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In Kenya, 70% of households are connected to the grid; however, the consumption of electricity, among households, has reduced by
30%. To address power accessibility inadequacy, especially in rural areas, and develop an appropriate in-duct hydropower (HP)
generation system, several horizontal crossflow turbine prototypes were designed based on the field survey data collected from
existing pressurized water supply ducts. An assessment carried on water supply schemes in Makueni County led to gathering and
mapping required data that included; pipelines of diameters ranging from 50 to 200mm, water pipe slopes of lengths ranging from
40 to 800m, slope elevation heads between 14 and 183m, and 33 potential HP sites with HP production capacity between 0.59 and
23.63 kilowatts. Various horizontal crossflow turbines were designed, fabricated, and tested for HP generation performance. The
designed horizontal crossflow turbine has specifications that include a 0.99mm diameter (Do) impeller that rotates clockwise, 12.5
mm blade radius of curvature, 0.7033 turbine efficiency, turbine inner diameter of 30mm (D30), 10 blades (B10), 100mm diameter
pipe, turbine speed of 2210 revolutions per minute (RPM) and production of 5.92V at a head of 6m hence making a turbine
designed and designated as D30B10. It provides savings on power cost to the extent that in 7.5 years’ time, an institution would
have saved enough funds to install a new station. On the basis of these findings, it was concluded that in-duct power generation
technology is a promising energy harvesting system for rural communities. HP from ducts provides a paradigm shift to the rural
communities’ source of energy and its use, hence reducing the use of firewood for cooking, which is at 89% and effectively reducing
deforestation. More studies are recommended to prototype a full-scale product of the D30B10 turbine to improve technologies for
harnessing HP from existing gravity water ducts.

Keywords: break pressure tank (BPT); crossflow turbine; duct; fabrication and global positioning system (GPS); gravity-fed; in-
duct turbine; microhydropower; renewable energy; rural electrification

1. Introduction

The global shift toward renewable energy sources under-
scores the need for sustainable power generation methods
[1]. Renewable energy resources in general and hydropower
(HP) in particular have been characterized as benign sources
of electrical energy that can have a positive contribution to
climate change mitigation [2]. About 22% of the world’s
electricity production comes from HP installations, many
of which are small HP schemes (SHPS), which include small

HP (SHP), micro-HP (MHP), and pico-HP (PHP) systems
[3]. MHP systems generate electricity by converting the
kinetic and potential energy of flowing water into mechanical
energy, which is subsequently transformed into electrical
energy by a generator [4]. Backed by the abundant water
resources, MHP systems present a promising solution for
rural electrification in Kenya [5]. However, rural electrifica-
tion in Kenya faces several challenges, including the high cost
of grid extension, unreliable power supply, and limited access
to affordable energy. This paper explores the design and
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performance of a gravity-fed in-duct horizontal crossflow
turbine, focusing on optimizing efficiency and feasibility
for MHP installations in rural areas. MHP systems offer a
viable alternative, providing decentralized power generation
that can be tailored to the specific needs and resources of
rural communities [6]. The adoption of efficient and cost-
effective HP technologies is crucial to overcoming these chal-
lenges and improving the quality of life in rural areas. Water
ducts can significantly enhance the efficiency of MHP sys-
tems by channeling water flow to turbines with increased
velocity. This approach not only optimizes energy conver-
sion but also simplifies the integration of HP systems into
existing water infrastructure, making it a cost-effective solu-
tion for rural areas [4]. The use of gravity-fed water ducts
ensures a constant and reliable water flow, essential for con-
sistent power generation.

HP technology uses the gravitational force of falling or flow-
ing water to generate electricity, hence HP, which is considered a
source of energy that has a lower-level output of greenhouse
carbon dioxide (CO2) [7, 8]. Apart from the few large and
medium HP schemes operating in Kenya, others comprise of
SHPS operating in Kenya as (i) SHP (10–1mW), (ii) mini HP
(1mW–100kW), (iii) MHP (100–5kW) and PHP (<5kW) [9].
The grid is themain source of electricity, with 25% of households
connected to it, while 15.3% of the homes are connected to other
types of electricity sources [10]. Supported by the feed-in tariff
(FIT) policy, small-scale candidate sites are likely to come up and
serve well for the electricity supply to villages, small businesses,
and farms [11]. There is a need for pressure management to
reduce the incidences of pipeline ruptures and decrease the
associated repair costs and disruption of water supply to the
customers [12], and the use of devices, such as pressure reducing
valves (PRVs) in pipeline networks is the most frequently used
technology for pressure management and leakage reduction
[13]. The researcher is strongly opined that installation of in-
duct turbines could act as PRVs.

