
Journal of

Marine Science 
and Engineering

Article

Derivation of Engineering Design Criteria for Flow
Field Around Intake Structure: A Numerical
Simulation Study

Lee Hooi Chie 1,* and Ahmad Khairi Abd Wahab 1,2

1 School of Civil Engineering, Faculty of Engineering, Universiti Teknologi Malaysia, Johor Bahru 81310,
Malaysia; akhairi@utm.my

2 Centre for Coastal and Ocean Engineering, Universiti Teknologi Malaysia, Jalan Sultan Yahya Petra,
Kuala Lumpur 54100, Malaysia

* Correspondence: hooichie@gmail.com

Received: 25 August 2020; Accepted: 16 October 2020; Published: 21 October 2020
����������
�������

Abstract: The primary environmental impact caused by seawater intake operation is marine life
impingement resulting from the intake velocity. Environmental Protection Agency (EPA) of United
State has regulated the use of velocity cap fitted at intake structures to reduce the marine life
impingement. The engineering design parameters of velocity cap has not been well explored to
date. This study has been set to determine the fundamental relationships between intake velocity
and design parameters of velocity cap, using computational fluid dynamic (CFD) model. A set of
engineering design criteria for velocity cap design are derived. The numerical evidence yielded in
this study show that the velocity cap should be designed with vertical opening (Hvc) and horizontal
shelf (`vc). The recommended intake opening ratio (Or) shall be 0.36 Vr

−0.31, where Or = Hvc/`vc and
Vr =V0/Vpipe. Vo is the velocity at the intake window and Vpipe is the suction velocity at the intake
pipe. The volume ratio (ωr) between the velocity cap (ωvc) and intake tower (ωIT) is recommended
at 0.11 Vr

−1.23. The positive outlooks that yielded from this study can be served as a design reference
for velocity cap to mitigate the detrimental impacts from the existing intake structure.

Keywords: coastal structure; fluid-structure interaction; engineering design parameters; environment
protection; intake velocity; velocity cap

1. Introduction

Seawater intake structure are widely used by most coastal plants. A seawater intake structure
usually made of reinforced concrete supporting the inlet of the withdrawal pipe. Figure 1 shows the
photo examples of existing intake structures at Plant of Aguilas, Plant of Nungua, Plant of Skikda,
and Plant of Campo De Cartagena [1]. Most of the intake towers are circular in shape with diameter
ranging between 4.7 and 5.3 m. The intake tower height is between 5 and 7 m with intake rate between
1 and 7 m3/s. However, depending on the intake rate, the diameter of the intake tower can be ranging
between 2 and 20 m [2]. The shape of the intake structure can be rectangular if it is designed to be in
current, with shorter sides angled against the current. The marine life impingement and entrainment
resulting from the intake operation is a major environment concern [3]. An optimum intake structural
design should be operated in a way that minimizes marine impacts, particularly considering the
impingement and entrainment of marine life. There are substantial literatures that points to increase
intake mortality with increase intake velocities [4–6]. Even though fish are excellent swimmers, they
can often be drawn in by vertical currents generated by intake velocity. The Environment Protection
Agency of United State (USEPA) has suggested the use of velocity caps fitted at the intake structures
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to convert the water flow from vertical to horizontal [6]. The velocity cap, which is usually made of
steel or concrete, is a simple modification to the unscreened intake in the open sea to draw water in
horizontally. The used of velocity cap can reduce marine entrainment because fish are adapted to
respond to horizontal current rather than vertical current fluctuations [7]. A change in horizontal flow
pattern created by velocity cap will triggers an avoidance response mechanism in fish, which aids to
reduce the marine life impingement [8]. The use of velocity cap can reduce 80% to 90% of the fish
impingement at the intake entrance [9]. Based on this record of performance, USEPA has promulgated
final ruling under the Clean Water Act to restrict the intake velocity to a maximum of 0.15 m/s and
specify that seawater intake structures should be equipped with a velocity cap [10]. Electric Power
Research Institute [11] has performed comprehensive literature reviews on the swimming capabilities
of marine, freshwater, and estuarine fishes to determine the appropriateness of regulating 0.15 m/s as
the maximum allowable intake velocity to preclude impingement impacts. They have concluded that
intake velocity is an appropriate regulatory parameter, and it should be measured, preferably, as a
vector parallel to the main water flow at the intake window. They highlighted that the 0.15 m/s intake
velocity criterion can be useful to delineate where significant impingement impacts are unlikely to
happen under common environmental conditions. Several federal and state agencies in US have also
developed the intake velocity criteria to protect local populations of fish from being impinged at the
intake window, and they generally proposed maximum allowable intake velocity of 0.15 m/s as an
acceptable indicator of likely low occurrence of impingement problems at the intake structure [12,13].
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Previous literature and sources of information reviewed did mentioned that velocity cap is one
of the best technology available (BTA) and it shall result in a design intake velocity that less than or
equal to 0.15 m/s. Figure 2 shows the schematic illustration of the flow in a capped intake structure.
It is reasonable to speculate that the local flow conditions induced by the intake structure are the
important fundamental to protect marine life from impingement mortality. However, to the author’s
best knowledge, very little research work has been conducted in the area of engineering design criteria
for velocity cap. Voutchkov (2018) [2] suggested the vertical opening of the velocity cap shall be
between 1 and 3 m. Schuler and Larson (1975) [14] suggested that the horizontal distance of the velocity
cap shall extend approximately 1.5 times the vertical opening. A key problem with many of these
suggestions is that there are mostly based on “rules of thumb”, which have not been scientifically tested.
This raises many questions about whether those intake design suggestions are suitable to be used
for various structural configuration and intake rate. A variety of engineering properties, i.e., vertical
opening and horizontal shelf of velocity cap are important contributory factors to influence the intake
velocity. The literature review revealed that no single source of information or document precisely
contained velocity cap design standards. Intake velocity requirement is significant and that this paper
is essential for the understanding of fundamental relationships between the design parameters and
intake velocity to derive engineering design criteria for environment protection.
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Figure 2. Schematic illustration of the flow in intake structure with velocity cap.

