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A denitrifying bioreactor is a system where a carbon substrate (commonly woodchips) is used to reduce
nitrate concentration in water flow. For many years, water flow through woodchips has been assumed
laminar without proper validation. The main objective of this study was to validate Darcy’s laminar flow
assumption for woodchips. For this purpose, we conducted both constant head laboratory column exper-
iments and field evaluation of a denitrification bed. Laboratory results revealed that Darcy’s law does not
apply for the majority of the hydraulic gradients forcing flow through fresh and old woodchip media.
However, Forchheimer’s equation adequately described the flow pattern using a quadratic equation. Sta-
tistical analysis showed that old woodchips (excavated from a denitrification bed) had significantly lower
intrinsic permeability than fresh woodchips. We determined Forchheimer’s and Darcy’s in-situ coeffi-
cients, and used them to predict flow rate in a denitrification bed. Model evaluation statistics showed bet-
ter flow rate prediction with Forchheimer’s than Darcy’s equation when compared with the measured
flow rate. In conclusion, the linear flow assumption was inadequate for describing water flow through
woodchips in a denitrification bed.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Eutrophication and hypoxia are well known environmental
concerns and they will continue to be problematic if nutrient
transport to surface water is not reduced. Depending on the
application, different types of denitrifying bioreactors have been
used to reduce nitrate concentration, namely, denitrification
bed, wall, and layer (Schipper et al., 2010; Bednarek et al.,
2014). Denitrification beds (also known as woodchip bioreactors)
are large trenches filled with woodchips that receive and process
drainage water so that water soluble nitrogen can be biologically
transformed into nitrogen gas. Woodchips are the most widely
used carbon source in denitrifying bioreactors, so knowledge of
their water flow process is vital to the design and successful oper-
ation of these systems.

Water flow through porous media is an integral component of
groundwater hydrology that provides much of the theory and gov-
erning equations for understanding the flow process. Though water
flow through fine textured soils has been shown to be laminar over
hydraulic gradients present in the soil, the validity of Darcian flow
through woodchips has not been confirmed. At high flow rates, the
linear relationship between velocity and hydraulic gradient is no
longer present and Darcy’s law ceases to apply. Therefore, it is
essential to validate the applicability of Darcy’s law for flow
through woodchip media before it can used in the design and mod-
eling of different types of denitrifying bioreactors. This is because
at high water velocities, inertial forces are no longer negligible
compared to viscous forces (Bear, 1988) so this may lead to
incorrect estimation of flow rate.

Woodchip hydraulic conductivities ranging from 0.01 to
11.6 cm s�1 have been calculated in column experiments using
Darcy’s equation without validating laminar flow (Chun et al.,
2009; Christianson et al., 2010; Cameron and Schipper, 2010;
Schmidt and Clark, 2013; Camilo et al., 2013; Subroy et al.,
2014). Camilo et al. (2013) reported hydraulic conductivity of
0.01 cm s�1 for pine tree bark mulch in a vertical downward flow
column. However, a miscalculation was later found that led to a
corrected hydraulic conductivity of 0.16 cm s�1 (personal commu-
nication). Leverenz et al. (2010) calculated rather high hydraulic
conductivities of 36 and 54 cm s�1 for recycled pallet woodchips
in a subsurface flow constructed wetland using Darcy’s equation.
However, the associated work by Hopes (2010) presents evidence
that suggests the reported hydraulic conductivities are too high.

Darcy’s law for flow through woodchip media can be validated
using Reynolds number. In the only study that attempted to
validate Darcy’s assumption of laminar flow in a horizontal
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column, Zoski et al. (2013) used a modified Reynolds number
(Holdich, 2002) that uses average diameter and porosity. It is com-
monly known that Darcy’s equation is valid at a Reynolds number
between 1 and 10 based on average grain diameter for porous
media flow (Bear, 1988; Fetter, 2001). The Reynolds number is
comprised of a characteristic length (length dimension) which is
not easy to determine for porous media flow (Fetter, 2001; Zeng
and Grigg, 2006). This characteristic length is signified by an aver-
age pore diameter that is assumed equal to soil grain diameter
(Chilton and Colburn, 1931; Bear, 1988). Soil particle size analysis
can be used to determine the average particle diameter (i.e., d10 or
d50) where soil particles are assumed spherical. For woodchips,
determining the average particle diameter with particle size
analysis can be misleading since each sieve can hold a variation
of different shapes especially with the cuboid shape of woodchip
particles. Consequently, Zeng and Grigg (2006) recommend the
dimensionless criterion of Forchheimer’s number for porous media
flow that eliminates the difficulty of determining average particle
size diameter of woodchips.

In-situ hydraulic conductivity of woodchips is also important to
the success of the denitrifying bioreactors design, since laboratory
experiments may not provide accurate values due to different con-
ditions (i.e., pore structure and drainable porosity). In one of the
earliest studies, Robertson et al. (2005) provided a rough estimate
of in-situ woodchip hydraulic conductivities ranging from 9 to
16 cm s�1 using the Hazen empirical equation (Freeze and
Cherry, 1979). There have also been other in-situ woodchip
hydraulic conductivity approximations reported that used Darcy’s
law. Van Driel et al. (2006) estimated in-situ hydraulic conductiv-
ity of coarse woodchips to be from 0.3 to 2.1 cm s�1 during the first
2 years in a lateral flow denitrification bed while assuming 90% of
flow occurring in the coarse woodchip layer. Later Robertson et al.
(2009) estimated in-situ hydraulic conductivity of the same lateral
flow denitrification bed until year 7 of the study assuming 100%
flow through the coarse woodchip layer, and found a wide range
of 0.3 to 5 cm s�1. In a streambed bioreactor (subset of denitrifica-
tion beds), Robertson and Merkley (2009) estimated woodchip in-
situ hydraulic conductivity of 10 cm s�1 after one month based on
an assumption that head loss occurred in the second half of the
bioreactor. Schmidt and Clark (2012) estimated in-situ hydraulic
conductivity of 0.01 cm s�1 for a denitrification wall consisting of
a mix of sand and sawdust using the Hvorslev slug test (Fetter,
2001) which is based on a laminar flow assumption. A review of lit-
erature showed that there is need to accurately determine the in-
situ hydraulic conductivity of woodchips using the governing flow
equation.