Community water supply systems in rural areas are com-
posed of water pipelines with diameters raging from fifty milli-
meters (50mm) to two hundred millimeters (200mm). The
rural areas of Makueni County are endowed with community
water supply systems running to the settlement areas from the
Volcanic Chyulu, Mbooni, Nzaui, and Kilungu hills, and their
profiles and designs are available in theMakueni County design
Office [14, 15].

Turbines extract energy from the fluid by reducing the flow
velocity with little or no pressure reduction as the fluid passes
through the turbine rotor [16]. HP turbines can be classified
depending on the direction of the rotational axis relative to the
water flow direction. Axial flow water turbines (AFWTs) have
their axis of rotation parallel to the water stream direction,
while other turbines, like cross-flow water turbines (CFWTs),
have a rotational axis perpendicular to the flow direction [17].
The advantage of cross-flow turbines is that they can rotate
unidirectional even with bidirectional fluid flow. They are par-
ticularly suited for low-head, high-flow conditions typical of
many Kenyan water sources [18]. Also, their ability to handle
varying flow rates and debris-laden water makes them ideal for
rural installations [19].

In general, turbines can be classified as high head, medium
head, or low head machines [20], and energy is extracted pri-
marily by a pressure drop, and this way the open turbine behaves
more like an ultra-low head hydroturbine than a conventional
wind turbine [21]. Several studies have been conducted in the
past on in-duct turbine development. However, as per Bachant
and Wosnik [22], Schlabach et al. [23], Rakesh et al. [24], and
Zarei and Fard [25], who focused on spherical and helical tur-
bines, the past developed turbines have been on energy produc-
tion from large (1000, 600, and 300mm diameter) water supply
and wastewater pipes since 2011 to date. Their research recom-
mendations included performance improvement as the turbine
diameter decreases, adapting turbine designs to accommodate
various pipe diameters and suggesting further research intomak-
ing these systems scalable for smaller diameters, undertaking
design modifications for pipes down to 300mm diameter and
carrying out further numerical and experimental investigations
to better understand the behavior of turbines in pipes of smaller
diameters respectively. Thus, there is a consistent recommenda-
tion on turbines for smaller diameter pipes and improvement on
efficiency, and this informed this study focusing on the develop-
ment of turbines for ducts of less than 300mm diameter, and
specifically a 100mm diameter duct.

Unlike open turbines, ducted turbines, which involve
directing water through a duct to increase velocity and guide
the flow onto the turbine blades, can significantly enhance HP
system efficiency. The duct’s size and shape are crucial in opti-
mizing turbine performance [26]. By controlling the water flow
more precisely, ducted turbines can achieve higher efficiency
andmore stable power output. Ducted hydrosystems can oper-
ate across a wide range of head and flow conditions insidemost
common piping materials such as steel, ductile iron, concrete,
or any material that can be mated with steel pipe [27].

There are several practical advantages in placing a turbine
in a duct which include: (i) the duct shades the turbine itself
from direct sunlight and debris; (ii) a large duct made of low
cost materials can be designed so that the downstream side acts
as a diffuser and reduces the downstream pressure, thereby
increasing the available pressure drop; (iii) large flow area con-
taining a large amount of energy is concentrated into a smaller
area so that a smaller, lower cost turbine can be used for a given
power output; and (iv) the duct eliminates tip losses on axial
flow turbine blades, improving efficiency [28]. The turbine has
blades that aremostly curved around its peripheral edge.Water
is then released from the pressure pipe onto the runner and
fires through, deflecting off the blades as it runs to the center of
the runner. This type of turbine is suitable for a head range of
about 2–200m and rating up to approximately 1mW [29]