A vast research has been undertaken to study the flow field around the coastal structure by using
CFD models [15–18]. They have concluded that, with the advancement in numerical modelling tools, it
is possible to analyze the fluid–structure interactions with numerical models. This paper presents the
application of CFD model to simulate the flow field around an existing capped intake structure that
located in Penang Strait of Malaysia. The existing capped intake structure was used to draw ambient
seawater for power plant usage. The feasibility of the present numerical model was validated by
comparing with the measured field values that obtained from secondary data source [19]. With proper
data checking and data screening, field data has the advantage of being able to observe the outcome in
a natural setting rather than in a contrived laboratory environment. Subsequently, the relationships
between influencing design parameters and intake velocity are systematically analyzed and presented
in SI unit. Finally, the engineering design criteria for intake structure is recommended.
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2. Method

2.1. Numerical Model

The numerical investigation was undertaken using FLOW3D based on Reynolds’ Averaged
Navier–Stokes (RANS) equations. The FLOW3D solver is structured upon the principle laws of mass,
momentum and energy conservation, and the equations were solved using finite difference method.
The central aim of any flow model is to provide projections of turbulent fluctuations on the flow
quantities. This is commonly represented by including diffusion terms in the following mass and
momentum transport equation:

VF
∂ρ
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+

∂
∂x
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∂
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(
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x
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where u, v, and w are fluid velocities in the Cartesian coordinate directions (x, y, z), Ax, Ay, and Az are
the fractional areas open to flow in the x, y, and z axis. VF is the fractional volume open to flow, ρ is the
fluid density, then R and ξ are coefficients that depend upon the choice of coordinate system. RDIF and
RSOR are respectively the turbulent diffusion and mass source terms and are defined in Equations (2)
and (3) below:
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where υρ = Scµ/ρ, in which Sc is the turbulent Schmidt number and µ is the coefficient of momentum
diffusion. The 3D equations of motion are solved with the following Navier–Stokes equations with
some additional terms:
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where t is the time, Gx, Gy and Gz are accelerations due to gravity, f x, f y, and f z are viscous
accelerations, and bx, by, and bz are the flow losses in porous media, uw, vw, and ww are velocity of the
source component, us, vs, and ws are velocity of the fluid at the surface of the source.

k-ε RNG turbulence model was suggested by Chie and Wahab (2019) [20] as the viscous model
to simulate the flow kinematics around the intake structure. They tested the performance of four
turbulence models, namely the standard k-epsilon (k-ε), k-ε renormalized group (RNG), k-omega
(k–ω), and large eddy simulation (LES) models and concluded that k-ε RNG model can provide good
accuracy and reduce the computational costs compared to the LES model. Furthermore, the k-ε RNG
model [21] extend the capabilities of k-ε model to provide better coverage of low intensity turbulence
flows and flow in areas with strong shear.

