh woodchips by plotting the natural
log q versus natural log i and finding the intercept of the linear
regression. However, the authors did not report nor discuss the
slope of the regression line, which is the non-Darcy exponent (n)
that describes the flow. Therefore, to our knowledge, our study is
the first to use the Izbash equation in its entirety to describe water
flow through woodchip media.
2.5. Forchheimer number and non-Darcy effect

We used Forchheimer number (Fo) as an indicator of non-Darcy
flow for water flow through woodchips (Zeng and Grigg, 2006),
which is written as

Fo ¼ xkinqgq
l

ð4Þ

We also used the non-Darcy error (E) to indicate the error of
ignoring the non-Darcy effect. The non-Darcy effect increases with
the increase in specific discharge (Zeng and Grigg, 2006), and is
written as

E ¼ Fo
1þ Fo

ð5Þ
3. Materials and methods

3.1. Old woodchip acquisition

We collected woodchips from a plastic-lined bed (106.4 m long
and 1.7 m wide) installed in November 2010 on a private farm near
Willmar, Minnesota, USA (Supplementary Image 1). We excavated
the bed using a backhoe (Supplementary Video 1), and took 20-L
samples from the entire depth at approximately equal lengths
along the bed (i.e., 0, 12.5, 25.9, 39.3, 52.7, 66.1, 79.6, 93.0, and
106.4 m) in October 2014. Samples were kept in a cooler until par-
ticle size analysis (Section 3.2). Furthermore, additional woodchip
media along the bed length were collected and combined to yield a
composite sample (i.e., representing the entire length) (Supple-
mentary Image 2). These composite old woodchips were trans-
ported to the Engineering and Fisheries Laboratory, University of
Minnesota, where their hydraulic properties were determined
from April to November 2015. The three-year, eleven-month old
woodchips were comprised of a mixed species of wood.

3.2. Particle size analysis

ASTM standard sieves were used to conduct a particle size anal-
ysis of the old woodchips (i.e., sampled along the bed length). After
the woodchips were oven dried at 40�C for 24 h, they were allowed
to equilibrate with room temperature for 24 h. This was done to
avoid a change in woodchip mass during shaking due to absorbing
humidity. After equilibrating, they were shaken for 15 min in a
sieve shaker (Meinzer II) with screen sizes 25, 19, 12.5, 9.5, 8.0,
6.3, 4.75, 3.35, 1.18 mm. We performed five replicates for each
sample, and used the particle size distribution to determine the
d50 (i.e., diameter at which 50% of particles are finer) of the old
woodchips. The average d50 along the length of the bed was used
to calculate the Reynolds number (Fetter, 2001).

3.3. Permeability experiments

3.3.1. Permeameter
We used the constant head permeameter from Feyereisen and

Christianson (2015) with minor adjustments (Fig. 2). Briefly, we
used a PVC pipe (250 cm length and 30.3 cm inside diameter) with
upward flow to minimize preferential flow (Supplementary Video
2). Different flow rates were established by adjusting the globe
valve. Flow rate was measured using a bucket and stopwatch.
The column had two caps at each end with springs pushing on steel
screens to hold the woodchips in place (Supplementary Images 3
and 4). A submersible utility pump (Model 2VAN7, Dayton Elec-
tronics Manufacturing Co., Niles, Illinois, USA) was used to pump
the municipal water source to the constant head structure.
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3.3.2. Woodchip compaction
We weighed and poured woodchips inside the column in 10-L

increments. After each increment, a wooden plate was lowered
onto the surface of the woodchips, and a 5.6 kg tamper was
dropped on top of the plate from a constant height (i.e., a value
between 30 and 50 cm) until the column was packed to the desired
height (Supplementary Image 5). The reason for using a plate was
to distribute the impact force onto the woodchip surface uni-
formly. We also did not shake the column as in Feyereisen and
Christianson (2015), believing that it better represents field condi-
tions. We conducted seven independent experiments, each time
packing a fresh batch of the composite old woodchips. Among
the seven experiments, different drop heights of the tamper were
used to get a range of drainable porosities.