The design of an MHP turbine hinges on several key
parameters: water flow rate, water head, turbine type, impellers,
number of blades, rotor diameter, overall system efficiency,
expected electrical potential power, and material used for
assembly and fabrication [21, 30]. These turbine parameters
must be carefully considered to optimize the system’s perfor-
mance and cost-effectiveness [31]. In the study, the internal
systems of the in-duct HP turbine were based on inline impel-
lers (hydro-spin), to develop a microtubular water turbine with
a horizontal axis parallel to the water flow [27].
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MHP production requires either an induction or a syn-
chronous generator. However, induction generators are pre-
ferred because they (i) can operate at variable speeds with
constant frequency, (ii) are available at reasonable prices, and
(iii) require less maintenance [32]. When a machine’s speed
ranges from 0 to 1500 revolutions per minute (RPM), it oper-
ates as a motor, but when revolutions are between 1500 and
3000RPM, it operates as a generator and produces electrical
energy [33]. Finally, a suitable induction generator was sized to
fit with the designed microhydroturbine.

A complete design procedure of a crossflow turbine
involves several steps that mainly include: duct sizing, determi-
nation of flow rate, net head, blade spacing, design of turbine
runner, number of blades, blade radius of curvature, efficiency,
power produced, and turbine speed [34]. These steps were
adopted in the research to guide the design of highly efficient
crossflow turbine for HP production.

2. Materials and Methods

The study employed a combination of experimental and
computational methods to design and evaluate the gravity-
fed in-duct horizontal crossflow turbine. The methodology
included fluid dynamics simulations, prototype fabrication,
and performance testing under various operational conditions.
Detailed data collection and analysis ensure the accuracy and
reliability of the findings.

2.1. Design of Duct Size. The duct size was optimized to
enhance water velocity and flow rate through the turbine.
Computational fluid dynamics (CFD) simulations using the
MATLAB Simulink package, thus varying blade spacing
within a 10mm diameter duct, were used to analyze different
duct geometries as obtained from the field findings and their
impact on turbine performance [35]. The goal is to identify a
duct design that maximizes energy conversion efficiency while
maintaining stable flow conditions. In the study, field survey
data from identified Makueni County (Kenya) pressurized
water ducts potential sites were used for in-duct HP
generation. The ducts were made with a mixture of uPVC
class E and galvanized iron (GI) heavy-duty pipes with
75mm minimum diameter were applied while an average
gloss head of 40m was used. The most important design
parameter in this design was the velocity of water along the
pipes and ranged between 0.6 and 1.5m/s. Equation (1) was
used to confirm the size of pipes laid in identified potential sites.

DPipe ¼ D¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4Q=πVð Þp

; ð1Þ

where DPipe= inside diameter of the pipe (m), Q= design
flow (m3/s), and V= average velocity in the pipe (m/s)
[36]. For the consequent designs of various turbine parts,
an operation diameter (Do) of turbine circular motion was
used as an equivalent of the pipe diameter, less 0.0005m
from the pipe inner wall. This effectively made the turbine
operational diameter less than the pipe diameter by 0.001m.

Do ¼ D − 0:001: ð2Þ

(Author, 2020)

2.2. Selection and Design of a Suitable Hydroturbine Gravity
Fed Water Ducts. The hydroturbine was selected and designed
based on specific site conditions, including water flow rate and
head as obtained from field data on Makueni County pressur-
ized water ducts, as summarized in Table 1. This involved
selecting appropriate materials, blade profiles, and rotor
dimensions to achieve optimal efficiency [37]. The design pro-
cess also considered factors such as ease of fabrication, cost, and
maintenance requirements. In this project, a suitable and
matching hydroturbine was developed for production of HP
based on water ducts of diameter that ranged between 100 and
200mm. However, the development started with consideration
of various pipe diameters, from which 100mm uPVC pipe was
adopted for ease of housing of the fabricated turbine.MATLAB
Simulink has successfully been used in design and modeling of
crossflow turbines [38]; hence, the researcher used the software
to model a crossflow turbine. By application of Matlab
Simulink, and use of mathematical formulae developed by
Yilmaz et al. [39], flow rate (Q), head loss (Htl), blades
spacing (tb), number of blades (n), blades radius of curvature
(rc), turbine frequency (ηt), and turbine power (Pt) were
determined. The sizes of pipes used for the turbine
development were those of diameter between 75 and 200mm
guided by the existing pipelines within the area of focus, but
concentrated on pipes of diameter (D) 100mm, which were
more available in water schemes serving the rural communities
and capable of producing applicable power. By applying
Equation (14), thus N (RPM) = 125.6 Hn

0.5/nBs) as
programed in Matlab Simulink software, various spacings of
blades in a 100mm diameter duct, corresponding to specific
turbine speeds, were produced. A maximum blade spacing of
50mm, thus 0.05m, was applied and reduced subsequently in
10 equal spaces of 0.005m. Each set of blade spacing was
applied against a specific fixed water head, thus 1, 2, 3, 5, 40,
and 100m. More specific formulae programed using Matlab
included eight equations listed and described below, and a
flowchart in Figure 1.