2.2. Model Setup

An existing seawater intake structure was used as a basis for the intake model. The intake
structure is fully submerged underwater with a submergence of 2.2 m from mean sea level (MSL)
and is extracting water at a rate of 25.43 m3/s. The existing structure is partially buried in the seabed
(~4.8 m below the existing seabed level) and the water depth during MSL is approximately 10 m.

The intake structure is composed of 2 major components: velocity cap and intake tower. The
velocity cap size of 9.2 m × 5.2 m has 3.1 m horizontal shelf (`vc) and 2.6 m vertical opening (Hvc) to
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convey the flow into the intake tower. The intake tower is rectangular in shape with an outer large
and long of 6.2 m × 10.2 m. The intake tower opening size is 5 m large × 9 m long. The total height of
intake tower is 9.98 m. Figure 3 shows the overall dimensions of the intake structure.
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A model with domain sizes of 41 m × 45m × 18 m is constructed for this study. The measured
bathymetric data is imported into the model using a universal terrain representation raster format to
provide a realistic bed level for modelling. The 3D raster bathymetric map is shown in Figure 4. The
intake structure was incorporated into the model bathymetry to mimic the actual site condition.
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The boundary condition (BC) of the model domain is defined as velocity, pressure, wall, and mass
momentum source. The kinetic energy and dissipation rate are calculated based upon the computational
formulas of turbulence quantities at the velocity boundary. The published tidal level [22] is prescribed
with pressure-type boundary. The wall boundary is defined at seafloor with no tangential velocities.
The model domain is setup with single incompressible fluid with free surface. Fluid fraction (F) = 0
correspond to void region, in which a uniform atmospheric pressure is applied. Mass momentum



J. Mar. Sci. Eng. 2020, 8, 827 6 of 16

sinks were added to the intake structure outlet to withdraw water from the model domain. The model
boundary conditions are illustrated in Figure 5. One downside regarding the methodology is that the
wave effects are not considered in this study. Further data collection would be needed to determine
exactly how the wave effects affects the engineering design criteria for the intake structure.
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2.3. Mesh Sensitivity Study

Mesh sensitivity study was performed for three computational grids that consisting of 355,296
(M1), 792,028 (M2), and 1,682,826 (M3) nodes. It is suggested by ASME (2009) [23] that the grid
refinement should be conducted systematically, and it is highly recommended that the grid refinement
factor, r = hcoarse/hfine, (where h is the grid size) should be greater than 1.3 for most practical problems.
Table 1 summarizes the grid information for the tested grid. An extraction rate of 25.43 m3/s is added as
mass momentum source, and the intake velocity is recorded at four intake windows. Mesh independent
solutions are achieved when the differential between two intake velocities (M1-M2 and M2-M3) is
less than +/−0.01 m/s. Table 2 tabulated the comparison of intake velocity for M1, M2, and M3 grids.
The results show that the maximum velocity differences between M1 and M2 grid is 0.03 m/s. By
increasing the grid resolution, the results show a reduction in velocity differences. The maximum
velocity differences between M2 and M3 is generally less than 0.01 m/s. This indicates that the M2 grid
has reached a solution value that is independent of the grid resolution. Therefore, the optimum grid is
M2 with resolution ranging between 0.22 m and 0.4 m.

Table 1. Tested gird for mesh sensitivity study.

Grid Info
Tested Grid

Coarse Grid (M1) Medium Grid (M2) Fine Grid (M3)

Total grid cells 355,296 792,028 1,682,826
Min. grid size (h) 0.29 0.22 0.17
Max. grid size (h) 0.52 0.40 0.31

Grid refinement factor (r) hM1/hM2 = 1.3 hM2/hM3 = 1.3
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Table 2. Comparison of intake velocity for M1, M2, and M3 grids.

