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Abstract Nowadays, most rural and hilly areas use the

small and microscale plants to produce electricity; it is

cheap, available and effective. Utilizing hydrokinetic tur-

bines in flow of rivers, canal or channel to produce power

has been a topic of considerable interest to researchers for

past years. Many countries that are surrounded by irriga-

tion or rainy channels have a great potential for devel-

oping this technology. Development of open flow

microchannels that suit these countries has a main prob-

lem, which is low velocity of current appears, hence

deploying nozzle in-stream open channels flow is the

brilliant method for increasing the channels current flow

systems’ efficiency. The nozzle is believed to have an

ability of concentrating the flow direction whilst increas-

ing the flow velocity. In this study, the effects of nozzle

geometrical parameters such as diameter ratio, nozzle

configuration and nozzle edges shape on the characteris-

tics of the flow in the microscale rectangular channels

have been investigated numerically, using a finite volume

RANSE code ANSYS CFX. The physical parameters were

reported for a range of diameter ratio (d2/d1) from 5/6 to

1/6 and nozzle length (Ln) of 0.8 m for various nozzle

shapes. We also proposed a new approach which is the

use of NACA 0025 aerofoils as a deploying nozzle in

channels. The results of the current study showed that,

although the decrease in the nozzle diameter ratio led to

an increase of the flow velocity through the channel but it

can affect drastically on the flow pattern, especially the

free surface, at the nozzle area, which may reduce the

amount of the generated power, thus the study concluded

with optimum diameter ratio, which was 2/3. The flow

patterns improved with the curved edges shape; the

NACA shape gave the most preferable results.
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Introduction

The sustainable environment occupied the interests of

researchers nowadays, because of the rapid growth in the

level of greenhouse gas emissions and the fuel cost crisis

[1]. Renewable energy presents the efficient solution for

the future to achieve a perfect connection between

renewable energy and sustainable development [2, 3].

Hydrokinetic power is now renowned as one of the most

important clean power resource in the world, especially

microapplications, which can be utilized in remote and

electrification sites [4–6]. Recently, the researchers gave

more attention to the amount of harnessed power in the

open channels current flow. Thus, references [7–14] pre-

sented various analytical and numerical methods in detail

to estimate the tidal current potential power in channels. In-

stream technology is a young type of small and micro

hydro-power system and it is based on deploying of the

hydrokinetic turbines in flow of rivers or canal to generate

energy, this type of application is a potential to the future

of power generation [15, 16]. Harnessing kinetic energy

from flowing of water in open channels can optimize

existing facilities such as weirs, barrages and falls [17].
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Research has focused on studying the water stream tech-

nology from both flow and turbines systems points of view

by considering the improvements on the open channel flow

and the suitable turbine systems, which can be utilized in

these micro/small channels to be used in the micro/small

power production. The free stream flow systems normally

need a higher amount of mass flow with low velocities and

pressures to be able to extract energy, but the conventional

current turbines are more suitable for high pressure and

flow rate [18]. Hence, many studies investigated a unique

and new technology design and configurations to capture as

much as kinetic energy. Using the nozzle is the most

efficient choice to accelerate the flow and it can be

increased by the harnessed power. This nozzle can be

utilized in stream of the microchannel flow or ducted

around turbines. Khan et al. [19] carried out analytical and

numerical studies to accelerate the flow by deploying

convergent nozzles for run-of-river turbines in open

channels. Kirke [20] investigated a ducted turbine and he

gained more power than the open turbine. Furukawa et al.

[21] presented design parameters of ducted Darrieus-type

water turbine principle for high performance at low-head

micro hydropower. Shimokawa et al. [22] proposed more

simplified runner casing of Darrieus turbines and examined

the inlet nozzle and the small upper-casing by experiment

to improve turbine performance for low-head small power

scales. Our present work is similar to the work of Khan

et al. [19] in utilizing nozzle in microscale channels.