Another factor that is important to the success of a denitrifying
bioreactor design is the effect of water temperature on hydraulic
conductivity (Hubbert, 1940; Ye et al., 2013). This effect can be
explained by change of water viscosity with temperature variation.
To eliminate viscosity effects, hydraulic conductivities must be
compared and statistically analyzed at the same temperature.
Alternatively, intrinsic permeability can be used since it is temper-
ature independent. Some studies (Van Driel et al., 2006; Chun et al.,
2009; Robertson et al., 2009; Robertson and Merkley, 2009;
Christianson et al., 2010; Cameron and Schipper, 2010; Schmidt
and Clark, 2013) that did not account for this effect, had water tem-
perature variation ranging from 7 �C to 18 �C. Subroy et al. (2014)
also had water temperature variation of about 4 �C (personal com-
munication). These temperature variations will modify the
reported results of statistical analysis as well as mean, range, and
change of hydraulic conductivity over time.

A review of literature revealed that hydraulic conductivities
reported are either a rough estimate, approximations, or calcula-
tions using Darcy’s law. However, none of these studies have
appropriately validated the laminar flow assumption for water
flow through woodchip media. Furthermore, the important effect
of temperature on hydraulic conductivity has not been considered.
Therefore, there is a need to determine woodchip hydraulic
conductivity using the governing equation while accounting for
temperature effects. The objectives of this study were to (1)
evaluate the validity of Darcy’s laminar flow assumption for wood-
chips, (2) compare intrinsic permeability of fresh and old degraded
woodchips in a column experiment, and (3) determine in-situ
woodchip intrinsic permeability. To our knowledge, this is the first
study to appropriately test the validity of Darcy’s law for water
flow through woodchips independent of temperature effects.

2. Theory

This section addresses theory of flow through porous media. We
will use the theory in this section to validate linear flow assump-
tion as well as determining woodchip intrinsic permeability in
the laboratory.

2.1. Intrinsic permeability

Hubbert (1940) defined coefficient of permeability (later
termed intrinsic permeability) and related it to hydraulic conduc-
tivity by

k ¼ kinqg
l

ð1Þ

where k is hydraulic conductivity (cm s�1), kin is intrinsic perme-
ability (cm2) which is the property of the medium, q is water den-
sity (g cm�3), g is gravity acceleration (cm s�2), and l is water
dynamic viscosity (g cm�1 s�1).

While hydraulic conductivity of a medium can change with
temperature, intrinsic permeability will remain constant since it
only relates to pore space structure and porosity (Charbeneau,
2000; Ye et al., 2013). Thus, intrinsic permeability values were
used in the analyses of this study.

2.2. Darcian laminar zone

Flow through soil at low flow rates has been identified as
Darcian laminar flow where water velocity is directly proportional
to hydraulic gradient (Basak, 1977). At these low flow rates, water
flow through porous media is governed by Darcy’s (1856) equation
which is written as

q ¼ �kDi ð2Þ

where q is specific discharge (cm s�1) (also known as superficial,
Darcian, or macroscopic velocity) which is calculated as flow rate
divided by cross section area, kD is Darcy’s hydraulic conductivity
of the media (cm s�1), and i is hydraulic gradient (cm cm�1) which
is the ratio of head loss (DH) to length over which head loss has
occurred (L). Caution is advised in selecting the length parameter
in different permeameter settings. Christianson et al. (2010) used
the length of the column instead of the length over which head loss
occurred, leading to hydraulic conductivity overestimation.

2.3. Non-Darcy post linear zone

As velocity increases, flow enters non-Darcy post linear zone
where increase in water velocity is smaller than the increase of
hydraulic gradient (Basak, 1977). Example of this condition is flow
through gravel (Sadeghi-Asl et al., 2014). One of the most com-
monly used equations for linear and post linear regimes is
Forchheimer’s (1901). This equation incorporates inertial effects
and takes the form
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�i ¼ 1
kF

qþxq2 ð3Þ

where kF is Forchheimer’s hydraulic conductivity (cm s�1), x is a
constant (s2 cm�2) that is defined as x = b/g with b as the non-
Darcy coefficient or inertial coefficient, and i is hydraulic gradient
(cm cm�1). At laminar flow x = 0 and kF = kD, so this equation
reduces into Darcy’s law. The second term in this equation is the
result of inertial forces that are negligible in laminar flow in com-
parison with viscous forces (Bear, 1988). Forchheimer’s coefficients
are determined by fitting a quadratic equation to the plot of specific
discharge versus hydraulic gradient.

Forchheimer number (Fo) for water flow through woodchip
media was used as the indicator of non-Darcy flow. According to
Zeng and Grigg (2006), this criterion is the ratio of the hydraulic
gradient required to overcome inertial forces (second term in Eq.
(3)) to that of viscous forces (first term in Eq. (3)) which is written
as

Fo ¼ xkinqgq
l

ð4Þ

The non-Darcy effect (E) or the error of ignoring the non-Darcy
effect is the ratio of the hydraulic gradient induced by inertial
forces (second term in Eq. (3)) to the total hydraulic gradient as
(Zeng and Grigg, 2006)

E ¼ xq2

�dh=dx
ð5Þ

By rearranging the above equation, a relationship with
Forchheimer number is obtained as

E ¼ Fo
1þ Fo

ð6Þ

The non-Darcy effect increases with the increase in specific
discharge.
3. Calculation

This section provides the governing equations for flow through
denitrification beds, hereafter referred to as bed. We will first
develop an analytical solution to the common rectangular bed
and then the trapezoidal bed. The assumptions in the rectangular
bed section also apply to the trapezoidal bed.