In addition to the seven independent experiments, we
conducted three dependent experiments (i.e., experiments U-1 to
U-3) by packing a used batch of the composite old woodchips. In
other words, after draining the column following the independent
experiments, we emptied the column and placed the woodchips on
a tarp to air dry. When these woodchips were visually similar to
the woodchips of the independent experiments in terms of mois-
ture, we used them to re-pack the column for three dependent
experiments. Results from the independent experiments are
discussed in Section 4.3.1.

3.3.3. Permeability measurement
After filling the column, we allowed the woodchips to sit satu-

rated overnight before initiating the permeability experiment. The
reason for the saturation was that woodchip particles would swell
by absorbing water before the experiment rather than swelling
during the experiment and thereby, modifying the permeability.
Also, the woodchip saturation is more representative of field
conditions. At the beginning of each experiment, municipal water
flowed through the column until the outflow water temperature
had stabilized. After this stabilization period, we recorded flow rate
and head difference with every increase in the hydraulic gradient
up to a maximum of 0.086. The hydraulic gradients generated in
this experiment were anticipated to be within the naturally occur-
ring range under field conditions in a bed.
Outflow water temperature was recorded continuously using a
digital thermometer (4354 Traceable Long-Stem Thermometer,
Friendswood, TX, USA). For each experiment, Forchheimer’s and
Izbash’s coefficients, and R-square of their fits were determined
using SAS 9.4 (SAS Institute Inc., Cary, NC). The R-square for
Izbash’s equation was based on the linear relationship between
log specific discharge versus log hydraulic gradient.
3.4. Drainable porosity

Immediately after each permeability experiment (i.e., seven
independent and three dependent experiments), we removed the
top column cap and adjusted the water level to the top of the
woodchips. The top cap was put loosely in place to prevent
evaporation, and the column was allowed to drain for 24 h while
measuring the water volume. The volume of the bottom cap
(4215 cm3) was subtracted from the total water volume drained
to yield the adjusted drained water volume. Drainable porosity
(specific yield) was calculated from dividing the adjusted drained
water volume by the woodchip packing volume. Drainable porosity
has sometimes been incorrectly referred to as primary porosity.
We advise against using this term, since the latter is the original
porosity formed under sediment deposition during the time of
diagenesis (Bear, 1988; Fetter, 2001; Sen, 2015).
3.5. Graphical evaluation of non-Darcy flow in a denitrification bed

To evaluate non-linearity of water flow in a bed, we used the
V-notch weir calibration data from Ghane et al. (2014) that was
performed in a trapezoidal bed under field conditions in Ohio,
USA. Briefly, calibration was conducted in one day with 14 flow
rates ranging from 94 to 535 cm3 s�1. The initial flow rate was
allowed to run for 1 h and 30 min, and then decreased to 40 min
for the subsequent flow rates, before the inflow and outflow water
heights of the bed were recorded. This was conducted under
minimal outflow temperature variations (i.e., 20.1�C ± 0.6�C,
average ± SD); thus, the confounding effect of temperature was
eliminated.
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Unlike column experiments where the area of flow is constant,
the area of flow varies along the length of a bed. Hence, specific
discharge varies along the length of a bed, so we cannot use the
typical relationship between q and i to evaluate the conformity
of data to Darcy’s law. To achieve this, we used the Darcian flow
rate equation for a trapezoidal bed developed by Ghane et al.
(2014), which is written as

Q ¼ kD
b h2

i � h2
o

� �

2LB
þ
z h3

i � h3
o

� �

3LB

2
4

3
5 ð6Þ

where Q is flow rate of a trapezoidal bed (cm3 s�1), hi and ho are bed
inflow and outflow heights of water (cm), LB is length of bed
(825 cm), b is bottom width of a bed (265 cm), kD is Darcy’s hydrau-
lic conductivity (cm s�1), and z is side slope of 0.5 (z:1, width:
height). In the plot of Q versus the bracket component, the slope
of the line should be kD under laminar flow conditions.