2.3. Specific Formulae and Description. The several formulae
used for the turbine design are as descried as follows:

i. Calculation of the water flow rate (Q) in m3/s as fol-
lows:

Q¼ V × A ; ð3Þ

where flow velocity is V (m/s) and duct cross-sectional area is
A (m2). Losses are approximately equal to 6% of gross head,
which can also be calculated using Darcy–Weisbach (1845)
formula, thus Equation (4) as follows:

International Journal of Energy Research 3
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ii. Calculation of total head loss as follows:

Htl ¼ 0:0826 fLQ2 =D5 ; ð4Þ

where Htl= head loss (m), f=Darcy friction factor (unitless),
L= pipe length (m), D= inside pipe diameter (m), and Q=
volumetric flow rate (m3/s).

iii. Calculation of the net head (Hn) as follows:

Hn ðmÞ ¼Hg − Ht; ð5Þ

where Hg= the gross head, which is the vertical distance
between water surface level at the intake/source and at the
turbine, Ht= total head losses due to friction and gate valves,
and H is the gross slope head [39].

iv. Calculation of duct diameter (Do), where N is the tur-
bine speed in RPM as follows:

DoðmÞ ¼ 40
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Hnð Þ=Np

: ð6Þ

v. Calculation of the blade spacing (tb) as follows:

tb ¼ 0:174 × Do ; ð7Þ

where Do is runner outer diameter and tb is blade spacing.

vi. Calculation of the runner blade number (n): the num-
ber of the runner blades was determined as follows:

TABLE 1: Potential HP sites and parameters.

Site name along pipeline Latitude Longitude Altitude Elevation (m) Cum elevation (m) Pipe size (mm)
Flow rate
(m3/s)

Power
(W)

Manooni_Mandei BPT −1.94214 37.47432 1504 14 14 225 0.0268 2577
Mandei BPT Stream −1.94186 37.47605 1434 70 84 225 0.0268 15,504
Kwa Nzomi Stream −1.94342 37.47862 1412 52 52 225 0.0268 9598
Kwa Nzomi AV −1.94498 37.48183 1432 20 72 225 0.0268 13,289
Kitulani Stream −1.95013 37.49169 1474 42 114 225 0.0268 21,041
Kitulani Tank Stream −1.95603 37.49491 1381 81 81 225 0.0268 14,950
Yumbani BPT −1.96030 37.49412 1439 −58 23 225 0.0268 4245
Kwa Kinza Stream −1.96458 37.49454 1310 129 129 225 0.0266 23,632
Utuneni S. Tank −1.98061 37.48923 1415 −105 24 225 0.0266 4397
Kwa Mutula Market −1.98611 37.48214 1295 22 22 160 0.0139 2106
Kwa Loko BPT −1.99881 37.48859 1351 38 38 160 0.0139 3638
Musoma S. Tank −2.00013 37.48892 1302 49 49 140 0.0101 3408
Musoma S. Tank −2.00013 37.48892 1302 49 87 110 0.0094 5632
Mulima Dam W. O −1.63067 37.41562 1686 68 68 225 0.0327 15,314
Mulima P S. Tank −1.62912 37.41376 1739 −53 15 225 0.0327 3378
Mavindu Wash Out −1.62403 37.41246 1654 85 85 225 0.0327 19,142
Mavindu V BPT −1.62192 37.4107 1681 −27 58 225 0.0327 13,062
Mavindu M S. Tank −1.61685 37.41106 1645 36 36 225 0.0160 3967
Mavindu Strm W. O −1.61432 37.40764 1574 71 71 160 0.0141 6895
Tulimani Road BPT −1.60224 37.42623 1462 112 183 110 0.0050 6302
Kalawani S. Tank −1.59477 37.43689 1410 52 52 160 0.0157 5623
Kwa Aithi S. Tank −1.60835 37.41679 1590 55 55 140 0.0066 2500
Iko_isyu Stream −1.63313 37.45315 1763 17 17 110 0.0050 585
Nzaini −1.62300 37.45586 1742 21 38 110 0.0050 1309
Uthuini −1.62272 37.45647 1728 14 52 110 0.0050 1791
Ikokani Intake −1.61952 37.45612 1717 11 63 110 0.0050 2169
Factory S. Tank −1.61779 37.45618 1711 6 69 110 0.0050 2376
Uuta S. Tank −1.60540 37.46256 1647 64 64 90 0.0050 2204
Kyalya BPT −1.58889 37.46555 1603 44 108 90 0.0050 3719
Malaa S. Tank −1.58567 37.46896 1588 25 133 90 0.0050 4580
Kweleli_Ngangani tank −1.88732 37.55162 1563 83 83 110 0.0050 2858
Yiuma Shrubs BPT −1.88645 37.55406 1450 113 113 90 0.0050 3891
Yiuma Pr. BPT −1.88651 37.55629 1379 71 71 90 0.0050 2445

