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a b s t r a c t

A simple technique to estimate the far-field hydraulic impacts associated with the deployment of hy-
drokinetic devices is introduced. The technique involves representing hydrokinetic devices with an
enhanced Manning (bottom) roughness coefficient. The enhanced Manning roughness is found to be a
function of the Manning roughness, slope, and water depth of the natural channel as well as device
efficiency, blockage ratio, and density of device deployment. The technique is developed assuming
simple open channel flow geometry. However, once the effective bottom roughness is determined, it can
be used to determine the hydraulic impact of arbitrary device configurations and arbitrary flow
situations.

� 2014 The Authors. Published by Elsevier Ltd. Open access under CC BY license.
1. Introduction

The kinetic energy of flowing water, or hydrokinetic energy, is a
large potential source of renewable energy [12,17]. Hydrokinetic
energy conversion devices are deployed in flowing water, and they
extract energy according to the kinetic energy or velocity of the
flowing water. The power available from hydrokinetic devices, per
unit swept area, is termed the hydrokinetic power density (PD, W/
m2). Hydrokinetic power density is a function of fluid velocity (V,
m/s), fluid density (r, kg/m3), and device efficiency (x):

PD ¼ x
r

2
V3 (1)

However, as hydrokinetic (HK) devices extract power from
flowing water, they can alter the flow velocity, water elevation,
sediment transport and other river properties/processes. The goal
of this paper is to present a simple way of estimating and repre-
senting the far-field hydraulic impacts of HK device deployments.
In particular, a technique for representing the presence of hydro-
kinetic devices with an enhanced bottom roughness is developed.
The enhanced bottom roughness can be used in standard hydraulic
calculation procedures and models to determine the device impact.

A widely-used open channel flow equation for relating flow
velocity (or discharge) to bottom roughness and channel properties
. Kartezhnikova).
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is the Manning Equation. Here, the equation is presented in two
forms:

V ¼ 1
n
R2=3S1=2 or Q ¼ A

n
R2=3S1=2 (2)

where V ¼ cross-section averaged velocity (m/s); n ¼ Manning
roughness coefficient (s/m1/3); R¼ hydraulic radius (cross-sectional
area/wetted perimeter, m); S ¼ slope; Q ¼ discharge (m3/s); and
A ¼ cross-sectional area (m2).

Note, the second version of the Manning Equation is obtained
from the first through application of the continuity principle
(Q ¼ VA). Since HK devices tend to impede the flow of water, they
can be represented with an enhanced bottom roughness, nt. Ac-
cording to the Manning equation, all other parameters being un-
changed, an enhanced bottom roughness would cause a reduction
in velocity. In a river setting, where the discharge can be considered
constant, the reduced velocity will be compensated for with an
increase in water depth.

The majority of previous research on the interaction of HK de-
vices and flowing water focused on the calculation of the available
HK power in tidal systems [4,5,9,10,15,20]. In tidal systems, often
conceptualized as a channel connecting two basins [6] e one semi-
infinite and one finitee the central question is: what fraction of the
total energy passing through the tidal channel is available for HK
extraction? The researchers found that as the number of HK devices
increased, the flow rate of water through the channel decreased.
Further, as the number of devices increased, there was a peak in
total energy extraction followed by a decline.

Researchers [19] have also addressed the question of the rela-
tionship between the power extracted by hydrokinetic devices
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(Pextracted) and the total power dissipated by the presence of the
devices (Pdissipated). The power extracted by hydrokinetic devices is
the product of the power density (PD) and the swept area of the
devices. Focusing on a single device in a channel, Garrett and
Cummins [8] and Polagye [19] noted that the devices generated a
low velocity zone in their wake. Further, when the low water ve-
locity wake mixed with the high velocity water that flowed around
the device, significant energy was dissipated. Polagye concluded
that with a turbine operating at the efficiency close to maximum
theoretical limit, the ratio of power extraction (Pextracted) to power
dissipation (Pdissipated) can be approximated as follows:

Pextracted
Pdissipated

¼ 2
3ð1þ εÞ (3)

where ε ¼ blockage coefficient (i.e., the fraction of the river cross-
sectional area occupied by the HK device); and Pdissipated is the to-
tal power dissipated in a river stretch due to the presence of the
devices. Pdissipated includes the extracted power and additional
dissipation due to mixing. It is assumed that there are negligible
drag losses.

