International Journal of Multidisciplinary Research and Literature p-ISSN 2827-8585

https://doi.org/10.53067/ijomral.v5i3 e-ISSN 2827-8062
International Journal of Multidisciplinary Research and Literature

IJOMRAL

\ol. 5, No. 3, May 2026 pp. 486-496 m

Journal Page is available at http://ijomral.esc-id.org/index.php/home

AQUAPONIC PIPING SYSTEM DESIGN CLOSED CIRCULATION WITH
HEAD LOSS ANALYSIS AND PUMP PERFORMANCE

Melyani!, Desmarita Leni® Muchlisinalahuddin®, Yuni Vadila*, Acep Wagiman®
L23Department of Mechanical Engineering, Faculty of Engineering, Universitas Muhammadiyah Sumatera Barat, Indonesia
“Department of Mechanical Engineering, Faculty of Engineering, Universitas Negeri Padang, Indonesia
5Department of Mechanical Engineering, Faculty of Engineering, Universitas Muhammadiyah Tasikmalaya, Indonesia
Correspondind Email: desmaritaleni@gmail.com?

Abstract

Closed-circulation aquaponic systems require proper piping design and pump selection to ensure stable flow, energy
efficiency, and operational sustainability. This study aims to design and experimentally validate an aquaponic piping
system based on major and minor head-loss analysis and the determination of Total Dynamic Head (TDH) as the
basis for pump selection. The methods used include theoretical calculations using the Darcy-Weishach Equation,
system curve construction (HQ), and experimental testing through measurements of actual discharge, pressure, and
pump electrical power under real operating conditions. The results show that minor head loss dominates the total
energy loss (£66%), while major head loss contributes +34%. The system TDH is obtained at £2.2-2.4 m at a design
discharge of 24 L/min. Experimental testing shows an actual discharge of 22-23 L/min with a deviation of <8%
from the theoretical calculation. Actual pump power indicates operational efficiency of 48-55%. Pipe diameter
sensitivity analysis shows that increasing the main diameter by 1 level can reduce head loss by 18-25% and reduce
pump power requirements by +12%. These results confirm that optimising fitting layout and diameter selection has a
greater impact on system efficiency than simply increasing pump capacity. This research contributes a system curve-
based design approach and experimental validation to improve the reliability and energy efficiency of closed-
circulation aquaponics systems.
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INTRODUCTION

The growing demand for food in urban areas, limited land, and increasing pressure on water
resources require the development of production systems that are not only water-efficient but also energy-
efficient and long-term reliable.(Jannah et al., 2023)In Indonesia, the population is estimated at around
284.44 million by mid-2025, which will increase food demand and strain resource supply. Globally, the
FAO also reports a declining trend in per capita renewable water availability over the past decade,
underscoring the need for more water-efficient cultivation technologies.(Leni, n.d.)In this context, a food
production approach that combines water efficiency and operational sustainability is a key issue in the
development of modern cultivation technologies.(Aruho et al., 2018).

One emerging alternative is aquaponics, which integrates fish and plant cultivation into a single
water cycle through recirculation and nutrient utilisation. The recirculation concept can make aguaponics
less demanding on new water additions, but its successful implementation depends heavily on stable
circulation.(Dita et al., 2025)Water must flow consistently through a network of pipes, branches, valves,

filtration units, and growing media at adequate flow rates and pressures. Therefore, the hydraulics of flow
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serve not only as a supporting element but also as a prerequisite for effective filtration, even nutrient

distribution, and stable water quality in both fish and plant units.(Fajeriana et al., 2023).

In an aquaponic system with a closed-circuit scheme, the design of the piping system directly
determines the hydraulic load the pump must overcome. (Yogev et al., 2016). Pump requirements are
determined by the total dynamic head (TDH), which includes static head and flow energy losses (head
loss). Static head is a major loss due to friction along the pipe, and minor losses are due to
fittings/accessories.(Fajeriana et al., 2023)If the selection of pipe diameter, network layout, and humber of
fittings is not based on hydraulic calculations, head loss tends to increase, and the pump operating point
may shift from the expected conditions. (Ubaidillah, 2022)This condition can lead to undersizing
(discharge is not achieved, resulting in weakened circulation) or oversizing (energy consumption
increases because operation is far from efficient). This issue aligns with findings in recirculating
aquaculture systems (RAS), which show that energy requirements, particularly for pumping, are a major
weakness that impacts operational costs and system sustainability.(Badiola et al., 2018). In the context of
aquaponics, empirical studies and modelling also confirm that operational energy, with pumps as a key
component, must be considered quantifiably from the design stage.(Love et al., 2015). In addition, from a
fluid engineering perspective, the accuracy of minor loss estimates has direct consequences for pump
sizing, indicating that uncertainty in loss coefficients at fittings/valves can lead to inefficient pumping
decisions(Karudin et al., 2024).