3.1. Rectangular denitrification bed

Fig. 1 depicts the water table profile expected inside a rectangu-
lar bed with width w, inflow hi and outflow ho height of water
table, and bed length LB. The woodchip bed is underlain with an
impervious layer (i.e., polyethylene lining), and assumed to be
Fig. 1. Illustration of the water table profile inside a rectangular denitrification bed
with zero bottom slope.
isotropic and homogeneous. We adopted the Dupuit–Forchheimer
assumptions (stating that streamlines are horizontal and equipo-
tential lines are vertical), since the drain pipes were placed on
the impervious layer and water table height is small relative to
the bed length. This approximation results in the correct discharge
in one-dimensional flow (Irmay, 1967). Under steady state condi-
tions, flow rate Q at any distance x and water table height h can
be computed as

Q ¼ qhw ð7Þ

Combining Eqs. (3) and (7) results in

�dh
dx
¼ Q

kFwh
þ xQ 2

w2h2 ð8Þ

The above equation can also be written as

�kF w2h2

Qwhþ Q 2xkF

dh ¼ dx ð9Þ

By integrating Eq. (9) and applying the boundary conditions of
x1 = 0 to x2 = LB, and h1 = hi to h2 = ho one gets

LB ¼
x2k3

F Q
w

ln
whi þxkFQ
who þxkFQ

� �
�xk2

F ðhi � hoÞ þ kF
wðh2

i � h2
oÞ

2Q

ð10Þ

where Q is flow rate of a rectangular bed (cm3 s�1), LB is length of
the bed (cm), hi and ho are inflow and outflow height of water table
(cm), w is width of rectangular bed (cm), and kF is hydraulic conduc-
tivity (cm s�1) which is substituted by Eq. (1) to account for temper-
ature effects. By knowing the size and Forchheimer’s coefficients of
a bed, one can predict the flow rate based on the inflow and outflow
water heights.

For linear flow (x = 0), Eq. (10) shrinks to the common Darcy’s
equation for rectangular beds

Q ¼ kD
wðh2

i � h2
oÞ

2LB
ð11Þ
3.2. Trapezoidal denitrification bed

Our field experiment is comprised of a trapezoidal bed with
bottom width b, and side slope of z:1 (width:height). The flow
rate Q at any distance x and water table height h can be
computed as

Q ¼ qh
bþ ðbþ 2zhÞ

2
¼ qhðbþ zhÞ ð12Þ

Combining Eqs. (3) and (12) results in

�dh
dx
¼ Q

kFhðbþ zhÞ þ
xQ 2

h2ðbþ zhÞ2
ð13Þ

Integrating Eq. (13) and applying the boundary conditions x1 = 0
to x2 = LB gives

zh3

3
þ bh2

2
�xkF Qhþx2k2

F Q 2
Z

dh

xkFQ þ bhþ zh2 ¼
Q
K

LB ð14Þ

The remaining unsolved term in Eq. (14) is a quadratic integral
which depends on the sign of d (i.e., negative of the polynomial
discriminant) which is written as

d ¼ 4xkF Qz� b2 ð15Þ

If d < 0, then the quadratic integral can be solved by partial
fraction. Applying the boundary conditions h1 = hi to h2 = ho and
rearranging yields
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LB ¼�xk2
F ðhi�hoÞþ

kF bðh2
i �h2

oÞ
2Q

þkF zðh3
i �h3

oÞ
3Q

þ x2k3
F Qffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

b2�4xkF Qz
q

� ln
2b2þ2bzðhiþhoÞþ4z2hiho�4xkFQzþ2zðhi�hoÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2�4xkF Qz

q
2b2þ2bzðhiþhoÞþ4z2hiho�4xkFQz�2zðhi�hoÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2�4xkF Qz

q
0
B@

1
CA

ð16Þ

where kF = kinqg/l.
Eq. (16) is the only steady-state analytical solution to water

flow through woodchips in a trapezoidal bed with zero bottom
slope, since d will always be negative under flow conditions.

Denitrification beds are also installed with a bottom slope, so
the analytical solution for this scenario has also been derived
(Equation.pdf; Supplementary material).

For linear flow (x = 0), Eq. (16) shrinks to Darcy’s equation for
trapezoidal beds as

Q ¼ kD
bðh2

i � h2
oÞ

2LB
þ zðh3

i � h3
oÞ

3LB

" #
ð17Þ
Fig. 2. Photo of the permeameter, and the length (L) and head difference (DH) used
in the calculations.
4. Materials and methods

4.1. Laboratory experiments

We conducted a laboratory experiment in the Department of
Food, Agricultural and Biological Engineering at Ohio State Univer-
sity, USA from December 2013 to January 2014. Physical properties
of two different types of woodchips were compared; fresh wood-
chips, commonly reported in literature, and partially degraded
woodchips, excavated from the lower half depth of a denitrification
bed in early December 2013. The two year and two month
degraded woodchips (henceforth referred to as old woodchips)
were comprised of a mixed species of woodchips. The fresh wood-
chips were collected from the same source, so they are assumed to
have similar origin. Five woodchip intrinsic permeability experi-
ments were conducted for each of the fresh and old woodchips.
Each experiment incorporated a series of hydraulic gradients.