4 International Journal of Energy Research
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n¼ π × Doð Þ=tb: ð8Þ

vii. Calculation of the radius blade curvature (rc) as fol-
lows:

rc ¼ 0:126 × Do : ð9Þ

viii. Calculation of turbine efficiency (ηt). The maximum
turbine efficiency was calculated as follows:

ηt ¼ 1=2 × C2 × 1þ ψð Þ × cos2 αð Þ; ð10Þ

where ψ is nozzle friction constant, and C is friction on
blades constant, and they should be close to unity. Angle
(α) should be kept as small as possible for maximum turbine
efficiency approximately 16° [40].

ix. Calculation of turbine power (Pt). The electrical power
of the turbine in Watts was calculated as follows:

Pt ¼ ρ g ηt Hn Q; ð11Þ

where Pt= electrical or mechanical power produced in Watts
(W), ρ= density of water (kg/m3), g= acceleration due to
gravity (m/s2), H= elevation head of water (m), Q= flow
rate of water (m3/s), and ηt= overall efficiency of MHPS [41].

By combining Equations (6) and (11), Equation (12) was
produced and programed using Matlab Simulink to establish
the relationship between the turbine speed (N), net head (Hn),
and flow rate (Q).

NðRPMÞ ¼ 513:5Hn0:25ð Þ= ffip ρ g ηt Q : ð12Þ

(Author, 2020)
By replacing blade spacing (tb) with (Bs) and using

Equations (6)–Equation (8), thus Do (m)= 40√(Hn)/N, tb=
0.174Do, and n= (πDo)/tb, respectively. A relationship between
the blades spacing (Bs), net head (Hn), number of blades (n),
and turbine speed (N [RPM]) was developed in Equation (13)
as follows:

NðRPMÞ ¼ π × 40
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Hnð Þ=nBs

p
: ð13Þ

(Author, 2020)
Since π was a nonvarying constant with a known value,

Equation (13) was simplified further to Equation (14), which
was also programed using Matlab Simulink to provide turbine
speed in RPM as follows:

NðRPMÞ ¼ 125:6H0:5
n =nBs: ð14Þ

(Author, 2020)
The application of the formulae through Matlab Simulink

provided various programing outputs. The researcher adopted
a turbine for a 100mm diameter pipe considering the most
available duct sizes in within Makueni County community
and production of economically viable power, and an eight
blades turbine for initial tests. Guided by all the described steps,
a horizontal crossflow turbine whose blades are rotated anti-
clockwise from the bottom was fabricated.

The final step was the sizing of a suitable generator using
Equation (15) as follows:

L (m) =
QN/50 Hn

Hg

Htl

K2

K1

ηt

π

g 

V 

A 

Hn = H – Htl

Q = VA

Pt = ρgηtHnQ
N (RPM) =

(513.5 Hn
0.745)/

√Pt

Do (m) =
40√(Hn)/N

BS = tb = K1Do

rc = K2Do

n = (πDo)/tb

N (RPM) = 125.6 Hn
0.5/nBs

FIGURE 1: Simulation and design flowchart.
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N ¼ 120f =p; ð15Þ

where N is the number of RPM, f is system frequency, while p
represents the generator poles [42].