4. Results and discussion

4.1. Particle size analysis

Particle size distribution of old woodchips provided the mean
d50 values along the length of the bed. The average of the d50 values
along the length of the bed was 9.1 ± 0.5 mm. Our d50 value was
slightly larger than the average d50 of 7.6 ± 0.1 mm for a different
source of a mixed species of old woodchips in Ohio (Ghane et al.,
2014). It is important to note that the d50 values reported here
mostly represent the length of the woodchip particles, since its
length allowed the woodchips to be retained on each sieve.
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Fig. 3. Non-linear relationships between specific discharge and hydraulic gradient for
gradient to better illustrate the non-linearity. The red lines indicate the hydraulic gradi
4.2. Graphical confirmation of non-Darcy flow

4.2.1. Non-Darcy flow in a column
If Darcy’s law applies to water flow through woodchips, the

relationship between specific discharge and hydraulic gradient
should be linear. Fig. 3 shows non-linear patterns consistent with
post-linear regimes for old woodchips (see Interactive Plots for
data). In our experiments, we did not find any linear feature at
low hydraulic gradients. Therefore, the lowest hydraulic gradient
is considered to be the point of departure from linearity. The
non-linearity of water flow through fresh (Feyereisen and
Christianson, 2015) and old woodchips (Ghane et al., 2014) has
been reported previously.
4.2.2. Non-Darcy flow in a denitrification bed
The flow rate and bed water heights (i.e., inflow and outflow)

from the V-notch weir calibration data of Ghane et al. (2014) were
used in Eq. (6) to evaluate non-Darcy flow in a bed. Results showed
that the plot of Q versus the bracket component of Eq. (6) did not
result in a straight line that would have signified laminar flow con-
ditions (Fig. 4) (see Interactive Plots for data). Therefore, Darcy’s
law could not explain water flow through a bed under field condi-
tions. To our knowledge, this is the first graphical confirmation of
non-Darcian flow in a bed.

Graphical confirmation of non-Darcian flow under field condi-
tions is challenging, since water temperature during the experi-
ment needs to stay relatively constant to avoid being a
confounding variable. David et al. (2016) showed a non-linear rela-
tionship between specific discharge and hydraulic gradient where
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their specific discharge values were calculated across a range of
temperatures from 6�C to 17�C. In their study, the presence of tem-
perature as a confounding variable prevents establishing an out-
come of specific discharge as being a direct consequence of
hydraulic gradient. This is because temperature affects specific dis-
charge (Section 4.9.1). Hence, the data presented in this section
were obtained under minimal outflow temperature variations
(20.1�C ± 0.6�C, average ± SD).

Based on laboratory column and field experiments, a linear rela-
tionship could not explain water flow through old woodchips.
Thus, a non-Darcian equation is required to describe the flow pat-
tern unless Darcian flow is validated for that situation. In other
words, two parameters are needed to describe the curvilinear nat-
ure of the flow pattern (Section 2.1). In contrast, Darcy’s equation
(i.e., a one-parameter equation) can describe the linear flow pat-
tern, but when used in modeling and design of beds with woodchip
media, it can result in overestimation of the bed peak flow rate
(Ghane et al., 2014). For example, if the bed design criterion is to
treat a certain minimum flow rate (e.g., 15% of subsurface drainage
peak flow), using Darcy’s law could result in apparent satisfaction
of that criterion while the criterion is actually not met.
4.3. Forchheimer’s coefficients

We determined Forchheimer’s coefficients based on the plot of
hydraulic gradient versus specific discharge. Forchheimer’s equa-
tion (Eq. (2)) was able to describe more than 99% (R-square) of
the variation in all experiments (Supplementary File 1). Thex ran-
ged from 0.22 to 1.61 indicating post-linear regime because x was
above zero (Table 1). The intrinsic permeability ranged from
Table 1
Summary of porosity, and the coefficients of Forchheimer and Izbash for old woodchips.

Experiment Average outflow
temperature ± SD
(�C)

Drainable
porosity,
nd

Forchheimer

Intrinsic
permeability,
kin (cm2)

x
(s2 cm�2)

Hyd
con
kF (

1 21.5 ± 0.1 0.43 8.0 � 10�5 0.22 6.0
2 11.0 ± 0.2 0.43 8.0 � 10�5 0.32 6.0
3 21.4 ± 0.2 0.41 5.6 � 10�5 0.40 4.2
4 22.0 ± 0.0 0.41 5.6 � 10�5 0.52 4.2
5 17.9 ± 0.3 0.40 4.6 � 10�5 0.71 3.5
6 10.1 ± 0.0 0.38 4.1 � 10�5 1.00 3.0
7 18.6 ± 0.2 0.37 2.9 � 10�5 1.61 2.2
2.9 � 10�5 to 8.0 � 10�5 cm2 for the old woodchips, corresponding
to hydraulic conductivities from 2.2 to 6.0 cm s�1 at 10�C,
respectively.