4.1.1. Laboratory intrinsic permeability
Permeameter. We built a constant head permeameter using a

PVC column (60 cm length and 15.3 cm inside diameter) with
upward flow (Fig. 2). Different constant heads were established
by changing the water height in the inlet head tank to create a ser-
ies of hydraulic gradients (Video1.MP4; Supplementary material).
Flow rate was measured as the time it took to fill a bucket of
known volume. Clear vinyl tubing was used as manometers for
measuring head loss along the length of the column. Aluminum
screen was placed inside the nylon hose barb elbow, which con-
nected the manometers to the column to prevent woodchips from
floating inside the manometers (Image1.JPEG; Supplementary
material). The distance between the two manometers
(L = 41.2 cm) was selected according to ASTM Standard D2434-68
(2006) where it is required to be larger than the diameter of the
column. The two ends of the column had an aluminum screen to
keep the woodchips in place (Image2.JPEG; Supplementary
material). The source of water was municipal water.

Woodchip compaction. We poured woodchips inside the column
in 2 L increments. After each increment, a stainless steel screen
(Image3.JPEG; Supplementary material) was lowered onto the sur-
face of the woodchips and a weight was dropped on top of the
screen from a constant height to pack the woodchips until the
entire column volume was filled with woodchips. The incremental
compaction resulted in tight contact between woodchip and
sidewall that is expected to eliminate preferential flow along the
sidewall. The column was repacked between experiments using
different weights and height of drop. Following each compaction,
the column was weighed to determine the total mass of compacted
woodchips.

Intrinsic permeability measurement. After woodchips were
packed inside the column, it was connected to the permeameter
where water was allowed to saturate the woodchips for at least
20 h before the intrinsic permeability experiment was initiated.
Before data were collected at the beginning of each experiment,
tap water was allowed to flow through the column until the inflow
and outflow water temperatures had stabilized. A requirement to
an intrinsic permeability experiment is to have constant tempera-
ture for the varying hydraulic gradients in each experiment. During
each experiment, flow rate and head difference were recorded for
every increase in hydraulic gradient. Inflow and outflow water
temperature was recorded at the beginning, middle and end of
each experiment to assure water temperature had not changed.
The hydraulic gradients imposed in this experiment are intended
to be within the naturally occurring range under field conditions
in a denitrification bed. Fresh and old woodchip intrinsic perme-
ability were statistically compared using the Mann–Whitney
non-parametric test since the normality assumption was not
met. Forchheimer’s coefficients and R-squared of the quadratic
equation for each experiment were determined using Minitab 17.
4.1.2. Dry bulk density
Before woodchip compaction, a sample of the woodchips was

oven dried at 40 �C to calculate gravimetric moisture content.



Fig. 3. Schematic of the (a) denitrification bed, (b) diversion structure, (c) inlet
structure, and (d) outlet structure.
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The total mass of the compacted woodchips was used with the
gravimetric moisture content to calculate total dry woodchip mass
in the column. The dry bulk density of the woodchips was calcu-
lated from dividing the total woodchip dry mass by the column
volume.

4.1.3. Porosity
After each intrinsic permeability experiment, the column was

fully saturated with water. The top of the column was plugged to
prevent evaporation (Video2.MP4; Supplementary material) and
the column was allowed to drain for 24 h. The volume of the bot-
tom cap was subtracted from the total volume drained, and the
adjusted drained water volume was divided by the total column
volume to determine drainable porosity (effective porosity or spe-
cific yield). This type of porosity is described as the interconnected
pores available for water flow which sometimes has been incor-
rectly termed primary porosity. Primary porosity is the original
porosity formed under the sediment deposition (Bear, 1988;
Charbeneau, 2000; Fetter, 2001). After 24 h, a sample of the wood-
chips was oven dried at 40 �C to calculate the total volume of water
retained in the woodchips. The specific retention (also referred to
as field capacity) was calculated as the ratio of total water volume
retained against gravity in the woodchips after 24 h to the column
volume (Charbeneau, 2000). Specific retention has also sometimes
been incorrectly termed secondary porosity which is the porosity
developed following original sediment deposition by geological
and chemical processes (e.g., dissolution or fracturing) (Bear,
1988). Total porosity (volumetric water content at saturation)
was calculated by adding drainable porosity and specific retention.

4.1.4. Particle size analysis
We conducted a particle size analysis of the two woodchip

types (fresh and old) using ASTM standard sieves to provide an
estimate of woodchip size distribution. After a sample of the wood-
chips was oven dried at 40 �C, it was allowed to equilibrate with
room temperature. Then it was shaken for 20 min in a sieve shaker
(Meinzer II) with screen sizes 19, 12.5, 9.5, 6.3, 5.6, 3.35, 2.8, 1.4,
0.5 mm for 20 min. Two replicates for each woodchip type were
performed. The average d50 from the particle size analysis was used
to calculate the Reynolds number (Fetter, 2001).