Here, we derive an expression for an enhanced or effective
Manning roughness coefficient (nt) that can be used to represent
the presence of hydrokinetic devices. The expression is obtained by
considering the conservation of energy equation in two simple flow
situations e case A and case B. Case A is a wide open channel flow
situation in which the flow is steady and uniform. In case B, hy-
drokinetic devices have been deployed such that they are distrib-
uted uniformly throughout the channel bottom. The channel in
case B is otherwise identical to the one in case A. Assuming that the
total flow rate is the same in both situations, an expression for an
enhanced Manning roughness that accounts for the presence of
devices is readily determined.

In a river deployment of hydrokinetic devices, it is reasonable to
assume that the flow rate will be largely unchanged by the pres-
ence of devices. Rivers are water conveyance systems for trans-
porting water from high in the watershed to lower in the
watershed. However, in parallel with river flow, some amount of
water will be transported (from higher to lower in the watershed)
in the form of groundwater flow. Neglecting changes in storage,
which would be transient, the total flow rate will be unaffected by
the deployment of hydrokinetic devices, due to the conservation of
mass principle. The build-up of river water upstream of a large
deployment of devices could potentially shift some of the down-
ward flow from river flow to groundwater flow. However, the shift
would normally be relatively small because the resistance to flow of
underground water is extremely large compared to the resistance
to flow of surface water. Hence, it is reasonable to assume that the
flow rate is the same in case A and B.

2. Representation of hydrokinetic devices with an enhanced
bottom roughness

2.1. Case A e uniform open channel flow with no hydrokinetic
devices

Assuming flow from location 1 to location 2, the energy con-
servation equation (or modified Bernoulli Equation) for case A (no
devices) can be written [18]:

P1
g

þ V2
1

2g
þ z1 ¼ P2

g
þ V2

2
2g

þ z2 þ hL (4)

where P1 and P2 ¼ pressure (Pa) at locations 1 and 2, respectively;
V1 and V2 ¼ velocity (m/s) at locations 1 and 2, respectively; z1 and
z2 ¼ elevations (m) at locations 1 and 2, respectively; g ¼ specific
weight (N/m3); g ¼ acceleration due to gravity (9.8 m/s2); and
hL ¼ head loss (m) due to bottom friction.

Since flow is uniform in the direction of flow, the pressure and
velocity terms cancel out and the energy equation can be written:

z1 � z2 ¼ Dz ¼ hL (5)

Further, recognizing that, for uniform flow, the bottom slope is
the ratio of the head loss to the length of the channel section (i.e.,
S ¼ hL/L), Manning’s Equation (Eq. (2)) can be rearranged to obtain
head loss in terms of the flow rate, Manning’s roughness, channel
cross section area (A, m2), and hydraulic radius (R, m):

hL ¼ Dz ¼
�

Qn
AR2=3

�2
L (6)
2.2. Case B e uniform open channel flow with uniform distribution
of hydrokinetic devices

In case B, the channel of case A is altered to include hydrokinetic
devices (i.e., turbines) that are distributed uniformly on the channel
bottom. Water pressure (P1t and P2t) and flow velocity (V1t and V2t)
differ from that seen in case A due to the presence of the devices.
However, variables such as discharge, channel width, and bottom
slope remain the same. The energy conservation equation for case B
has the following form:

P1t
g

þ V2
1t
2g

þ z1 ¼ P2t
g

þ V2
2t
2g

þ z2 þ hLt þ hp (7)

where hLt ¼ head loss due to the bottom friction (i.e., contact of the
flowing water with the “natural” channel bottom); and hp ¼ “head
loss” associated with the presence of the hydrokinetic devices
(described below).