Our intrinsic permeability of 2.9 � 10�5 cm2 (and x ¼ 1:61) at
drainable porosity of 0.37 (experiment 7) was similar to that of
3.1 � 10�5 cm2 (and x ¼ 2:02) from the old woodchip laboratory
experiment 1 of Ghane et al. (2014) that had the same drainable
porosity. Although these two old woodchips had different sources
(Minnesota and Ohio, USA), we found similarities in Forchheimer’s
coefficients between them under the same drainable porosity.
Therefore, drainable porosity could be an important parameter
for estimating Forchheimer’s coefficients for woodchips when only
the former is known. The empirical relationships between drain-
able porosity and Forchheimer’s coefficients are discussed in
Section 4.5.3.

Ghane et al. (2014) determined an in-situ intrinsic permeability
and x of 5.7 � 10�5 cm2 and 0.88 for a bed in Ohio, respectively.
Our intrinsic permeability and x values from experiments 3 and
4 are similar to the in-situ values of 5.7 � 10�5 cm2 and 0.88
reported by Ghane et al. (2014). Since these in-situ values are the
only values reported so far, we assume that the bed in Ohio closely
represents a denitrification bed under field conditions. This sug-
gests that experiments 3 and 4 were close to field conditions in
terms of pore structure. Therefore, we recommend using a wood-
chip compaction procedure that results in similar hydraulic prop-
erties to experiments 3 and 4 for investigating hydraulics and
nitrate removal in laboratory column studies. This will result in
laboratory experiments that represent the pore structure in the
field more closely. Furthermore, similar values to our hydraulic
properties of old woodchips (experiments 3 and 4) can be used
in modeling studies and bed design (with similar particle size)
when these values cannot be measured directly. This will allow a
more accurate prediction of bed flow rate, and will result in a more
efficient design.
4.3.1. Three dependent experiments
Results from the used batch of the composite old woodchips

showed an increase in intrinsic permeability (Table 2). Intrinsic
permeability from experiment U-2 was 35% greater than that of
experiment 3 at the same drainable porosity of 0.41, and experi-
ment U-3 was 47% greater than that of experiment 7 at the same
drainable porosity of 0.37. We can attribute this increase of intrin-
sic permeability to flushing of fine woodchips and sediments. Dur-
ing the seven independent experiments, fine woodchips and
sediments were observed in the water drained from the bottom
of the column. However, there is a natural supply of sediments
in drainage water feeding into a bed as well as woodchip particles
breaking down during degradation. Ghane et al. (2014) also
showed lower intrinsic permeability for old woodchips with sedi-
ments and fines than fresh woodchips without it. This shows that
Izbash

raulic
ductivity at 10�C,
cm s�1)

Permeability
coefficient, M
(cm s�1)

Permeability
coefficient at 10�C, M10

(cm s�1)

Non-Darcy
exponent, n

2.9 2.2 0.79
2.6 2.6 0.84
1.9 1.4 0.77
1.8 1.3 0.76
1.9 1.5 0.86
1.8 1.5 0.87
1.1 0.9 0.82



Table 2
Summary of porosity, and the coefficients of Forchheimer and Izbash from the dependent experiments that packed the used batch of old woodchips.

Dependent
experiment

Average outflow
temperature ± SD
(�C)

Drainable
porosity,
nd

Forchheimer Izbash

Intrinsic
permeability,
kin (cm2)

x
(s2 cm�2)

Hydraulic
conductivity at 10�C,
kF (cm s�1)

Permeability
coefficient, M
(cm s�1)

Permeability
coefficient at 10�C, M10

(cm s�1)

Non-Darcy
exponent, n

U-1a 11.0 ± 0.1 0.45 1.5 � 10�4 0.13 11.1 5.6 5.5 0.90
U-2b 10.5 ± 0.2 0.41 7.5 � 10�5 0.35 5.6 3.1 3.0 0.91
U-3b 14.0 ± 0.1 0.37 4.3 � 10�5 0.76 3.2 1.7 1.5 0.86

a Woodchips re-used once.
b Woodchips re-used twice.
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sediments and fine woodchips play an important role in the
hydraulic properties of old woodchips. Therefore, the permeability
values for woodchips that have their sediments and fines flushed
may not represent the flow under field conditions.
4.4. Izbash’s coefficients