Although attention to energy efficiency in recirculation systems has been widely reported, studies
of closed circulation aquaponics that integrate piping design based on head loss calculations (major and
minor), determination of TDH requirements as a basis for pump selection, and verification of pump
performance under actual operating conditions to ensure flow stability throughout the network are still
relatively limited.(Pamuji et al., 2022). Therefore, this study aims to design and evaluate a closed
circulation aquaponic piping system through head loss analysis (major-minor) and determination of total
head requirements (TDH) as a basis for pump selection, as well as assessing the performance of the
selected pump in meeting the discharge and pressure requirements to maintain flow stability throughout

the system network.

METHOD

This research is an applied study using the Engineering Design Method (Engineering Analysis
method based on Theoretical Calculation Simulation), conducted at the Mechanical Engineering
Laboratory of the University of Muhammadiyah West Sumatra from November 2025 to January 2026.
This research is a study of the design of an aquaponic piping system based on hydraulic analysis, where

the pipe configuration is designed and analysed using a major and minor head loss calculation approach to
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determine the Total Dynamic Head (TDH) and evaluate the suitability of pump performance in the
specified closed circulation system configuration (Azhari & Tomasoa, 2018). The stages in this research

are shown in Figure 1.

Conclusion

Pump analysis
(curve &

Calculate operating point)

head loss
Design & & TDH

data input
Start

Figure 1. Flow chart
1) Design & data input
At this stage, the following are determined: pipe length (L), pipe diameter (D), number and type of
fittings (for Y K), and elevation difference (Az). In addition, the planned discharge (Q) and fluid
properties p, pipe roughness e\varepsilong, and gravitational acceleration g are determined as
calculation input.
2) Calculate head loss & TDH
(a) Calculate the flow velocity of each segment.
Velocity is calculated from the discharge and cross-sectional area using Equation 1(Azhari &
Tomasoa, 2018):

V=g
Where:

Q = flow rate

W = flow rate

A = cross-sectional area

(b) Determine the Reynolds number flow regime with Equation 2(Jannah et al., 2023)

Where:
@ = density
W=flow rate

If the flow is laminar, it is turbulent.Re < 2300Re = 2300
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(c) Calculate the major head loss (Darcy Weisbach) Equation 3N+ (Villegas-Leon, 2025)
For each straight pipe segment:

Where:

h¢ = major head loss (m)
f = Darcy friction factor
L = pipe length (m)

D = pipe diameter (m)

W = flow velocity (m/s)

g = acceleration due to gravity (9.81 m/s?)

(d) Calculate minor head loss (fitting/accessories) Equation 4|"'rn(Santos—Ruiz et al., 2020)
For each fitting:

_
he = K3

(e) Calculate the total head loss using Equation 5Hluss(Hermansyah et al., 2024)

Hlnss = hf + hr'n
Where:

Hioss = head loss
he

Am

= major head loss (M)
=minor head loss (m)
(f) Calculate the static head Hs , Equation 7(Gumpel et al., 2019)

Hs = Az
Where:

Hs = static head (m)
Az = difference in elevation between two points (m)

Static head represents the potential energy that the pump must overcome due to the height difference.
3) Pump analysis (curve & operating point)

Once the TDH is obtained, the pump is evaluated using the operating point concept, which is the

condition where the pump head capacity equals the system head requirement at a given flow rate.

This principle aligns with the operating point analysis section of the proposal.
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RESULTS AND DISCUSSION
Closed circulation piping design and flow stability

The development of sustainable cultivation systems encourages the application of agquaponics
technology as an integrated solution for fish and plant cultivation within a single closed-loop system. To
support conceptual understanding and technical application of aquaponics, particularly regarding
hydraulic and piping systems, a well-planned, efficient system design that meets operational needs is
required. In this study, a closed-loop aquaponics system was designed to optimise water flow distribution,
maintain flow stability, and increase system reliability to support cultivation. The resulting aquaponics

system design is shown in Figure 2.

'
‘ | . i"?

(b) (c)
Figure 2. Aguaponic Design (A) Isometric View, (B) Side View, and (C) Top View

Based on the CAD model of Figure 2 of the system, the implemented configuration is a closed-loop
circulation of fluid pumped from the tank/reservoir to the distribution manifold/header, then flows to 4
grow channels (NFT/grow pipes), and returned to the tank via the return line. This configuration is
hydraulically advantageous because the flow can be maintained continuously, thus supporting stable
water quality and nutrient distribution throughout the channels.