Deploying nozzle in channels causes acceleration of the

flow and increases the water kinetic energy. The power

extracted from channels mainly depends on the velocity of

the in-stream water flow, thus the geometrical parameters

of the nozzles have major effects on the flow patterns and

velocity. By focusing only on one parameter, which was

the inlet angle of the convergence nozzle, Khan et al. [19]

studied the flow patterns through the velocity and pressure

behavior contours. The present study investigated the flow

characteristics in micronozzle channels through parametric

study of the nozzle geometry to utilize in the small/micro

power generation. Here we take into account the free sur-

face and turbulence effects when assessing the nozzle

channel potentials. Our aim is to study the characteristics

of the nozzle in a microchannel flow with a view of

extracting renewable energy. To achieve this aim, this

research focused on determining the flow field pattern,

water velocity values, pressure distribution, turbulence

effects, volume flow rate and the amount of power that

could be captured with respect to varying geometrical

parameters of the deploying nozzles; also, these included

the effects of the free surface. The numerical study was

performed using the commercial CFD code ANSYS CFX.

Microscale of channel nozzle configuration modeling

Dimensions of microscale channels and deploying

nozzles

The geometry of the microscale nozzle channel model is

shown in Fig. 1, where L = 20 m indicates the overall

length of channel, W = 0.6 m is the width of the channel,

T = 0.4 m is the channel inlet water level, and h = 1.2 m

is the channel depth. The channel has a rectangular cross

section and the nozzle is positioned in the middle of the

channel plan.

Also, Fig. 1 illustrates the geometry of the deploying

nozzle, where Ln is the length of the nozzle; d1 and d2 are

the inlet and nozzle diameters, respectively, while the

parameters of the five different sets of nozzles are shown in

Table 1. The nozzle was located in the middle of the

channels to assess the behavior of up and down streams of

the nozzle.

Fig. 1 Microscale channel

physical model
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Grid generation

The grid generator of the RANSE code (ICEM CFD) was

used for meshing the channel with structured hexahedron

grids. The computational domain of the channels was

meshed with structured hexahedral mesh elements of the

same sizes for all the cases. Several computational grids

were tested in this study to check the solution sensitivity as

shown in Table 2, and ultimately the mesh chose the

contained structured hexahedral elements that had been

used for channels and nozzles in the current study, as

shown in Fig. 2. Hence, the total number of elements on

nozzle channel configuration system was about 2,068,978

which is the case no. 5 in Table 2, there is no change in the

velocity values after these mesh elements numbers.

Computational method

In this research, finite volume method was used for dis-

cretizing the governing equations in ANSYS CFX. The

convective terms were discretized using second-order

upwind scheme, and the pressure was interpolated using

linear interpolation scheme, while the central difference

scheme was utilized for diffusion terms. For the pressure–

velocity coupling, the semi-implicit methods for pressure-

linked equation (SIMPLE) were utilized. The k–e SST

turbulence model was used for turbulence modeling. Also,

different turbulence models were used with comparison of

analytical calculations of energy equations, but the best

results were obtained by the k–e SST turbulence model as

shown in Table 3. Convergence was monitored through

making dimensionless residual sum for all variables across

the computational points. The minimum residual sum for

convergence was set to 1 9 10-6. The inlet boundary

condition was set with constant mean velocity normal to

the inlet. The inlet velocity and water depth at the inlet

boundary of the different microchannels in this study were

1 m/s and 0.4 m, respectively. The inlet velocity was

chosen that suitable for operating within Malaysian Ocean,

Table 1 Nozzle main

geometrical parameters were

tested in the current study
Parameters Descriptions Range 

Convergence 
System

Ln= 0.8 m,  
d2/d1=2/3 

Convergence- 
Divergence 

System
Ln= 0.8m,  
d2/d1=2/3 

Diameter 
ratio (d2/d1) 

variations 
Ln= 0.8 m ,  

d2/d1= 5/6 to 1/6 

Straight Vs. 
Curved 

Nozzle Edge
Ln= 0.8 m,  
d2/d1=4/6 

NACA shape
NACA 0025
Ln= 0.8 m 

= 0.2

d1

d2

Table 2 Grid dependence study was conducted for case of diameter

ratio (d2/d1) = 2/3

Case no. No. of mesh

elements

Maximum velocity

along channel (m/s)

1 250,862 1.860

2 512,118 1.832

3 1,128,086 1.815

4 1,688,672 1.805

5 2,068,978 1.790

6 2,268,614 1.789

7 2,567,818 1.790
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which has low-speed current present (1.0 m/s average)

[23]. The outlet boundary condition was specified by the

outflow. The working fluid was water with the density of

1,000 kg/m3, and kinematic viscosity of 1 9 10-6 m2/s,

the reference pressure was 1 bar, the walls were set to a no

slip condition.