Since the turbines are uniformly distributed, flow conditions
continue to be uniform in the direction of flow. Consequently, up-
stream and downstream velocity and pressure heads are the same
and Eq. (7) can be simplified to:

z1 � z2 ¼ Dz ¼ hLt þ hp (8)

Consideration of Eqs. (5) and (8), for case A and B, respectively,
allows one to readily see that the addition of a uniform distribution
of hydrokinetic devices in a river segment leaves the total energy
loss in the segment unchanged. However, while the energy loss
(head loss) is attributable entirely to bottom friction in case A
(without devices), in case B (with devices) the head loss has a
contribution due to bottom friction and a contribution due to hy-
drokinetic devices. Essentially, shifting from case A to B, the natural
energy dissipation is reduced to exactly compensate for the in-
crease dissipation from turbines.

Using the same approach as for Eq. (5), the head loss associated
with bottom friction can be expressed:

hLt ¼
 

Qn

AtR
2=3
t

!2

L (9)

where At and Rt are the cross-sectional area and hydraulic radius of
the channel when turbines are present.

Since the channel geometry in the two cases is the same, Eq. (8)
can be written using Eqs. (6)e(9) obtaining:

�
Qn

AR2=3

�2

L ¼
 

Qn

AtR
2=3
t

!2

Lþ hp (10)
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Assuming a very wide rectangular channel such that the hy-
draulic radius is the water depth and the cross-sectional area is the
product of the width and depth, Eq. (10) becomes:

�
Qn

wh5=3

�2

L�
 

Qn

wh5=3t

!2

L� hp ¼ 0 (11)

where h ¼ water depth without HK devices (m); ht ¼ water depth
with devices present (m).

2.3. Channel energy losses due to presence of hydrokinetic devices

Assuming drag losses to be negligible following [19], the total
power dissipated can be estimated based on the blockage area and
extracted power as described in Eq. (3). The total power dissipated
can be expressed as a “head loss” (i.e., as hp) by dividing by the
product of discharge and the specific weight (i.e., g$Q) obtaining:

hp ¼ Pdissipation
gQ

¼ 3
4
rNArV3

t
gQ

ðx ð1þεÞÞ ¼
�
3
4
NArQ2

gw3 $x ð1þεÞ
�
$
1
h3t
(12)

whereN¼ number of hydrokinetic devices in the channel segment;
Ar ¼ swept area of an individual hydrokinetic device (m2);
Vt ¼ cross-section averaged velocity with devices present (m/s);
w ¼ channel width (m); and ht ¼ channel depth with devices
present (m).

This approach for estimating head loss due to HK device oper-
ation probably works best for devices with high efficiencies; since
ratio of power extracted to power dissipated (Eq. (3)) was derived
for high efficiency devices.

2.4. Determination of water depth with devices present

Using the expression for “head loss” due to the presence of
hydrokinetic devices (Eq. (12)), Eq. (11) can be rearranged
obtaining:

h�10=3 � h�10=3
t �

�
3
4
xð1þ εÞ
n2g

$
NAr

wL

�
$h�3

t ¼ 0 (13)

From Eq. (13), it is apparent that the increased depth associated
with the deployment of the hydrokinetic devices (ht) can be
determined from the character of the channel and the character
and number of the devices. Through the principle of continuity, the
cross-section averaged velocity could also be determined.

Eq. 13 was normalized by multiplying the entire equation by
h10=3t , then the last term of equation is multiplied and divided by h1/
3, obtaining:

�
ht
h

�10=3

� 1�
�
3
4
xð1þ ε Þ

n2g
$
NAr

wL

�
$h1=3$

�
ht
h

�1=3

¼ 0 (14)

Following additional algebraic manipulations, Eq. (14) was
converted to:

x3 � x�1=3 � a ¼ 0 (15)

where: x ¼ ht
h
; a ¼ 3

4
x 1þ εð Þ

n2g
$
NAr

wL

� �
$h1=3

Assuming, one is interested in modeling hydrokinetic device
deployments which cause a water level rise of no more than 100%
(relative to the depth of the natural channel), the variable x will
range from 1 to 2, and variable awill range from 0 to 7.2063 (based
on Eq. (15)). A cubic approximation was applied to Eq. (15) within
the limits defined above, in order to eliminate fractional exponent
in the second term, obtaining:

x3�x�1=3 � az1:0849$x3 � 0:45336$x2 þ 0:98303$
x� 1:6145� a ¼ 0

(16)