Tested Grid No. Grid Cells

Intake Velocity (m/s)

Short Window 1
Differential

(M2−M1)
(M3−M2)

Short Window 2
Differential

(M2-M1)
(M3-M2)

Coarse Grid (M1) 355,296 0.21 0.23
Medium Grid (M2) 792,028 0.24 0.03 0.24 0.01

Fine Grid (M3) 1,682,826 0.23 −0.01 0.24 0.00

Tested Grid No. grid cells Long Window 1
Differential

(M2-M1)
(M3-M2)

Long Window 2
Differential

(M2-M1)
(M3-M2)

Coarse Grid (M1) 355,296 0.26 0.24
Medium Grid (M2) 792,028 0.25 −0.01 0.25 0.01

Fine Grid (M3) 1,682,826 0.26 0.01 0.25 0.00

2.4. Model Validation

Secondary velocity measurements were adopted for model validation. The tide at the Penang
Strait is semi-diurnal with two high tides and low tides in a tidal day with comparatively little
diurnal inequality. The measurements, covering both high and low tides, were captured by three
Acoustic Doppler Current Profilers (ADCP1, ADCP2 and ADCP3). ADCP1, ADCP2, and ADCP3 were
respectively located at 0.5 m, 2 m, and 1 m from the velocity cap as illustrated in Figure 6. The high
resolution FLOW3D CFD model was used to reproduce velocity at these locations. The simulated
velocity was validated with the measured data, and the results are graphically shown in Figure 7. It is
plausible that slightly higher error percentages will be obtained when the validation results are based
on field surveys where data was collected in an uncontrolled environment. Department of Irrigation
and Drainage (DID) Malaysia suggested the root mean square percentage error (% RMSE) between
the measured and simulated data shall be less than 20% for any coastal hydraulic study and impact
assessment [24]. Table 3 summarizes the discrepancies between the simulated and measured data
with % RMSE, squared of Pearson product-moment correlation coefficient (r2) and mean absolute
error (MAE). The RMSE percentage of all ADCP locations are less than 10%, and r2 are well above 0.9.
This demonstrates that the model is capable and suitable to be used for the investigation of flow field
around the intake structure.
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Figure 7. Comparison of velocity magnitude from numerical model with measurement data at
(a) ADCP1 (b) ADCP2, and (c) ADCP3.

Table 3. Comparison of velocity magnitude between simulated and measured data.

Station %RMSE r2 MAE (m)

ADCP1 6.81 0.98 0.02
ADCP2 7.16 0.97 0.02
ADCP3 9.63 0.94 0.03

3. Results and Discussion

The validated model was used to study the intake velocity at the velocity cap. Figure 8 illustrates
the flow field around the existing intake structure during flood, ebb, and slack current conditions.
During the flood and ebb currents, it can be clearly perceived that the flow field around the intake
structure is mainly influenced by the tidal current. The intake structure increases the flow velocity
upstream but decreases the flow velocity downstream. The slow flow region is observed leeward of
the structure, which could benefit sheltering effects for fishes [25,26]. The tidal flow passing through
the intake window is affected by the compressive interference of the intake suction, which generate
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velocity gradients around the intake windows. However, the velocity gradients around the intake
windows are mild during tidal flow and potentially stimulate an avoidance response in fishes, which
aids to reduce marine life impingement.
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The weakest tidal currents, which happen during slack tides, occur during the transition from
flood to ebb currents, and vice versa. At this point of time, the tidal currents decrease rapidly to nearly
stagnant and the flow field around the intake structure is mainly attributed by the intake suction.
The velocity gradients around the intake windows are strong and could potentially cause the marine
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life impingement and entrainment. Therefore, slack current condition (with tidal current = 0) will
be adopted in this study to derive the fundamental relationship between intake velocity and design
parameters of velocity cap.

The design of the velocity cap is influenced by the parameters as illustrated in Figure 9. Basic
terminology must first be established to clearly evaluate the intake velocity in this study. For this
study, the term “intake velocity” is represented by V0—the velocity magnitude measured at the vertical
opening of the velocity cap. The velocity magnitude was computed with Equation (5) where u, v,
and w. are fluid velocities in the Cartesian coordinate directions (x, y, z) computed from governing
equation of FLOW3D.