Governing equations

The mathematical description of the free surface flow in

ANSYS CFX is based on the homogenous multiphase

Eulerian fluid approach. In this approach, both fluids (air

and water) share the same velocity fields and other relevant

fields such as temperature, turbulence, etc., and they are

separated by a distinct resolvable interface. The governing

equations for the unsteady, vicious, turbulent flow are the

Navier–Stokes equations, which can be written in the fol-

lowing form:

o
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The SST turbulent model can be expressed in the fol-

lowing mathematical form:
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In the previous two equations, Ck and Cx represent the

effective diffusivity for k and x. Gk represents the gener-

ation of turbulence kinetic energy due to mean velocity

gradients, and Gx represents the generation of x. Yk and Yx
represent the dissipation of k and x due to turbulence. Dx

represents the cross-diffusion term.

Velocity is the corner stone parameter to extract current

power from the channels water flow. The natural velocity

of the channels is governed by Chezy’s and Manning’s

formulae. Manning gave accepted values in this manner;

Eq. (7) is termed the Manning equation [24]:

V ¼ R2=3S1=2

n
ð7Þ

where V is the velocity of the flow, R is the hydraulic

radius of the channel cross section and it is termed by

dividing the cross-sectional area (A) of the channel with

its wetted perimeter (P), S is the bed slope of the channel

and ‘‘n’’ is the Manning resistance coefficient, the value

of ‘‘n’’ is depending on the surface material of the

channels, its values are varying from 0.011 to 0.0 [25].

The value of the incoming flow of the current channel is

1 m/s.

The maximum extractable power available from flowing

kinetic water in channels is presented in Eq. (8):

P ¼ 0:5qAV3 ð8Þ

where P is the power, q is the density of water, A the

sectional area of the flow and V is the flow stream velocity.

The maximum achievable power extraction is strongly

associated with the flow velocity as shown in Eq. (8), thus

utilizing nozzle in the channel can enhance the flow to

extract as much as power from the flowing water. When the

Fig. 2 The meshed nozzle-channel configuration

Table 3 Comparison between various turbulence models and analytical calculations for detecting average velocity at the nozzle plan of the

channel for case of diameter ratio (d2/d1) = 2/3

Theoretical and turbulence model criteria Analytical results Turbulence model results

Energy equation (Bernoulli’s equation) k–e SST k–e SSG k–e EARSM k–x

Nozzle plan cross section mean velocity (m/s) 1.720 1.680 1.977 2.045 1.892
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nozzle was deployed, the area of the channel changed, so

the velocity computing through nozzles can be determined

based on continuity equation, which is stated in Eq. (9), the

mass flow per unit time through the nozzle is given by:

m ¼ qVA ¼ qV1A1 ¼ qV2A2 ð9Þ

where q = constant (incompressible flow).

Results and discussion

Generally, the nozzles accelerate the flow which caused the

velocity to increase at the nozzle plane, while the pressure

was decreased in accordance with continuity and energy

equations concept. Here we investigated the changes in

flow pattern behaviors and other parameters, especially free

surface flow effects and turbulence effects, based on these

geometrical changes. Thus, velocity, pressure, free surface

position, turbulence effects and harnessed power for above-

mentioned cases were simulated and tested. The results

were plotted at X–Y plane for Z = 0.15 m, these results of

all cases are presented separately in the subsequent

paragraphs.

Diameter ratio effects

Regarding to continuity equation (9) for steady incom-

pressible flow, the velocity will increase with the

decreasing of the area of the contraction. Figure 3 illus-

trates the velocity, pressure and free surface along a central

plane through the channel with variations of diameter ratios

of the deploying nozzle. The graph showed that the peak

values of velocity were obtained at the smallest value of

the nozzle area, but in these cases the maximum velocity

exploited small cross-sectional and longitudinal areas of

channel as shown in Figs. 3 and 4. This is due to the

sudden drop in velocity behind the nozzle orifice. This

velocity drop recorded significant values for diameter ratio

over 1/2. Moreover, the flow velocities in the cases of 2/3

and 1/2 diameter ratios were maintained in the longer area;

the velocity contours are shown in Fig. 4. The free surface

decreased when the diameter ratio was reduced, and it

reached near to 50 % of the channel draft in cases over 2/3.