Knowing that x is a non-negative real integer, the expression for
x is attainable from solving the cubic polynomial in Eq. (16). The
solutionwas used to determine the following relationship between
ht, h, and a:

ht ¼ h$
�
b� 0:245

b
þ 0:0994

�
(17)

where:

b ¼
�
0:4766$a þ

�
ð0:4766$a þ 0:69555Þ2 þ 0:01466

�1=2
þ 0:69555

�1=3

a ¼
�
3
4
xð1þ εÞ
n2g

$
NAr

wL

�
$h

1
3

For values of x ranging from 1 to 2 and for a ranging 0e7.2063,
the cubic polynomial approximation was found to generate esti-
mates of x (or ht/h) that were very accurate (within 10�2 percent).
Eq. (17) demonstrates that the hydraulic impacts of a uniform
distribution of hydrokinetic devices can be estimated based on a
single parameter, a.

Note, the solution presented in Eq. (17) is implicit since
parameter a is a function of blockage ratio (ε) and, therefore, a
function of ht. As mentioned earlier, the blockage ratio is the frac-
tion of the river cross-sectional area occupied by the HK devices. So,
as water depth (ht) increases with the number of the deployed HK
devices, blockage ratio changes as well. In order to account for this
change in depth, an iterative approach for estimation of represen-
tative blockage ratio is recommended. It was found that blockage
ratio and consequently solution of Eq. (17) converge fairly quickly
and two or three iterations are enough. However, for relatively
small HK device deployment densities, one can forgo the iteration
procedure and still have accurate calculations.
2.5. Determination of the effective Manning’s roughness coefficient
and velocity with devices present

Having determined ht/h as a function of parameter a, the
enhanced Manning roughness coefficient representing the pres-
ence of the hydrokinetic devices (i.e., turbines) can be readily
determined. Since the discharge and slope under case A and B are
the same, the Manning Equation, Eq. (2), can be used to establish a
relationship between ht, h, n and nt:

wh
n
h2=3 ¼ wht

nt
ðhtÞ2=3 (18)

Solving for nt, we have:

nt ¼
�
ht
h

�5=3

n (19)

Based on the continuity principle, the velocity with devices
present (Vt, m/s) can also be determined based on ht/h or nt/n:

Vt ¼
�
h
ht

�
V ¼

�
n
nt

�3=5

V (20)



Fig. 1. Plot of normalized depth (ht/h), normalized velocity (Vt/V), normalized effective
Manning roughness (nt/n), power density (PD, kW/m2), and extracted power (P, kW)
and blockage ratio (ε) as a function of density of hydrokinetic devices (number of
devices per 10 D of channel length).
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2.6. Investigation of formulas

Eq. (11) can be solved using Eq. (6) for the altered water depth
(ht) as a function of the head loss due to the presence of HK devices
(hp):

ht ¼ h$
�
1� hp

Dz

��3=10

(21)

Substituting the altered water depth in Eq. (19), using Eq. (21),
one obtains:

nt ¼ n$
�
1� hp

Dz

��1=2

(22)

The head loss due to the HK device presence as well as bottom
friction (hp) are functions of number of HK devices, as shown in Eq.
(15). Applying Eqs. (21) and (22) for case A, when N ¼ 0, conditions
remain unchanged and ht ¼ h, nt ¼ n.

It is interesting to notice that hp < Dz, since energy that can be
extracted from the flow of water is always less than the total energy
available. Therefore, for any hp s 0 (case B), water depth (ht, Eq.
(21)) and effective Manning’s roughness (nt, Eq. (22)) attributed to
device placement will exceed the case A parameters (ht > h, nt > n).

Therefore, HK devices will cause an increase in water depth and
a decrease in velocity, assuming a uniform distribution of devices.
Based on the derived equations, hydraulic impacts of HK devices
can be estimated and modeled.