2.4. Fabrication of an Appropriate Turbine. The fabrication
process included manufacturing turbine components and
assembling the system for testing. Precision in fabrication is
crucial to ensure efficient and reliable turbine operation [43].
The materials and manufacturing techniques were selected to
ensure durability and performance in rural environments. AGI
plain sheet of 0.8mm thickness was welded to make a turbine
housing of 1m long by 100mm diameter pipe-like oral struc-
ture with symmetrical holes to hold the turbine shaft in a
horizontal position.

Several turbine impellers were designed and developed
using additive manufacturing, thus creating a three-
dimensional (3D) object layer-by-layer using a computer-aided
design [44]. Considering that there are several varieties of 3D
printing materials, including thermoplastics such as acryloni-
trile butadiene styrene (ABS), metals (including powders),
resins, ceramics, and thermoplastics, a thermoplastic polyester
material was used to develop various turbines using material

extrusion, thus fused deposition modeling (FDM). It is cheaper
and provides theminimum structural integrity required for this
project. Polylactide (PLA) is also the safest material to use in
your 3D Printer. It is made from entirely natural substances
such as maize and sugarcane.When it is heated, PLA gives off a
nontoxic chemical called lactide. Moreover, it is rated food safe
and can be used in applications surrounding water [45].

The ratio of inner (R2) and outer (R1) diameters of turbine
runner is 0.66, and the number of blades is 18. Fewer blades
may cause pulsating power, while a large number of bladesmay
cause excessive frictional loss, and therefore, the optimum
number can be found by experiment [40]. The research focused
on an in-duct turbine design, hence various turbine impellers
were designed and producedwith inner runner diameters of 15,
30, and 65mm and blades varying from 5 to 18. Figure 2 shows
a drawing of designed impeller on 15mmdiameter runner, and
Figure 3 contains design and performance plates. Plate 3.3
shows the designed impeller, while the specifications of the
designed and adopted turbine on a 30mm diameter runner
are summarized in Table 2.

The various turbine impellers were fixed in the fabricated
turbine housing, connected to the installed pipeline, and with
the use of a tachometer, the RPM under 100mm diameter pipe

83
.5

 m
m

40
.5

15

65
.65

°

Dept. Technical reference Created by Approved by

Document type Document status

Title DWG No.

Rev. Date of issue Sheet
1/1

Drawn by: D.N.

Impeller design

Approved by: J.K.Created by: J.K.

mm

mm

FIGURE 2: Impeller drawing for a designed 15mm diameter runner.
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were measured and recorded for analysis as shown in Plate 3.4.
The final testing assembly with the fabricated turbine is as
shown in Plates 3.1 and 3.2.

2.5. Optimization of Turbine RPM, Voltage, and Current. A
testing site was set at Kenyatta University Appropriate Tech-
nology Center (KUATC), as shown in Figure 4. Instrumenta-
tion involved the use of sensors and data acquisition systems to
measure turbine performance parameters such as water flow
rate, turbine RPM (Laser Photo/Contact Tachometer-RPM33-
China), voltage, and current (Digital Multimeter, model 1009-
Japan). Data analysis included processing the collected data to

evaluate the efficiency, power output, and operational stability
of the turbine. Statistical methods (an Excel package) and
computational tools (Matlab Simulink-2020) were employed
to ensure robust analysis and interpretation of results.

3. Results and Discussion

Section 3 presents results and discussion on designed turbine
guided by pipeline data collected in the field, along the water
pipelines on potential HP sites, as shown in Table 1. Also
included are performance and parameters that include blade
spacing, the RPM, voltage, and power produced.

Plate 3.1: Fabricated turbine assembly Plate 3.2: Turbine impeller in position

Plate 3.3: Weighing impeller Plate 3.4: Reading RPM values using a tachometer

FIGURE 3: Design and performance photos.

TABLE 2: RPM for various numbers of blades and runner diameters.

Number of blades D15, 4” max RPM D30, 4” max RPM D65, 4” max RPM

8 14.61 14.16 —

10 10.89 22.01 8.63
12 10.10 21.20 6.86
15 9.98 16.74 8.26
18 9.98 12.21 7.43

Note: All across, as highlighted, the 10 blades produced the highest speeds (the RPM values were reduced at a ratio of 1:100).