The reduction of the nozzle diameter ratio was due to

increment in the pressure differences along the nozzle until

the pressure reached to small and negative values, espe-

cially for cases of 1/2, 1/3 and 1/6 diameter ratios. This

behavior has a negative impact on the channels flow

characteristics; it can be caused by cavitation in the pre-

sence of turbine.

Determining the area occupied by the water with max-

imum velocity is dependent on free surface of the channel

especially for microscale; it is important and could be used

as a direct measure of the mass flow rate of water. Table 4

displays the main flow characteristics in the channels at the

nozzle for different diameter ratios. The flow rates get

decreased with the reduction in diameter ratio (d2/d1)

although the maximum velocity occurred at these ratios;

this happened because of the cross-sectional area effects.

The last two cases described in Table 4 have negative

impacts on the water flow streams in the channels; and the

small flow rate can cause blockage. The 2/3 diameter ratio

achieved maximum flow rates because it has optimum area

and optimum mean velocity, thus the highest power was

recorded at 2/3 ratio, which was 334.28 W.

The adequate diameter ratio of the nozzle in the channel

is dependent not only on the velocity values, cross-sec-

tional area to capture more power but also on the flow

velocity fluctuations with respect to time, which means the

flow turbulence. Turbulence causes higher frictional losses

leading to higher pressure drop [24]. Thus turbulence is an

important factor to consider when examining the effect of

varying nozzle diameter ratios on the flow patterns. Tur-

bulence intensity (TI) is one of the most important for-

mulas for measuring turbulence; it is defined as the root

mean square of turbulence velocity variations normalized

with respect to the channel mean velocity. The previous

Fig. 3 Free surface positions, velocity and pressure variations along

central plane of the channel for different nozzle diameter ratio (d2/d1)
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studies which measured TI in channels showed that TI

varied from 5 % on the free surface to about 15 % near to

the bed [26].

Figure 5 illustrates the values of TI along the channel

and nozzle plane at varying nozzle diameter ratio. The

results indicate that the TI increased behind the nozzle with

decrease in the area of contraction. The maximum values

of TI are about 500, 250 and 50 % for ratio of 1/6, 1/3 and

1/2, respectively. In these cases, the flow became more

highly turbulent and gave massive values of the TI, which

leads to highest losses in the channels. In contrast, the

ratios of 5/6 and 2/3 gave accepted values of TI which

recorded 3.5 and 10 % as a maximum in the two cases,

respectively. This reduces the friction coefficient. From the

above analysis and according to all parameters, it was

concluded that the optimum value of the diameter ratio (d2/

d1) is 2/3.

Convergence and convergence–divergence systems

It was found from this study, the maximum velocity value

that can be obtained in the convergence–divergence system

Fig. 4 Water velocity contours showing the flow of water along nozzle-channel for various nozzle diameter ratio (d2/d1)
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was more than convergence system. In addition, the peak

velocity for this configuration occupied the larger area of

channel as shown in Fig. 6. This is the point of interest,

which aimed to obtain as much as area with high velocity

to get more harnessed current power. Furthermore, Fig. 7

indicated that the free surface and pressure values were the

same in two cases, because they have the same area of

contraction. The study concluded that the convergence–

divergence system increased the available mean velocity

across nozzle leading to an increase in captured power.

Convergence–divergence system developed the flow

pattern properties behind the nozzle, especially at the

nozzle end corner. On the other hand, convergence indi-

cated zero velocity values at this location as shown in the

velocity contours of Fig. 6. Moreover, the flow in this area

of the channel behind the nozzle became more turbulent

that it has a negative effect on the flow stream. Figure 8

shows the contours of water turbulence kinetic energy,

which expressed about the velocity variations with respect

to time. The figure described undesirable behavior of tur-

bulence flow at these corners of the outlet nozzle, and this

turbulence area was absent in the case of convergence–

divergence system.