We determined Izbash’s coefficients based on the plot of log
specific discharge versus log hydraulic gradient (Fig. 5). The non-
Darcy exponent (n) ranged from 0.76 to 0.87, which indicates
post-linear regime since n was below one (Table 1). For Izbash’s
equation, as n reaches 0.5, flow becomes fully turbulent. The per-
meability coefficient (M10) at 10�C ranged from 0.9 to 2.6 cm s�1

for the various drainable porosities. Although Forchheimer’s
log(q) = 0.7948log(i) + 0.4685
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Fig. 5. Plots of log specific discharge versus log hydrau
hydraulic conductivity and Izbash’s permeability coefficient have
the same units (cm s�1), they are different under post-linear flows
(when 0:5 < n < 1, then kF –M). The reason for this difference
(Table 1) is that Izbash’s equation is empirical with a defined coef-
ficient while that of Forchheimer’s allows a theoretical calculation
of hydraulic conductivity.
4.5. Drainable porosity

4.5.1. Laboratory experiments
Laboratory experiments resulted in drainable porosities (nd)

ranging from 0.37 to 0.43 for the three-year, eleven-month old
woodchips (Table 1). Previous studies have calculated drainable
porosities of 0.37 to 0.39 for the two-year, two-month old
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woodchips (Ghane et al., 2014), and 0.46 for seven-year old wood-
chips when draining the water for 1 h (Robertson, 2010). It has
been shown that drainable porosity is smaller for old woodchips
that have been under field conditions in a bed for a couple of years
than fresh woodchips due to degradation and the presence of
drainage-water sediments (Robertson, 2010; Ghane et al., 2014).

Some studies have assumed drainable porosities for beds under
field conditions. Bell et al. (2015) assumed a drainable porosity of
0.70, andmore recently, Rambags et al. (2016) assumed a drainable
porosity of 0.70 for woodchips (10–30 mm size). To our knowl-
edge, their assumed drainable porosity of 0.70 is the highest ever
reported for any woodchips. Based on laboratory experiments of
old woodchips (Robertson, 2010; Ghane et al., 2014), a drainable
porosity closer to 0.40–0.45 is more realistic of woodchips under
field conditions. The consequence of using an overly large drain-
able porosity is that it will result in overestimation of the actual
hydraulic retention time.
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p-value=0.0260.42

0.43

0.44

or
os

ity
, n

d

0.39

0.40

0.41

Dr
ai

na
bl

e 
po

ro
sit

y,

0.37

0.38

0.6 1.0 1.4 1.8 2.2 2.6 3.0

Permeability coefficient at 10°C, M10 (cm s-1)

Fig. 6. Linear relationship between drainable porosity and Izbash’s permeability
coefficient at 10�C for old woodchips. R-square and p-value are for the linear
relationships between the log of the two parameters.
4.5.2. Application of drainable porosity
One important application of drainable porosity is that it can be

used instead of effective porosity to calculate the actual hydraulic
retention time (HRT) when the latter is unavailable from tracer
testing. This is because drainable porosity (specific yield) is almost
equal to effective porosity (Sen, 2015). Effective porosity is the
interconnected pores that are capable of transmitting water
(Fetter, 2001; Sen, 2015), and it is used to calculate the actual
hydraulic retention time (HRT) (Kadlec and Wallace, 2009). Some
studies have calculated the actual HRT using drainable porosities
ranging from 0.45 to 0.59 (Ghane et al., 2015; Feyereisen et al.,
2016; Hoover et al., 2016), and some have used porosities ranging
from 0.65 to 0.72 (Woli et al., 2010; Christianson et al., 2013;
Lepine et al., 2016; Jaynes et al., 2016).