4.2. Field experiment

4.2.1. Site description
Installation of a trapezoidal bed with woodchip media (8.25 m

bed length, 2.65 m bottom width (b), side slope of 0.5:1 (width:
height), 0.9 m depth, and zero bottom slope) was completed in
October 2011 at the Waterman Agricultural and Natural Resources
Laboratory, Ohio State University, USA. This bed is lined with poly-
ethylene at the bottom and sides to prevent seepage. The bed
receives drainage water from a 1.5 ha field, which was under
corn–soybean rotation. Drainage water flow from the main pipe
is directed into the diversion inline water level control structure
(Agri Drain Corp., Adair, Iowa) (Fig. 3b) which diverts water into
the inlet structure (Fig. 3c) and finally into the bed (Fig. 3a)
(Video3.MP4; Supplementary material). Water flows into the bed
via a 100 mm perforated corrugated plastic tubing or drain pipe
(51 cm2 m�1 perforation area per unit length) placed perpendicular
to the inlet pipe at the bottom of the bed (Image4.JPEG; Supple-
mentary material). The length of the drain pipe is equal to the
bed bottom width. In the Midwest USA, use of a three-chamber
inlet control structure provides the means to implement controlled
drainage which can provide an incentive of crop yield increase for
farmers over the long term (Ghane et al., 2012; Poole et al., 2013).
During large rainfall events, excess water (above the flow capacity
of the bed) will bypass the diversion control structure (Fig. 3b) and
flow into the main. However, no bypass flow occurred during the
field evaluation. Stoplogs were placed inside the diversion struc-
ture to 0.3 m of the ground surface for the entire period of field
evaluation. After the denitrification process, drainage water is col-
lected using a similar arrangement of piping and layout as in the
inlet after which it flows into the outlet control structure for flow
measurement using a 60 degree V-notch weir (Fig. 3d). Only a
V-notch weir was placed in the outlet structure during the entire
period of the study.
4.2.2. Water table height
We placed nine PVC piezometers (3.5 cm inside diameter) at the

bottom center of the bed in the direction of flow during bed instal-
lation. The first and last piezometers were placed adjacent to the
inlet and outlet diffusers, and HOBO U20 water level data loggers
(Onset, Bourne, Massachusetts) were lowered inside each piezom-
eter to measure inflow (hi) and outflow (ho) height of water. The
distance between the two piezometers was 795 cm (LB). Piezome-
ters had 5 mm holes in the bottom 3 cm to allow water to flow
inside the pipe. A water level data logger was also placed in the
outlet structure to measure bed outflow water temperature and
outflow water height.
4.2.3. Flow rate measurement
Bed flow rate was determined using the following equation

QV ¼ 52:98H1:46 ð18Þ

where QV is V-notch weir flow rate (cm3 s�1) and H is head of water
above the apex of the V-notch weir (cm) that is measured by the
outlet water level data logger. The V-notch weir in the bed outlet
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woodchip experiments. The dotted and solid lines are the fitted Darcy and
Forchheimer equations, respectively.
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structure was calibrated at the bed site (V-notch.pdf;
Supplementary material).

4.2.4. Field intrinsic permeability
Bed inflow (hi), outflow (ho), and outlet water heights resulting

from subsurface drainage flow was recorded from October 30,
2013 to June 30, 2014. To determine Forchheimer’s coefficients,
input readings (i.e., l, Q, hi, and ho) at peak and base flow of the
largest storm event were used to solve a system of two simulta-
neous equations (Eq. (16)) with two unknown parameters
(kin and x) using Microsoft Excel 2013 Solver. These two flow
readings were used since they result in Forchheimer’s coefficients
that encompass the full range of the measured bed flow rates.
Hereafter, we refer to this procedure as the peak-base flow
method. In-situ coefficients (kin and x) determined by the peak-
base flow method were used to predict Forchheimer’s flow rate
from water height data using Eq. (16) and Microsoft Visual Basic
for Applications. The determined in-situ kin was also used to
predict Darcy’s flow rate using Eq. (17).

4.2.5. Model evaluation statistics
To evaluate Darcy’s (Eq. (16)) and Forchheimer’s (Eq. (17))

models, we compared their flow rate prediction to the measured
V-notch weir flow rate during the period of available water depth
data. Nash–Sutcliffe efficiency (NSE) and percent bias (PBIAS) were
used as the model evaluation statistics (Moriasi et al., 2007). NSE
determines the goodness of fit of the plot of measured versus pre-
dicted data to the 1:1 line. PBIAS measures the model bias for over-
estimation (PBIAS < 0) or underestimation (PBIAS > 0) with smaller
absolute values indicating accurate model prediction (Moriasi
et al., 2007). Optimum values for the evaluation statistics are
NSE = 1 and PBIAS = 0.
5. Results and discussion

5.1. Confirmation of non-Darcy flow

If flow data conforms to Darcy’s law, the plot of specific
discharge versus hydraulic gradient would result in a linear
relationship. Based on graphical evaluation, Fig. 4 showed that
both fresh and old woodchips exhibit deviation from linearity
beyond average hydraulic gradients of 0.025 and 0.022, respec-
tively (Velocity.pdf; Supplementary material). However, fitting
Forchheimer’s quadratic equation (Eq. (3)) resulted in an R-squared
above 99% in all the experiments. Therefore, non-Darcy flow pre-
vailed in the majority of the hydraulic gradients applied in these
experiments. This non-Darcy flow can be explained by high water
velocities present in both woodchips that cause inertial forces to
no longer be negligible compared to viscous forces. The plot of
specific discharge versus hydraulic gradient in Christianson et al.
(2010) also showed similar non-linear relationship.

Recently, Darcy’s law has been assumed valid for fresh wood-
chips in column experiments and old woodchips under field condi-
tions. However, one must be very careful in reporting hydraulic
conductivity of woodchips without confirmation of laminar flow
since it can lead to error in flow calculation.