Nozzle edge shapes effects

The curved and straight edge nozzles were tested with 2/3

nozzle diameter ratio and 0.8 m length of nozzle. The

velocity contour, which is shown in Fig. 9, proved that the

curved edges of the nozzle improved the flow patterns

through the nozzle, leading to smoother at the boundary

walls. Also, it has a larger area of high velocity than

straight edges.

Based on the current study, we concluded that the most

suitable shape of the nozzle edge was curved; moreover,

the convergence–divergence system like as a venturi gave

favorable results. Thus NACA airfoil shape [27] was

Table 4 Nozzle channel flow characteristics and captured power for nozzle diameter ratio variations

Diameter

ratio (d2/d1)

Cross-sectional area was occupied

by the peak values of velocity (m2)

Maximum velocity

along channel (m/s)

Cross section

mean velocity (m/s)

Maximum

flow rate (kg/s)

Harnessed power (W)

at maximum velocity

5/6 0.174 1.252 1.220 213.250 158.700

2/3 0.141 1.790 1.680 236.880 334.280

1/2 0.110 2.199 1.810 199.100 326.130

1/3 0.094 2.498 1.899 178.600 322.370

1/6 0.040 3.160 2.498 100.000 312.500
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Fig. 5 Turbulence intensity (TI) variations along the central of

channel for different nozzle diameter ratio (d2/d1)

Fig. 6 Velocity contours showing the flow of water along nozzle channel for cases of a convergence and b convergence–divergence
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suggested to be deployed in the channels as a nozzle, since

it incorporated these two important parameters. The most

ideal section type was symmetrical NACA types, since it is

easy to predict and construct on the channels. Here two

parallel halves NACA 0025 were used as shown in Fig. 10,

where Ln indicates the length which was 0.8 m and smax is

the maximum thickness of the shape, which was equal to

0.1 m and located at 0.2 m from the leading edge. The

maximum thickness of 0.1 m was selected to keep the

diameter ratio within 2/3 since it was the optimum ratio of

the contraction according to our current work, this NACA

0025 shape was drawn by using the equations in Ref. [28].

The flow pattern was developed in case of NACA shape as

shown in Fig. 11, which shows the velocity contours along

the central of channels. Figure 12 illustrates the effect of

NACA, curved and straight nozzle edges on the velocity

values along channels; it proved that the peak velocity of

NACA shape was more than the two other cases due to the

effect of long divergence part, which improved the flow.
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Fig. 7 Free surface positions and pressure variations along the

channel for convergence and convergence–divergence systems

Fig. 8 Water turbulence kinetic energy contours for cases of a convergence and b convergence–divergence

Fig. 9 Velocity contours showing the flow of water through nozzle plan for curved and straight nozzle edges
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This study was interested in the maximum power, which

can be extracted from the microscale channels water

streams. Therefore, Fig. 13 shows the peak harnessed

power from natural channel to deploying nozzle on chan-

nels with straight, curved and NACA shape. The highest

power obtained for NACA 0025 was almost 475 W when

the maximum power can be captured in the channel with-

out nozzle that was 120 W.

Conclusion

Numerical analysis of the nozzle channel configuration was

carried out to investigate the effect of nozzle on the flow

properties, the extracted current power, velocity, pressure,

turbulence and free surface position. The results of this study

have been that the flow was accelerated in the channels when

the nozzle was utilized. The velocity and the pressure differ-

ences increased with the decrease of the diameter ratio of the

nozzle, but the free surface position is decreased. The larger

area occupied by peak values of velocitywas decreased due to

the small area of contraction; the flow also became more

turbulent. The study indicated that the maximum current

power can be extracted for straight shape was 334 W at

optimum diameter ratio of 2/3. The flow patterns developed

with curved nozzle edges. This was indicated in the velocity

values and the captured power.We offered the new concept of

utilizing NACA shape to use as built-in nozzle for channel, it

was found that the NACA shape improved the flow charac-

teristics, especially itwas achieved progress in velocity values

leading to high power generated. In result, the maximum

captured current power increased from 120 W in case of

without nozzle to nearly 475 W for utilizing NACA 0025.
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