Porosity is defined as the ratio of volume of the void to the
total volume of woodchips, which is equal to the summation of
drainable porosity (specific yield) and specific retention (Bear,
1988; Fetter, 2001; Sen, 2015; Ward et al., 2016). Specific reten-
tion is the water volume retained against gravity, which describes
the water content held inside woodchip particles. Since this water
is held inside woodchip pores, its content has been determined
from drying of gravity-drained woodchips using a fume hood
and an oven (Robertson, 2010; Ghane et al., 2014). Thus, the
entire water content held inside woodchip pores likely does not
contribute to the active flow of water. In other words, a portion
of the internal porosity may contribute to the active flow of
water, but its quantity is currently unknown. Therefore, we advise
caution in using overly large porosities (i.e., >0.65), since it may
nd= 1.94kin0.159
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Fig. 7. Relationships between (a) nd and kin , (b) nd andx, and (c)x and kin for old woodch
parameters.
result in overestimation of the actual HRT. We recommend deter-
mining the effective porosity of beds under field conditions using
tracer testing to ascertain the extent of the internal porosity
involved in the active flow of water.

4.5.3. Relationship between drainable porosity and flow coefficients
Results from Izbash’s equation (Eq. (3)) from Table 1 showed a

significant power law relationship between drainable porosity and
permeability coefficient at 10�C that explained 66.4% of the
variation (Fig. 6). However, there was no significant power law
relationship between drainable porosity and non-Darcy exponent
(p-value = 0.374 and R-square = 0.160), and between the
permeability coefficient at 10�C and non-Darcy exponent
(p-value = 0.749 and R-square = 0.022).
Results from Forchheimer’s equation (Eq. (2)) from Table 1
showed that drainable porosity and intrinsic permeability had a
strong inverse relationship with x (Fig. 7). Furthermore, we found
a strong power law relationship between drainable porosity and
intrinsic permeability for old woodchips. Ghane et al. (2014) also
found a direct relationship between nd and kin when combining
their laboratory data from both fresh and old woodchips. There-
fore, our results show that drainable porosity and Forchheimer’s
coefficients can be estimated from one another based on our
empirical relationships when one of them is known.
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Table 3
Critical values beyond which flow enters post-linear regime based on graphical
evaluation of non-Darcy flow of old woodchips.

Experiment Critical hydraulic
gradient
(cm cm�1)

Critical
Reynolds
number

Critical
Forchheimer
number

Critical
non-Darcy
effect

1 0.004 3.5 0.07 0.06
2 0.006 2.6 0.07 0.07
3 0.011 5.7 0.14 0.12
4 0.009 4.7 0.15 0.13
5 0.004 1.4 0.05 0.05
6 0.004 0.9 0.04 0.04
7 0.004 1.1 0.06 0.05
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As woodchips get more compacted, their drainable porosity
diminishes. Feyereisen and Christianson (2015) also found lower
drainable porosity with greater compaction of fresh woodchips.
Fig. 7a shows that as drainable porosity diminishes with more
compaction, intrinsic permeability declines because there are
smaller pore spaces available for flow. In terms of bed design, it
may be better to cover beds with the minimum required soil depth
(e.g., 15–30 cm), or to leave them without a soil cover if feasible, to
minimize woodchip compaction. This will help avoid unnecessary
flow capacity reduction in a bed. In terms of the potential of soil
cover mitigating greenhouse gas emissions from the bed surface,
there may not be a negative consequence of not covering beds with
soil cover. This is because nitrous oxide emissions from the surface
of beds (without soil cover) treating drainage water under field
conditions have been negligible (Woli et al., 2010; Ghane et al.,
2015; David et al., 2016).

Using the Run #2 flow data for fresh woodchips in Feyereisen
and Christianson (2015), we calculated Izbash’s (M10 ¼ 3:3 cm s�1

and n ¼ 0:70), and Forchheimer’s (kin ¼ 2:8� 10�4 cm2 and
x ¼ 0:01 s2 cm�2) coefficients for a drainable porosity of 0.49 with
a maximum hydraulic gradient of 0.087. The above-mentioned
intrinsic permeability corresponds to Forchheimer’s hydraulic con-
ductivity of 20.8 cm s�1 at 10�C. The greater intrinsic permeability
of the authors’ Run #2 than that of experiment 1 of our study
(kin ¼ 8.0 � 10�5 cm2) is consistent with having a greater drainable
porosity (0.49 versus 0.43). This is in accordance with our finding
of direct relationship between nd and kin.