2.7. Example estimate of the hydraulic impacts of a uniform
distribution of hydrokinetic devices

In order to illustrate the technique for estimating the hydraulic
impact of hydrokinetic devices, a set of channel, flow, and hydro-
kinetic device properties were assumed (Table 1). Following the
theoretical development presented above, it was assumed that HK
devices were distributed uniformly over the channel bottom. In
practice, devices are deployed in rows (perpendicular to the flow).
The lateral distance between HK devices in a given row can be as
small as 2e3 turbine diameters (D) [2,3]. The longitudinal spacing
of the rows is larger due to persistence of the wake. Spacing be-
tween rows of the HK devices is recommended to be at least 10 D,
since flow is significantly recovered at downstream distances of 10
D to 15 D [1,3,11].

The diameter of the devices was assumed to be 80 percent of the
water depth (or 8 m) and longitudinal spacing of the rows was set
to 10 D (or 80 m). For an increasing number of devices in the rows
(i.e., the number of devices per 10 turbine diameters of channel
length), the impact of the devices on the normalized depth (ht/h),
normalized effective bottom roughness (nt/n), and normalized ve-
locity (Vt/V) were calculated based on Eqs. (17, 19 and 20), respec-
tively (Fig. 1). In this example, the maximum number of devices per
row was capped at 18. This amounts to spacing between devices of
18.7 m or 2.3 D, which is approximately equal to upper density limit
(2 D).
Table 1
Channel, flow, and turbine properties assumed in example calculation.

Variable Symbol Value

Water depth h 10 m
Channel width w 500 m
Slope s 0.0002
Manning roughness n 0.025
Turbine efficiency x 32%
Turbine diameter D 8 m
Fig. 1 also shows the blockage ratio (ε), power density, and total
power extracted per row of hydrokinetic devices as a function of its
density (i.e., number of devices per row). It is noteworthy that the
normalized depth, Manning roughness, and velocity all start at a
value of 1.0 on the left side of the plot (where the device density is
0). As the density of devices increases, the normalized depth and
Manning roughness monotonically increase whereas the normal-
ized velocity decreases. Initially, the total extracted power increases
rapidly. Later, there are diminishing returns in extracted power
with incremental increases of device density. This is because the
water has been slowed by the devices that have already been
deployed in the channel. The diminishing energy level of the
channel with increasing device density is shown by the power
density curve which decreases rapidly with increasing numbers of
devices.

Note, the calculations presented in Fig. 1 are based on the im-
plicit Eq. (17) and they reflect an iterative calculation scheme. If, for
the case of 18 devices per row the iterative approach had been
forgone, ht would have increased by 1.2%.

3. Hydraulic impacts of HK devices associated with
deployments in spatially limited areas

The analytical analysis for the uniform case provides the rela-
tionship between the character of the hydrokinetic device
deployment and the level of effective bottom roughness enhance-
ment. Once the appropriate level of bottom roughness enhance-
ment is determined, it is valid to use that enhanced bottom
roughness in a non-uniform numerical model, in the sameway that
one would use data on non-uniform spatial distribution of grain
size (bottom roughness) in a non-uniform numerical model.

The previous section indicated that a uniform distribution of
hydrokinetic devices can have a significant impact on water level
and velocity. For example, with the conditions indicated in Table 1
and assuming that rows of devices are separated by 10 D (or 80 m),
a deployment of 4.5 devices per row (i.e., alternating rows of 4
devices and 5 devices) would lead to a water level rise of about
1.3 m or about 13% of the original depth (Fig. 1). In order to deter-
mine the impact of hydrokinetic devices when they are deployed in
limited areas, a 1D numerical model (ISIS) was employed.

ISIS (Halcrow Group Ltd.; http://www.halcrow.com/isis/) is a
hydraulic model for determining depth-averaged velocity and