International Journal of Energy Research 7

 ijer, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/er/7974511 by IN

A
SP - K

E
N

Y
A

 K
enyatta U

niversity, W
iley O

nline L
ibrary on [29/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3.1. Turbine Design. Design of the turbine was undertaken
with a focus on the key parameters that included the number
of blades (n), the blades spacing (Bs), and turbine speeds/RPM.
For the production of clear graphs, the spacing values were

increased, with a factor of 103. The graphs for blade spacing
versus speed (Figures 5 and 6) produced similar curves in
which the speed increased gradually as spacing decreased
from 0.1 to 0.02m. From a blade spacing of 0.02m, the curves
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started depicting a sharp rise with the smallest blade spacing of
0.005m. This confirmed that 18 is the maximum number of
blades, but the optimum number can be found by experiment
[40]. The blades spacing (Bs) at the pipe wall side is indirectly
proportional to the number of blades (n), thus the number of
blades (n)= pipe circumference/blade spacing.

Using the MATLAB Simulink-generated information as
shown in Table 3 and Figure 7, the researcher made further
conclusions toward the best number of blades to start the
experimentation. The blades curve in Figure 7 showed a grad-
ual increment value between 5.2 and 6.9, thus 5–7 blades. By
considering the average blades’ range (5–7), the researcher
selected six blades as the minimum number of turbine blades
for further design process. This decision was finally confirmed
by the experiments in which 10 blades (for all the experimented
turbine runners of diameters D15, D30, and D65) depicted the
highest RPM, voltage, and current as shown in Figure 8.

To determine the other turbine parameters, the effective
turbine diameter (Do) was used in the research Equation (2);
thus, Do=D− 0.001 was applied and resulted to, Do= 0.1−
0.001= 0.099m= 99mm.

The blade’s radius of curvature significantly affected tur-
bine efficiency. The blade’s radius of curvature (rc) was deter-
mined using Equation (9), thus rc= 0.126×Do= 0.126× 99=
12.5mm.

Experimental results indicate that a smaller radius of cur-
vature improves the turbine’s ability to harness the kinetic
energy of water flow [46]. This design consideration is critical
for maximizing energy conversion efficiency. The overall tur-
bine efficiencywas assessed bymeasuring power output relative
to the theoretical potential energy of the water. The optimized
design achieves an efficiency of ~70%, comparable to other
MHP systems [4]. These efficiency gains are essential for mak-
ing MHP a viable option for rural electrification. The designed
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FIGURE 6: Speed and spacing for 100m head.

TABLE 3: Blades and blade spacing values.

Item Values

Blade spacing, Bs (m)× 100 0.5 1.0 1.5 2.0 2.5 3.0 4.0 4.5 5.0 6.0 8.0 10.0
Number of blades (n=Pi×Dbc/Bs) 62.2 31.1 20.7 15.5 12.4 10.4 7.8 6.9 6.2 5.2 3.9 3.1

Note: Dbc is the diameter of blade circumference inside a duct.
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FIGURE 7: Blades and spacing.
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turbine efficiency was determined using Equation (10); ηt= 1/
2C2(1+ψ) cos2 (α), where C (blade roughness), ψ (nozzle
roughness) coefficients which should be close to unity, and α
(attack angle) were estimated as 0.98° and 16° [40].

However, the attack angle in the experiment varied
between 17° and 21° hence an average of 19° was adopted,
while the roughness was between 05 and 1, hence an average
of 0.90 constant value was used in the experiment for the
thermoplastic blades.

Therefore ηt=½ × 0.902× (1+ 0.90)× cos2 (19)
= 0.5× 0.81× 1.9 × cos2 (19)= 0.5× 0.81× 1.9× 0.914,

thus ηt= 0.7033.