V0 =
√

u2 + v2 + w2 (5)
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To analyze V0 in the following sections, V0 profiles were extracted along the vertical openings
(Hvc) at the middle of the four windows (two long windows at L/2 and two short windows at W/2, as
shown in Figure 2). The intake velocity profile at each window was analysed to determine the average
V0. The term “intake velocity ratio (Vr)” is used in this study to represent the dimensionless velocity
that considers the ratio of intake velocity (V0) to average suction velocity at the intake pipe (Vpipe)
(Vr = V0/Vpipe). Vpipe is determined by using Equation (6), where Q is the intake rate and Apipe is
the pipe area that is calculated with Equation (7). Vr can be used to evaluate the intake structural
performance. Lower Vr indicates better structural performance in reducing intake velocy, and vice
versa. The use of the dimensionless intake velocity ratio (Vr) is more appropriate and makes the
application more generalizable to various intake rates.

Vpipe =
Q

Apipe
(6)

Apipe =
πDpipe

2

4
(7)

3.1. Fundamental Relationships

3.1.1. Effect of Horizontal Shelf (`vc)

A total of five test cases were conducted to evaluate the effect of `vc on Vr. Hvc andωIT in all test
cases are respectively set at 5.5 m and 450 m3. A range of intake rates (Q = 45, 50, and 60 m3/s) are
considered in this section. The analyzed simulation results are presented in Figure 10 as a scatter plot.
The best fit equation and 95% confidence interval (CI) are presented. The results of a regression analysis
revealed that Vr and `vc have a negative non-linear relationship. Vr can be reduced by increasing
the length of `vc. The relationship between Vr and `vc can be expressed with the power function:
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Vr = 0.15 `vc
−0.63. All simulated data are lies within the 95% CI. There is a 95% probability that the best

fit equation between Vr against `vc lies within the confidence interval.J. Mar. Sci. Eng. 2020, 8, x 11 of 16 
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3.1.2. Effect of Vertical Opening (Hvc)

The investigation continued by evaluating the influence of Hvc to Vr, with 17 test cases. `vc, Avc,
andωIT in all test cases are respectively set at 3.1 m, 152 m2, and 450 m3. Intake rate ranging between
6 and 30 m3/s are considered in this section. The analyzed simulation results are presented in Figure 11.
The results of regression analysis revealed that Vr and Hvc have a negative non-linear relationship. Vr

can be reduced by the increasing Hvc. The relationship between Vr and Hvc can be expressed by the
equation: Vr = 0.4Hvc

−0.9. All simulated data are lies within the 95% confidence interval bands. The
best fit equations have 95% confidence interval.
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3.1.3. Effect of Velocity Cap Size (ωvc)

The cumulative influence of the velocity cap design parameters (Avc, Hvc, and `vc) to Vr is
investigated by using the term “velocity cap size”. The velocity cap size (ωvc) is calculated by Avc × Hvc,
where Avc depends upon the velocity cap geometry and is influenced by `vc. A total of 40 test cases
with the following structural design range were adopted in the simulations:

• Intake rate (Q): 6–60 m3/s
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• Vertical opening (Hvc): 1.0–6.5 m
• Horizontal shelf (`vc): 3.1–9.6 m
• Area of the velocity cap (Avc): 152–520 m2

• Size of velocity cap (ωvc): 152–3122 m3

• Size of intake tower (ωIT): 450 m3

The simulated results are plotted as scatter plot with best fit equation and 95% Confidence interval
(CI) bands, as shown in Figure 12. The results of a regression analysis revealed that Vr and ωvc are
fitted by the nonlinear power function with a negative relationship. With the increasing ωvc, Vr is
reduced, and the intake performance is increased. However, it is crucial to note that the influence of
ωvc to Vr is reduced significantly whenωvc > 1000 m3.
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3.2. Engineering Design Criteria

The previous findings indicated the potential application of `vc, Hvc, andωvc to control the intake
velocity. In this section, the combined effects of `vc, Hvc, ωvc, and ωIT on Vr are investigated. The
volume size (ω) is used in this study to make the application more generalizable to the intake tower
that is mostly circular in shape. Based on the normal engineering practice [1], the height of intake
tower is mostly ranging between 5 and 9 m for constructability considerations (i.e., seabed bathymetry
and distance of the structure from the shore). The term “volume ratio (ωr)”, where ωr = ωvc/ωIT,
used in this section is a dimensionless term to represent the ratio of velocity cap size to intake tower
size. The term “Window opening ratio (Or)”, where Or = Hvc/`vc, is a dimensionless term to represent
the ratio of vertical opening to horizontal shelf. A total of 115 test cases with the following structural
design range were adopted in the simulations:

• Intake rate (Q): 6–60 m3/s
• Vertical opening (Hvc): 1.0–6.5 m
• Horizontal shelf (`vc): 3.1–9.6 m
• Area of the velocity cap (Avc): 152–520 m2

• Size of velocity cap (ωvc): 152–3122 m3

• Size of intake tower (ωIT): 240–450 m3

Figure 13 demonstrates the influence ofωr to Vr. The results of a regression analysis highlighted
a strong negative non-linear relationship between the Vr and ωr. The best fit equation between Vr and
ωr is 0.16ωr

−0.81 with 95% confidence interval. Majority of the simulated data lies within the upper
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and lower bounds. It is noted that Vr is reduced by the increasing volume ratio ωr. However, it is
important to note that the influence ofωr to Vr is insignificant whenωr > 4. Figure 14 demonstrates
the combined effects of Or andωr to Vr. The results of a regression analysis indicated a strong negative
non-linear relationship between Vr, Or andωr, with the best fit equation of Vr = 0.12(Orωr)−0.65. A set
of design parameter formulations were derived and is summarized in Table 4.J. Mar. Sci. Eng. 2020, 8, x 13 of 16 
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Table 4. Engineering design criteria for seawater intake structure.

Design Parameter Symbol Design Formulation

Intake velocity ratio Vr V0/Vpipe where V0 is the design criteria for intake velocity
Pipe velocity (m/s) Vpipe Q/Apipe where Q = intake rate (m3/s) and Apipe = πDpipe

2/4
Intake opening ratio Or 0.36 × Vr

−0.31 . where Or = Hvc/`vc
Volume ratio ωr 0.11 × V−1.23

r whereωr =ωvc/ωIT

Note: The formulations are in SI unit.

The main design consideration for a seawater intake structure is the impact on fish impingement at
intakes, resulting from intake velocities (V0). The Environmental Protection Agency (EPA) of the United
States (US) has promulgated final ruling under the Clean Water Act to restrict the through-screen
velocity (comparable to the term “intake velocity” used in this study) of a water intake structure to a
maximum 0.15 m/s, and specify that the intake structures should be equipped with a velocity cap. The
intake velocity performance standard proposed by USEPA is specifically referred to as the “design
intake velocity”—which can be used to evaluate intake design prior to construction. The regulation of
intake velocity by USEPA can thus be a good design reference to indicate a low potential for detrimental
impacts from impingement.

4. Conclusions

This study has shown that intake design can greatly influence the intake velocity, and by optimizing
the design parameters, it is greatly reducing the intake velocity. Particular attention is paid to seawater
intake structures, which typically consists of velocity cap and intake tower. The research findings are
generally summarized into the following areas:

(a) This study has demonstrated the usefulness of velocity cap in mitigating intake velocity. The key
design parameters for velocity cap is velocity cap size (ωvc), which comprises of the horizontal
shelf (`vc) and vertical opening (Hvc). The recommended intake opening ratio (Or) shall be
0.36Vr

−0.31, where Or =Hvc/`vc and Vr =V0/Vpipe. Vo is the velocity at the intake window and
Vpipe is the suction velocity at the intake pipe.

(b) With increased velocity cap size, the intake velocity is reduced. The volume ratio (ωr) between
the velocity cap (ωvc) and intake tower (ωIT) is recommended at 0.11Vr

−1.23.
(c) The primary environmental impact caused by intake operation is marine life impingement

resulting from the intake velocity. Therefore, it is reasonable to regulate intake velocity as an
environmental safety factor. However, to the author’s best knowledge, most of the country has
no single regulation used to enforce the intake performance for environment protection purposes.
Thus, the maximum allowable intake value of 0.15 m/s, used by the United States as their national
screening value for the permissible regulation of intake velocity, shall be used as reference to
establish engineering design criteria for seawater intake structures. This value has been widely
utilized to indicate that an intake structure has low potential adverse environmental impact.
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