http://www.halcrow.com/isis/


Fig. 2. Cartoon illustrating the spatially-limited deployment of hydrokinetic devices.
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water level in open channels based on the St Venant equations
derived from NaviereStokes equations for steady flows [7]. Input to
ISIS includes: the river profiles (or cross-section bathymetric/
topographic data), spacing between profiles, river slope, and
discharge. After verifying that ISIS produced calculations of velocity
and water depth similar to the Manning Equation (within 1%) for
channels with uniform distributions of devices (or no devices at
all), ISIS was then used to determine the longitudinal distribution of
water velocity and depth for situations in which the device
deployment was limited to river segments of finite length. For
simplicity, the same channel and device properties (Table 1), and
the device density considered above (4.5 devices per row, one row
every 10 D or 80 m) were used. A cartoon illustrating an example
deployment (500-m long) is provided in Fig. 2. Note that a 100-km
long, device-free, river segment was placed upstream and down-
stream of the devices to ensure that the hydraulic conditions on the
Fig. 3. Hydraulic impact of a spatially-limited deployment of hydrokinetic devices includin
Velocity (V) and water depth (h) within 0.5 km of the devices; and (c) normalized velocity
boundaries were not affected by the presence of the devices. Based
on the device density (rows separated by 10 D or 80 m and 4.5
devices per row), the effective Manning roughness (nt) of the
deployment area was calculated to be 0.0308 using Eqs. (17) and
(19). Since the HK devices were distributed uniformly in rows,
the density of the devices, N/(Lw), could be calculated for the entire
deployment area or for a single representative row. Adopting the
latter approach, spacing between rows (10 D) was used for the L
parameter and average density of the devices per row (4.5 devices)
was used for the N parameter in Eq. (17).

The hydraulic impact of the 500-m long deployment is shown in
Fig. 3. The figure indicates that the hydrokinetic device deployment
“dams” the river water to some extent leading to maximal water
levels just upstream of the deployment area. Water levels then fall
with increasing longitudinal position within the device deploy-
ment area arriving at the device-freewater level at the downstream
end of the deployment area. Water levels are enhanced or equiv-
alent to those of a device-free channel throughout. The longitudinal
distribution of velocity follows directly from the depth distribution
given the continuity equation. Velocity is reduced or equivalent to
that of a device-free channel throughout. The minimum velocity is
at the upstream edge of the deployment area.

The model results indicate that the 500-m long deployment had
a significantly reduced hydraulic impact relative to the uniform
deployment. For example, the 500-m deployment enhanced the
maximumwater depth by only about 0.06 m (Fig. 3). This increase
in water depth is significantly less than the 1.3 m water depth in-
crease when a uniform distribution of the same density is assumed.
Thus, hydrokinetic device deployments in river segments of limited
length have a limited hydraulic impact relative to the impact of a
uniform distribution of the same density.
g: (a) velocity (V) and water depth (h) within 75 km of the hydrokinetic devices; (b)
(Vt/V) and normalized depth (ht/h) proximal to the devices.
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The modeling described above for a 500-m long deployment
area was extended to consider a range of deployment lengths from
0.5 to 150 km. In all cases, the segment with the hydrokinetic de-
vices was preceded and followed by 100-km, device-free segments.
Also, the same channel and device properties (Table 1) and device
density (rows separated by 10 D or 80 m and 4.5 devices per row)
was assumed. Plots of maximum dimensionless depth (ht,max/h)
and minimum dimensionless velocity (Vt,min/V) as a function of
deployment length are provided in Fig. 4. The results show that
when the deployment length reaches about 50 km, hydraulic im-
pacts approach those of a uniform (i.e., infinitely long) deployment
length.
Fig. 5. (a) Plot of calculated water depth (m) at the 50-percentile flow (without hy-
drokinetic devices) and selected area for hydrokinetic devices deployment; (b) Plot of
calculated depth-averaged velocity (m/s) at the 50-percentile flow.
4. Hydraulic impacts of a hypothetical deployment of
hydrokinetic devices in the Kuskokwim River by Red Devil,
Alaska

To illustrate the estimation of the far-field hydraulic impacts of a
hypothetical deployment of hydrokinetic devices using the
enhanced bottom roughness approach, the case of Red Devil on the
Kuskokwim River in Alaska is presented. For this calculation, a 2-D
hydraulic model, CCHE [21], was adopted. The CCHE flow model,
which is based on the depth-averaged NaviereStokes equations,
determines the depth-averaged east and north velocity compo-
nents as well as the water surface elevation. Inputs to the model
include river bathymetry, topography, and discharge. In addition, in
contrast to the 1-D ISIS model, a fixed water level boundary con-
dition at the downstream boundary and a preliminary water level
boundary condition at the upstream boundary are required for
CCHE. These water levels were calculated using the Manning
equation. The version of CCHE employed here used a two-
dimensional k-ε model for the determination of the turbulent vis-
cosity [21]. Fig. 5 depicts the calculated water depth and depth-
averaged velocity (in the absence of HK devices) at a flow of
1956m3/s, which is the 50-percentile flow of the openwater period
(mid JuneeOctober) based on data from a nearby USGS gage.