3.2. Optimization of Turbine RPM, Voltage, and Current. The
turbine’s rotational speed (RPM) was optimized to match the
generator’s operating characteristics, ensuring maximum
power output and minimal mechanical losses [47]. Proper
RPM optimization is crucial for achieving consistent and reli-
able power generation. In this research, the ratio of inner (R2)
and outer (R1) diameters of turbine runner was 0.66, and the
highest number of blades was 18, but the optimumnumber was
found by experiment [40], and the design from Matlab simu-
lation in Figure 7 settled on an average of six blades. However,
bearing in mind that the research focused on a 100mm (4”)
diameter induct turbine design, various turbines were designed
and produced with inner runner diameters of 15, 30, and
65mm and blades varying from 5 to 20 but those which pro-
duced tangible results were blades from 8 to 18. Several perfor-
mance graphs for various numbers of blades versus various
turbine runner diameters were developed, as shown in Tables 2
and 4, Figures 9 and 8. The results demonstrated stable and

consistent power generation, suitable for rural electrification
and small-scale applications [48]. This stability is vital for
ensuring reliable power supply to rural communities. The
results are presented in Figure 10. The optimization of turbine
RPM, Voltage and Current produced various results as shown
in Tables 2 and 4 and also in Figures 9 and 8 where after all the
various speed, voltage and current values for turbines with 8,
10, 12, 15 and 18 blades were recorded and analyzed, the tur-
bine of inner diameter of 30mm and 10 blades (D30B10) for a
100mm diameter duct provided the highest RPM of 2210 and
power of 5.92V at a head of 6m. Therefore, the D30B10 turbine
was experimentally selected as the best performing. The effect on
water flow rate was the lowest (40.1% reduction) for a 10-blade
impeller on a 30mm diameter runner (D30B10), as shown in
Figure 11, with the highest flow rate of 20.74 × 10−4m3/s, hence
confirming the selection of the turbine as the best. The specifica-
tions of the designed turbine are summarized in Table 5.

The D30B10 turbine for a 100mmdiameter duct, as shown
in Figure 10, produced lighting by connecting a 6-volt dynamo
assembled with a lighting bulb at the KUATC testing site.

The turbine’s electrical output in terms of voltage and cur-
rent was measured and presented in triplicate. The results
demonstrate stable and consistent power generation, suitable
for rural electrification and small-scale applications [48]. This
stability is vital for ensuring reliable power supply to rural
communities. The results are presented in Figure 10.

3.3. Conclusion. Optimized design parameters result in high
efficiency and reliable performance, hence the gravity-fed in-
duct horizontal crossflow turbine shows substantial potential
for MHP generation in Kenya.
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TABLE 4: RPM, voltage, and current for various numbers of blades and 30mm diameter runner.

Number of turbines D30, 4” max RPM D30, 4” Max V D30, 4” Max C

8 14.16 3.81 0.44
10 22.01 5.92 0.69
12 21.20 5.70 0.66
15 16.74 4.50 0.52
18 12.21 3.28 0.38

Note: All across, as highlighted, the 10 blades produced the highest speeds (the RPM values were reduced at a ratio of 1:100), voltage and current values.
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The findings highlight the viability of utilizing gravity-fed
water ducts for HP generation in rural areas. The study’s impli-
cations suggest that gravity-fed water ducts can be effectively
utilized for HP generation in Kenya, providing a sustainable
and cost-effective energy solution for rural communities.

Consequently, this will facilitate opening of community
members’ minds to business development, hence making the
communities and institutions in the rural areas venture into

income-generating activities like rearing of poultry and devel-
opment of light industries, including grinding of maize and
other cereals. This approach can significantly contribute to
rural electrification efforts and reduce dependance on nonre-
newable energy sources.

The successful implementation of such a system enhances
energy security in rural areas, provides a paradigm shift to the
rural communities’ source of energy, improves the quality of
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FIGURE 10: Demonstration of lighting by in-duct turbine at testing site in KUATC.
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life, reduces the use of firewood for cooking, which is at 89% in
Makueni County, and effectively reduces deforestation, envi-
ronmental degradation, and promote economic development.

Further implications of implementing the designed HP
system are assisting in breaking pressure along the pipelines
by acting as break pressure tanks (BPTs), hence significantly
reducing the costs associated with repairing burst pipelines.

Due to the low cost of paying for power associated with the
designed system, LCCA conducted on the system revealed that
the savings on power is such a feasible phenomenon that in 5.5
years’ time, an institution will have saved enough funds to
install a new station or replace the one that has been in
existence.

3.4. Recommendations. The designed and tested turbine of
inner diameter of 30mm and 10 blades (D30B10) for a 100
mm diameter pipe is recommended as the best to inform fur-
ther designs and research on in-duct turbines including pipes
smaller pipes.

Further research is recommended to explore the long-term
durability of the turbine and its scalability for larger
installations.
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