5.2. Laboratory evaluation

5.2.1. Laboratory intrinsic permeability
The summary of porosity and Forchheimer’s coefficients for the

experiments with hydraulic gradients up to 0.085 are reported in
Table 1. Arithmetic mean of intrinsic permeability for fresh and
old woodchips was 1.12 � 10�4 and 3.25 � 10�5 cm2 (71% smaller),
and x was 0.25 and 2.77 s2 cm�2, respectively. The mean intrinsic
permeability of fresh and old woodchips corresponds to hydraulic
conductivity of 8.4 and 2.4 cm s�1 at 10 �C calculated from Eq. (1),
respectively. Result from the Mann–Whitney test showed strong
evidence that intrinsic permeability of fresh woodchips is greater
than old woodchips (one-sided p-value = 0.006). The smaller old
woodchip intrinsic permeability could mainly be explained by nat-
ural woodchip degradation that provided less drainable porosity as
this was also visually evident. Furthermore, old woodchip intrinsic
permeability may also have decreased due to sediments getting
trapped in woodchip media from subsurface drainage flow as this
was also observable (Image5.JPEG; Supplementary material).
Cameron and Schipper (2010) also reported decrease of hydraulic
conductivity of initially fresh woodchips (15 and 61 mm average
length) after 22 month in a laboratory experiment. These results
suggest that the decrease in hydraulic conductivity of fresh wood-
chips should be accounted for in the design of denitrifying bioreac-
tors. Otherwise, using fresh woodchip intrinsic permeability may
result in flow rate overestimation.

This study demonstrated the application of intrinsic perme-
ability (i.e., temperature independent) for water flow through
woodchips. In contrast, hydraulic conductivity is temperature
dependent, so one must be very careful in its analysis and varia-
tion over time. In this regard, Chun et al. (2009) explained greater
variation in hydraulic conductivity of a woodchip column exper-
imented with creek water (13.0 �C to 18.8 �C) compared with
deionized water (25.6 �C to 25.8 �C) as a result of the duration
of the experiment while not considering the effect of temperature
inducing variation in hydraulic conductivity. Similarly, Schmidt
and Clark (2013) associated increase in hydraulic conductivity
of a mixture of sand and sawdust to formation of preferential
flow channels over the duration of their experiment, but did
not account for the significant effect the wide range of seasonal
temperature (7.9 �C to 26 �C) had on variation in hydraulic
conductivity.



Table 1
Summary of porosity and Forchheimer’s coefficients of fresh and old woodchip experiments.

Experiment Outflow temperature
(�C)

Dry bulk density
(g cm�3)

Drainable
porosity

Specific
retention

Total
porosity

Intrinsic permeability
(cm2)

x
(s2 cm�2)

Fresh 1 12 0.194 0.56 0.27 0.83 1.00 � 10�4 0.35
Fresh 2 12 0.191 0.56 0.30 0.86 1.39 � 10�4 0.15
Fresh 3 11 0.205 0.52 0.33 0.85 1.16 � 10�4 0.38
Fresh 4 8 0.199 0.56 0.28 0.84 1.40 � 10�4 0.14
Fresh 5 11 0.224 0.48 0.36 0.84 6.32 � 10�5 0.22

Old 1 12 0.233 0.37 0.47 0.84 3.14 � 10�5 2.02
Old 2 13 0.188 0.39 0.47 0.86 4.54 � 10�5 2.35
Old 3 13 0.194 0.37 0.49 0.85 2.89 � 10�5 4.35
Old 4 12 0.182 0.39 0.46 0.85 2.71 � 10�5 2.12
Old 5 11 0.191 0.39 0.44 0.83 2.95 � 10�5 3.00

nd = 5.74kin
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R² = 0.93
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Mean drainable porosity for fresh and old woodchips was 0.53
and 0.38, respectively. Although old woodchips had lower mean
drainable porosity compared to fresh woodchips, their specific
retention compensated such that mean total porosity (i.e., 0.85)
of fresh and old woodchips was similar. The greater mean specific
retention for old woodchips relative to fresh woodchips (0.47 ver-
sus 0.31) could be explained by greater number of small pores
(capillary) allowing it to hold more moisture compared to fresh
woodchips. In addition, old woodchips have degraded cellulose
and cell walls, so water can penetrate inside the woodchips. Thus,
water can be absorbed both on the outside and inside surfaces of
old woodchips. Robertson (2010) also found greater specific reten-
tion and lower drainable porosity for 7 year old woodchips (with
total porosity of 0.86) excavated from a lateral flow denitrification
bed compared to fresh woodchips using the same method used in
our study. Similarly, Subroy et al. (2014) reported fresh woodchip
total porosities ranging from 0.73 to 0.86. A range of total porosity
of 0.49 to 0.78 for fresh woodchips with various compactions has
also been reported using the method of filling woodchip pore vol-
ume with water (Christianson et al., 2010; Camilo et al., 2013; Niu
et al., 2013).

It is evident from the power regression depicted in Fig. 5 that
drainable porosity influences intrinsic permeability since it pro-
vides pore volume for the flow of water. This relationship shows
that intrinsic permeability increases with the rise of drainable
porosity since pore openings are larger. Cameron and Schipper
(2010, 2012) reported concurrent increase in drainable porosity
(for 15 and 61 mm average length woodchips) and decrease in
hydraulic conductivity of initially fresh woodchips over the dura-
tion of their laboratory experiment, which is in contradiction with
our findings of direct relationship between hydraulic conductivity
and drainable porosity.

Overall, intrinsic permeability and drainable porosity are inver-
sely related to x (Noman and Archer, 1987; Macini et al., 2011).
This is evident from Table 1 where a greater drainable porosity
and intrinsic permeability for fresh woodchips resulted in a lower
x compared to old woodchips. The power regression relationship
between x and intrinsic permeability for woodchip experiments
(Fig. 6) is determined as
0
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Fig. 6. Relationship between x and intrinsic permeability of woodchip
experiments.
x ¼ 1:9� 10�8

k1:8
in
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This relationship is beneficial for evaluating Darcy’s laminar
flow at various hydraulic gradients presented in Section 5.2.4.