It also indicates the location of a hypothetical deployment of HK
devices, in a deep, high-velocity portion of the river. This
Fig. 4. Plot of maximum normalized depth (ht,max/h) and minimum normalized ve-
locity (Vt,min/V) as a function of section length with hydrokinetic devices.
deployment consisted of 18, 3-m diameter devices (Fig. 6). Based on
the dimensions of deployment area, turbine characteristics, and
device spacing (Fig. 6), the enhanced Manning roughness to
represent the devices was estimated to be 0.039 (using Eqs. (17)
and (19)). Summary information about the river segment and the
deployment are provided in Table 2. Impacts of the deployment on
velocity and depth are shown in Figs. 7 and 8, respectively.

Note, care was taken to ensure that the hydraulic impact of the
devices was not felt at the upstream and downstream boundaries.
Before running the CCHE model with the enhanced Manning
roughness applied in the selected area (Fig. 5), a simplified 1-D
rectangular channel model was created in ISIS using average
characteristics of river channel. Results from the ISIS model, which
adjusts the upstream and downstream boundary water level as
appropriate, verified that device-impacts on the water level at the
upstream and downstream ends were negligible (<0.3% change).

Fig. 7 demonstrates that velocity or momentum impacts of the
deployment included velocity reduction (about �0.1 m/s) in the
deployment area (where the Manning roughness coefficient had
been enhanced), and velocity reduction downstream of the devices,
i.e., in the wake of the devices. Laterally (in the cross-channel di-
rection), the deployment caused an enhancement (þ0.05 m/s) in
velocity. Essentially, flow was diverted to the sides by the presence
of the devices.

As with channel-wide HK device deployment (Fig. 3), placement
of the HK devices led to an enhancement of water level upstream of
the deployment area (up to approximately 1 cm), but little effect



Fig. 7. Change in velocity distribution (m/s) due to the deployment of HK devices.

Fig. 6. Dimensions (m) of deployment area and spacing between HK devices.
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downstream of the devices (Fig. 8). There was some noteworthy
cross-channel variation in water depth in the vicinity of the
deployment area.

Downstream wake effects persisted for almost 5 times the
length of the deployment area (600 m). The length of the wake was
probably over-predicted due to the inability of the effective
Manning roughness approach to account for enhancement in tur-
bulent kinetic energy and mixing associated with hydrokinetic
energy extraction. The excessively long wake might also be attrib-
uted to the lateral mixing settings in CCHE, which in principle could
be adjusted by the user.

The 18 hydrokinetic devices modeled would reduce the local
velocity (at the 50-percentile flow) to 1.5 m/s and produce about
69 kW of power. The 69 kW was calculated based on device effi-
ciency and swept area and based on the modeled velocity at the
locations of the devices.
5. Discussion

The methodology described here can readily estimate the far-
field impacts of hydrokinetic device deployments on water level,
depth-averaged velocity, and related properties. For example, the
calculation of velocity and water level change upstream and lateral
Table 2
Channel, flow, and turbine properties assumed.

Variable Symbol Value

Average water depth in deployment
area at 50 percentile flow depth

h 7.5 m

Deployment width w 60 m
Deployment length L 120 m
River slope S 0.000115
Manning roughness (without devices) n 0.0257
Turbine efficiency x 32%
Turbine diameter D 3.0 m
Enhanced Manning roughness