4.5.4. Estimation of in-situ drainable porosity
Ghane et al. (2014) used their power law relationship between

nd and kin (i.e., determined from laboratory column experiments)
to estimate an in-situ nd of 0.45 based on their calculated in-situ
kin of 5.7 � 10�5 cm2 for their bed. Using the same procedure, our
empirical equation (Fig. 7a) resulted in an estimated in-situ nd of
0.41 based on the in-situ kin of 5.7 � 10�5 cm2 from Ghane et al.
(2014). These two estimated in-situ drainable porosity values
(i.e., 0.41 and 0.45) are close to the range of nd determined in our
laboratory experiments for old woodchips (Table 1). Since Ghane
et al. (2014) used a bed that was more than two years old, we
believe that their in-situ kin calculation, and in turn, our nd estimate
represents a bed operating past its initial stages. This is because
woodchips in a bed subside and undergo carbon loss in the early
stages of operation, but become relatively stable after this period
(Robertson, 2010). The results of this section agree with the finding
that drainable porosity closer to 0.40–0.45 is more realistic of
woodchips under field conditions than those studies with much
greater values.

4.6. Comparing Forchheimer with Izbash

When comparing Forchheimer’s to Izbash’s equation, the former
provided a better fit to the data, which was reflected in its superior
average R-square (i.e., 0.9997 ± 0.0006 vs. 0.9985 ± 0.0013)
(Supplementary File 1 and Fig. 5). Furthermore, the coefficients of
the former (kin and x) provided stronger empirical relationships
with drainable porosity (Section 4.5.3). The practical importance
of strong relationships is that when one of the values is known,
the other can be estimated. Izbash’s equation is empirical and does
not provide an accustomed hydraulic conductivity value for soil
scientists and engineers. Instead, it provides a permeability
coefficient, which is different from hydraulic conductivity. On
the other hand, Forchheimer’s equation has a theoretical basis
(Irmay, 1958) and provides an accustomed hydraulic conductivity
value. Therefore, we recommend Forchheimer’s equation over that
of Izbash’s for describing water flow through woodchips.
4.7. Reynolds number

We used the lowest hydraulic gradient as the critical point
beyond which flow enters post-linear regime, since the next higher
hydraulic gradient did not form a linear line with that of the lowest
(Fig. 3). Thus, we used the critical point to determine the critical
Reynolds number, Forchheimer number and the non-Darcy effect
(Table 3). Water flow through porous media is usually referred to
as laminar when Reynolds number is below 1.0 (Fetter, 2001;
Bear, 1988). Our experiments showed critical Reynolds numbers
ranging from 0.9 to 5.7 corresponding to hydraulic gradients of
0.004 to 0.011, respectively, which means that Reynolds number
exceeded one at higher hydraulic gradients. Our critical Reynolds
numbers for old woodchips are similar to that of 2.3 to 3.1 from
Ghane et al. (2014).
4.8. Forchheimer number and non-Darcy effect

The critical Forchheimer number and non-Darcy effect for old
woodchips averaged 0.08 ± 0.04 and 0.07 ± 0.04 (Table 3). This
means that the error of ignoring the non-Darcy flow in old wood-
chips was on average at least 7% at the average hydraulic gradient
of 0.006 ± 0.003. It is important to note that this error will increase
during bed peak flows due to rise in hydraulic gradient. Zeng and
Grigg (2006) suggest a 10% limit for the non-Darcy effect as a good
reference. Macini et al. (2011) found a higher average non-Darcy
effect of 28% for natural sand.

Ghane et al. (2014) reported a critical non-Darcy effect of 0.16
for their old woodchip experiment 1 compared to that of 0.05 from
our experiment 7 with a similar drainable porosity of 0.37. This dif-
ference in non-Darcy effect could be the result of the difference in
the two permeameters. Our permeameter allowed measurements
to initiate from a lower hydraulic gradient (i.e., 0.004 in experi-
ment 7) than that from Ghane et al. (2014) (i.e., 0.018 for their
experiment 1). This allowed us to detect non-linearity at a lower
critical hydraulic gradient, whereas the other study had to assume
the critical hydraulic gradient initiated at their lowest hydraulic
gradient because they did not have a lower hydraulic gradient to
assess non-linearity (Supplementary File 2). Overall, we emphasize
the need to account for non-Darcy flow of water through old
woodchips at high water velocities.
4.9. Temperature effects on hydraulic properties