In general, decrease in x has been attributed to high surface
roughness, high coordination number (i.e., average number of
throats connecting each pore), and presence of heterogeneities
(i.e., small clusters of cemented particles) (Noman and Archer,
1987). In this study, the lower x for fresh woodchips is likely
due to higher coordination number.
5.2.2. Particle size analysis
Analysis of woodchip particle size distribution resulted in an

average d10 (d10 is the diameter at which 10% of particles are
finer) and d50 values of respectively, 2.8 ± 0.3 mm and
8.1 ± 0.5 mm (±standard deviation) for fresh woodchips, and
1.8 ± 0.1 mm and 7.6 ± 0.1 mm for old woodchips (Particle.pdf;
Supplementary material). The slightly smaller d10 and d50 of old
woodchips compared to fresh woodchips can be explained by
woodchip breakdown into smaller particles due to degradation.
For old woodchips, it was observed that some small woodchip
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particles had formed aggregates that may have been cemented
together by organic matter. It should be noted that the d10 and
d50 values mostly represent the length of the woodchips since
this dimension caused the woodchips to be retained on each
sieve.

To allow comparison with other woodchip permeability studies,
the average d50 from the particle size analysis was used to calculate
the Reynolds number (Fetter, 2001). Surface-volume equivalent
sphere diameter for cuboid particles (Rhodes, 2008) could alterna-
tively be used to calculate Reynolds number. However, dimension
measurement of small woodchip particles (i.e., <5.6 mm) was not
deemed feasible.
0.07

0.08

0.09

1 )
5.2.3. Reynolds number
The critical Reynolds number beyond which flow enters post

linear regime based on graphical evaluation is summarized in
Table 2. For fresh woodchips, the critical Reynolds number ranged
from 7.6 to 10.7. For old woodchips, the critical Reynolds number
ranged from 2.3 to 3.1 with corresponding specific discharges of
0.04 to 0.05 cm s�1. The critical Reynolds number for old wood-
chips was lower than fresh woodchips since its critical specific dis-
charge was lower. The lower drainable porosity of old woodchips
(average 0.38) resulting from its finer particle size could explain
its lower critical specific discharge since smaller volume of pores
was available for flow compared to fresh woodchips. In other
words, the critical Reynolds number diminished with the reduction
of drainable porosity.

Macini et al. (2011) also emphasized the importance of the
influence of drainable porosity on flow regime in porous media.
Our results showed that flow entered post linear regime at a
different Reynolds number depending on its drainable porosity.
Consequently, caution is advised in using Reynolds number above
1 for validating Darcy’s law for water flow through woodchips
when using d50 as the average diameter. If d10 were used as the
average diameter as specified in Gupta (2008), the critical Reynolds
number would fall below 1 (i.e., ranging from 0.5 to 3.7) which
further suggests the need of careful interpretation of flow regime.
Graphical evaluation of linearity is suggested as an alternative to
Reynolds number due to the complexity of determining a repre-
sentative characteristic length or average particle diameter of
woodchips, and different critical Reynolds number resulting from
various drainable porosities.

Furthermore, the smaller critical specific discharge for old
woodchips compared to fresh woodchips indicates that old wood-
chips deviate from linearity more severely than fresh woodchips.
This implies that lower flow rate is needed for old woodchips to
deviate from Darcy’s law. Thus, naturally degraded woodchips in
denitrification beds are more likely to exhibit non-Darcy flow.
Zeng and Grigg (2006) and Macini et al. (2011) also reported that
Table 2
Critical values beyond which flow enters post linear regime based on graphical
evaluation of fresh and old woodchip experiments.

Experiment Specific discharge
(cm s�1)

Reynolds
number

Forchheimer
number

Non-Darcy
effect

Fresh 1 0.16 10.6 0.44 0.31
Fresh 2 0.16 10.7 0.27 0.21
Fresh 3 0.16 10.3 0.55 0.36
Fresh 4 0.12 7.6 0.17 0.15
Fresh 5 0.13 8.1 0.14 0.12

Old 1 0.04 2.3 0.19 0.16
Old 2 0.05 3.1 0.43 0.30
Old 3 0.04 2.4 0.40 0.28
Old 4 0.05 3.0 0.22 0.18
Old 5 0.04 2.3 0.25 0.20
non-Darcy behavior for media with low intrinsic permeability
and finer grain size is more evident.

5.2.4. Forchheimer number
The critical Forchheimer number (Eq. (4)) and non-Darcy effect

(Eq. (6)) beyond which flow enters post linear regime based on
graphical evaluation is summarized in Table 2. The critical non-
Darcy effect for fresh and old woodchips averaged 0.23 ± 0.09
(±standard deviation) and 0.22 ± 0.06, which corresponds to an
average critical Forchheimer number of 0.32 ± 0.16 and
0.30 ± 0.10, respectively. Zeng and Grigg (2006) suggest a 10% limit
for the non-Darcy effect as a good reference that corresponds to a
critical Forchheimer number of 0.11. Macini et al. (2011) found a
higher average critical Forchheimer number of 0.40 corresponding
to a non-Darcy effect of 28% for natural sand. Nonetheless, the
average critical Forchheimer number of 0.31 estimated in our
study for both woodchip types is within the values reported in lit-
erature. The difference between the critical Forchheimer number
in our study and those reported in literature is likely to be due to
the difference in porous media.

Following the procedure of Eck et al. (2012), a relationship
between Forchheimer number, hydraulic gradient, and intrinsic
permeability was established to provide a tool to evaluate Darcy’s
law for woodchips in the laboratory.

Forchheimer’s specific discharge is calculated from the
quadratic Eq. (3), and by replacing kF = kinqg/l one gets

q ¼
� l

kinqg þ
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By inserting Eq. (20) into Forchheimer number Eq. (4) and
combining it with Eq. (19) one gets

Fo ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
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The surface plot of Eq. (21) at 10 �C is displayed in Fig. 7. Forchhei-
mer number 0.31 on the graph corresponds with critical non-Darcy
effect of 0.23 with lower values indicating laminar flow. This graph
may be used to assess the validity of Darcy’s law for woodchips in
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the laboratory in addition to the main graphical evaluation. How-
ever, one must be careful in merely relying on this graph since it
was developed based on the size and woodchip variety specific to
our study, but it may still be used as a good reference.