(4.5 turbines per row, 10 D spacing
between rows)

nt 0.0390
to the devices in the Red Devil example (Figs. 7 and 8) could be used
to estimate the potential for sedimentation, scour, and bank
erosion. As such, the methodology is a useful screening tool for
estimating hydraulic and hydraulics-related impacts. However, the
approach would not be able to determine fine-scale hydraulic im-
pacts around individual devices. Further, since the approach is most
directly applied in conjunction with depth-averaged hydraulic
models, it cannot readily distinguish between a bottom-mounted
and a surface-mounted device deployment. The approach focuses
on the momentum-reducing aspect of HK devices. However, other
researchers have noted that the devices enhance the turbulent ki-
netic energy and turbulent kinetic energy dissipation especially in
their wake [13]. Detailed accounting of the wake behind devices
would require an accounting for their impact on turbulent kinetic
energy and mixing. For the case of modeling a single device with
the described approach, enhanced bottom roughness can be
applied on the rectangular area of 3D in the lateral direction and 10
D in the longitudinal direction at the area of the device deployment.
Finally, some hydraulic models represent bottom roughness with
parameters other than a Manning roughness coefficient. Simple
equations relating the various bottom roughness parameters can be
found in the literature [14,16]. Efforts are underway to validate the
calculated hydraulic impacts with labs tests. Also, preliminary re-
sults indicated the hydraulic impacts calculated with the enhanced
bottom roughness approach (described here) are in agreement
with an alternative approach developed by Sandia National
Laboratories.
Fig. 8. Change in water depth (m) due to HK devices deployment.
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6. Conclusion

A simple technique was developed to estimate the far-field hy-
draulic impacts of hydrokinetic devices using an enhanced Mann-
ing roughness coefficient. The approach would also enable an
estimate of the maximum extractable energy. The enhanced
Manning roughness was found to be a function of the Manning
roughness, slope, and water depth of the natural channel as well as
device efficiency, blockage ratio, and density of the device
deployment. The approach was developed assuming a simple
rectangular channel cross-section and a uniform distribution of
devices. However, the enhanced bottom roughness concept can be
applied for arbitrary device configurations and arbitrary flow sit-
uations. Here, the approach was applied to estimate the impacts of
a number of example deployments. For device deployments in
which devices could be considered to be uniformly distributed
throughout a wide channel of uniform depth, increases in device
density lead to uniform increases in water depth and uniform de-
creases in water velocity. Total energy extraction was observed to
initially increase rapidly with increased device density. However,
with subsequent device density increases there were marginal
returns, as the power density decreased monotonically with
increased device density. High device density leads to significant
hydraulic impacts when the devices were uniformly distributed.
However, when the devices (at a given density) were deployed in
limited areas, the hydraulic impacts were significantly curtailed.
The technique developed here would allow estimates of far-field
hydrokinetic impacts to velocity, water surface elevation, and po-
tential sediment transport. However, near-field hydraulic impacts
around individual devices cannot be addressed with this technique.
For example, the approach described here cannot distinguish be-
tween a bottom mounted and a surface mounted device.

Nomenclature
A cross sectional area of the channel (m2)
At cross sectional area of the channel for the case when

turbines are uniformly distributed over the bottom (m2)
Ar cross sectional area of the rotor for one turbine unit (m2)
g acceleration due to gravity (9.81 m/s)
h water depth (m)
hLt head loss due to bottom fiction the case when turbines

are uniformly distributed over the bottom (m)
hL head loss due to bottom fiction (m)
hp head loss due to turbines operation, caused by power

production and drag forces acting on the turbines (m)
ht water depth for the case when turbines are uniformly

distributed over the bottom (m)
L channel length (m)
ṁ mass flow rate (kg/s)
n Manning’s roughness coefficient
nt effective Manning’s roughness coefficient that is

attributed to placing turbines
P1,2 pressure at the point (N/m2)
r fluid density (1000 kg/m3)
Q volume flow rate (m3/s)
R hydraulic radius (m)
Rt hydraulic radius for the case when turbines are uniformly

distributed over the bottom (m)
S slope of the channel (m/m)
V average fluid flow velocity in the channel (m/s)
V1,2 fluid flow velocity at a point on a streamline (m/s)
w channel width (m)
z1,2 elevation of the point above a reference plane (m)
Dz elevation change over the channel length (m)
g specific weight (N/m3)
x turbine efficiency
ε blockage ratio
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