4.9.1. Temperature effects on hydraulic conductivity
In our study, experiments 1 and 2 resulted in similar hydraulic

properties (kin, x and nd) while conducted at average outflow
temperatures of 21.5�C and 11.0�C, respectively (Table 1). The plot
of these two experiments shows the effect of temperature on
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specific discharge (Fig. 8). At any hydraulic gradient, the
warmer water shows 1.3 times (i.e., also equal to
l11:0=l21:5 ¼ 0:01271=0:00968) larger specific discharge than that
of the colder water. Furthermore, the larger specific discharge of
the warmer water translates into a larger flow rate. Hence, in our
experiments, we allowed the outflow temperature to stabilize
before taking measurements to eliminate the confounding effect
of temperature on specific discharge (Section 3.3.3). Therefore,
accounting for temperature effects on water flow through denitri-
fication beds is vital to the design and modeling of these systems.

4.9.2. Temperature effects on drainable porosity
In our study, we drained the columns immediately after each

experiment, and vast majority of the water volume was drained
within the first hour. Thus, the average outflow temperatures in
Table 1 represent the temperature at which water was drained.
We did not observe any influence of temperature on drainable
porosity based on experiments 1 and 2. These two experiments
resulted in a drainable porosity of 0.43 while the former was at
21.5�C and the latter was at 11.0�C.

Our observation is consistent with the fresh woodchip experi-
ments 2 and 4 (with identical kin ¼ 1:4� 10�4 cm2) from Ghane
et al. (2014) where they reported a drainable porosity of 0.56 at
12�C and 8�C, respectively. In contrast, Cameron and Schipper
(2012) concluded that drainable porosity was significantly greater
for their 23.5�C woodchip columns than that with the 14.0�C at the
end of their trial. However, we could not find the drainable porosi-
ties of the columns under the same temperature at the end of their
trial to verify if the columns being compared had identical drain-
able porosities. Woodchip columns should have identical drainable
porosities at the same temperature before determining the effect of
temperature on drainable porosity. Therefore, our results show no
evidence of temperature affecting drainable porosity.

5. Conclusions

We graphically confirmed non-Darcy flow through old wood-
chips based on column experiments, and for the first time, in a
denitrification bed under field conditions. Based on the Forch-
heimer number, the error of ignoring the non-Darcy flow in old
woodchips was on average at least 7% at the average hydraulic gra-
dient of 0.006 ± 0.003 with a greater error occurring at higher
hydraulic gradients (i.e., at bed peak flows). Results showed that
similar values to the hydraulic properties of old woodchips in
experiment 3 and 4 can be used in modeling studies and bed
design (with similar particle size) when these values are unavail-
able. Furthermore, experiments with the used batch of the old
woodchips resulted in up to 47% greater intrinsic permeability.
This shows that sediments and fine woodchips play an important
role in the flow of water through woodchips, so this should be con-
sidered when determining the hydraulic properties of woodchips.

The direct relationship between intrinsic permeability and
drainable porosity indicated that woodchip compaction plays an
important role in reducing flow capacity of denitrification beds.
We estimated an in-situ drainable porosity of 0.41 for a denitrifica-
tion bed under field conditions that was close to a previous estima-
tion of 0.45. We found that drainable porosity closer to 0.40–0.45 is
more realistic of woodchips under field conditions than those with
much greater values.

Comparison between Forchheimer’s and Izbash’s equations
revealed that Forchheimer’s equation was more suitable for water
flow through woodchip media. Due to the non-Darcy flow charac-
teristics, two coefficients (e.g., kin and x, or M and n) are needed to
describe water flow through woodchips. Laboratory experiments
showed no temperature influence on drainable porosity. Further-
more, we demonstrated the effect of temperature on specific dis-
charge, so this effect should be considered when characterizing
the hydraulic properties of woodchips.

In conclusion, this work characterizes the hydraulic properties
of woodchips using non-Darcy equations, and provides a better
understanding of the parameters affecting flow. These findings
are important because they are required for designing denitrifica-
tion beds with optimum nitrate removal and minimal undesirable
consequences. We recommend that future research be focused on
using non-Darcy flow characteristics of woodchips to adjust the
current NRCS design guidelines for denitrification beds to yield
more efficient systems.
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