5.3. Field evaluation

5.3.1. Field intrinsic permeability
To determine Forchheimer’s in-situ coefficients in Eq. (16), we

used the peak and base flows of the largest storm event available.
The peak flow occurred on April 3, 2014 at 22:00, and the base flow
occurred on April 26 at 16:00. This method resulted in intrinsic
permeability and x of 5.68 � 10�5 cm2 and 0.88 s2 cm�2, respec-
tively. The former corresponds to a hydraulic conductivity of
4.3 cm s�1 at 10 �C. For old woodchips, difference in Forchheimer’s
coefficients between the in-situ and mean laboratory value can be
explained by the difference in pore structure. This is because in-
situ woodchips settle and get compacted over time as opposed to
the artificial compaction of old woodchips in the laboratory. The
in-situ intrinsic permeability is 45% lower than that of the mean
laboratory fresh woodchips, further suggesting consideration of
intrinsic permeability reduction over time. In-situ determination
of Forchheimer’s coefficients using the peak-base flow method
can be used as an alternative to laboratory column tests.

Using the power regression equation in Fig. 5, an estimate of in-
situ drainable porosity of 0.46 was determined from the in-situ
intrinsic permeability. Regarding Darcy’s coefficient, under linear
flow regime, x = 0 so Darcy’s intrinsic permeability becomes
5.68 � 10�5 cm2 which was used to predict Darcy’s flow rate from
Eq. (17).

5.3.2. Model evaluation
Considering seasonal bed outflow water temperature, flow rate

prediction based on the determined in-situ Forchheimer’s and
Darcy’s coefficients is displayed in Fig. 8 (Flow.pdf; Supplementary
material). Forchheimer’s flow rate prediction resulted in better NSE
of 0.96 (optimal NSE = 1) and PBIAS of 0.30 (optimal PBIAS = 0)
when compared with Darcy’s prediction (NSE = 0.79 and
PBIAS = �19.76). Based on visual observation, Forchheimer’s and
Darcy’s flow rate predictions were similar during base flows.
However, Darcy’s equation overestimated peak flows while Forch-
heimer’s equation made a better prediction for the majority of the
peak events. The negative PBIAS for Darcy’s prediction is also an
indication of flow rate overestimation. The better evaluation statis-
tics for Forchheimer’s equation are attributed to the more accurate
peak flow predictions which can be explained by the same
phenomenon observed in the laboratory where non-Darcy effect
increased with the rise in flow rate. This result further proves that
Darcy’s law is inadequate in describing water flow through wood-
chips at high flow rates present under field conditions.

It is important to note that the drainage area for the studied bed
is only 1.5 ha with a 100 mm (4 in) main pipe which is smaller than
a typical drainage area (10 to 20 ha) in the Midwest USA. Consid-
ering this, higher flow rates can be more common in fields with lar-
ger drainage areas and with larger storm events becoming more
frequent due to climate change. As a result, design based on
Darcy’s equation can cause overestimation of denitrification bed
treatment capacity. In terms of denitrification bed design, flow rate
estimation from Forchheimer’s equation can modify the design
guideline suggested by Christianson et al. (2013) which was devel-
oped based on linear flow assumption. A wider bed (i.e., larger bed
flow rate) can offset the occurrence of additional bypass flow dur-
ing large flow events under the governing nonlinear flow regime as
opposed to the linear flow assumption. Further research is needed
to investigate how nonlinear flow affects current bed design
guidelines.
6. Conclusions

Graphical evaluation of laboratory column experiments showed
clear deviation from linearity starting from lower hydraulic gradi-
ents for both fresh and old woodchips. While Darcy’s law could not
describe the flow variation, Forchheimer’s equation was found to
be thoroughly adequate. Graphical evaluation for determining
the validity of Darcy’s law is preferred to Reynolds number firstly
due to the complexity of determining a representative average par-
ticle diameter of woodchips and secondly due to the different crit-
ical Reynolds number obtained from various woodchip drainable
porosities.

Statistical analysis showed that old woodchips had significantly
lower intrinsic permeability than fresh woodchips (one-sided
p-value = 0.006). If intrinsic permeability of fresh woodchips is
determined under laboratory conditions, its reduction over time
should be accounted for in design and modeling. Results also
showed that critical Reynolds numbers diminished with the reduc-
tion of woodchip drainable porosity implying that old woodchips
exhibit stronger deviation from linearity at the same flow rate than
fresh woodchips.

In-situ coefficients for Forchheimer’s and Darcy’s equations
were determined using steady-state analytical solutions to flow
in trapezoidal denitrification beds while accounting for tempera-
ture effects. Results led to Forchheimer’s in-situ intrinsic perme-
ability and x of 5.68 � 10�5 cm2 and 0.88 s2 cm�2, respectively.
Denitrification bed flow rate was predicted using the in-situ



E. Ghane et al. / Journal of Hydrology 519 (2014) 3400–3409 3409
coefficients and compared with its measured values. Model evalu-
ation statistics indicated better flow rate prediction with Forchhei-
mer’s than Darcy’s equation. Furthermore, flow rate prediction
using Darcy’s law resulted in an overestimation of peak flow
events, which in turn would over-predict design capacity of deni-
trification beds.

In conclusion, this study showed that non-Darcy flow of water
should be considered in a trapezoidal denitrification bed under
subsurface drainage flow and laboratory experiments. We recom-
mend that denitrification bed design guidelines be developed for
the governing nonlinear flow regime.
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