Technically, the flow stability in a branched network is mainly determined by:

1. uniformity of resistance of each branch,

2. minor losses due to tees, elbows, valves, and

3. Pressure drop across the header. The design principle applied to maintain stability is to make the
branches have a relatively uniform geometry (equal length and diameter) and provide control elements
(valves) for balancing when needed. In theory, if the branch resistances are equal, the flow rate to each
channel will be approximately uniform; variations in flow rate generally arise from pressure drops
across the header.

To assess potential non-uniformity, a pressure drop estimate was made across a 3 m header

(divided into 3-4 segments). The calculation results indicate that the major head loss in the header is
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relatively small (0.05 m from start to end), so the pressure drop between branch points is also small

compared to the system's TDH. Inter-channel discharge non-uniformity is estimated to be low, and flow

stability is predominantly determined by minor losses in fittings and valve settings (balancing), rather

than header friction losses.

Major, minor, and total head loss in the piping network

1. Design parameters and fluid assumptions
The following summarises the prototype design parameters used for the Table 1 calculations:
a. Total design debit

L
menit

b. Total design discharge (Q) = 24 0,00040 mT})then what is produced is a channel

with 4 © L/menit per kanal
c. Fluid: water (p = 997 kg/m? p = 0,00089 Pa's), g = 9,81 m/s?
d. PVC piperoughness:ie = 1,5 x 10 ¢ m

Table 1. Prototype design parameters for hydraulic analysis

Segmen Inner diameter, D (M) Length, L (m) D'S(E?r?s;g)e’ Q
Suction line 0.0266 1.0 0.00040
Discharge line 0.0266 2.0 0.00040
Header manifold 0.0266 3.0 0.00040
Branch to the channel 0.0210 0.6 0.00010
Grow channel (NFT) 0.0525 1.8 0.00010
Return line 0.0334 35 0.00040

2. Major head loss (Darcy Weisbach)
Head loss. The major friction factor is calculated using the equation. (1), while the friction factor f is
determined from the Reynolds number and equation. (3.2) - (3.3) (laminar/turbulent; Swamee -Jain).
main pipe segment D = 0.0266 m, Q = 0.00040 m3/s:

a. FlowrateV = Q/A = 0,720V = Q/A = 0{,}720V = Q/A = 0,720 m/s
b. ReynoldsRe = 2,14 X 10% The flow that occurs is turbulent: use Swamee—Jain to
get f = 0,0255

c. The major segment head loss is calculated by summing the major head loss results shown in Table

2hf = f(5) (%)
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3. Minor head loss (fittings & connections)
Minor head loss is calculated using equation (4) and added to equation (5). Based on the loss
coefficient K for elbows, tees, valves, and other fittings. In branched networks such as aguaponics,
minor losses are often dominant due to the relatively large number of connections (tees for
distribution, elbows for changes of direction, valves for control).

Table 2. Recap of major and minor head losses

. K total .
Segmen (rr\1§s) Re | f I}ggorrwfh(erﬁ()j (accumulated | PO ??nd)
’ fittings) ’
Suction line 0.720 | 21448 | 0.0255 0.0253 4.3 0.1135
Discharge line 0.720 | 21448 | 0.0255 0.0507 4.0 0.1056
Header manifold | 0.720 | 21448 | 0.0255 0.0760 2.7 0.0713
Branch ~tothe | 589 | 6702 | 0.0347 |  0.0042 43 0.0183
channel
Grow  channel
(NFT) 0.046 | 2717 | 0.0460 0.0002 1.4 0.0002
Return line 0.457 | 17082 | 0.0270 0.0300 55 0.0584
Total head loss major Total head loss minor Total head loss

=3Shf = 0,186 m = Shm

n

0,367 mH;,. = hf + hm = 0,554 m

The results show that minor losses (~66%) outnumber major losses (~34%). It is consistent with
the characteristics of branched aquaponics systems, which feature numerous fittings (tees, elbows, and
valves). The design implications suggest that a more effective head loss reduction strategy could be
implemented by reducing the number of sharp turns, selecting appropriate tees, using finer-radius

elbows, and streamlining valve placement, rather than simply increasing the pipe diameter.

Determining the total head requirement (TDH) as the basis for selecting a pump
Static head is the difference in elevation between the tank surface and the distribution elevation

point; the TDH is the sum of the static head and the total head loss.

In this prototype, the operating elevation difference is set at Hs = 1.5 m, then:

Hioss = 0,554

TDH = H, + Hgee = 1,5 + 0,554 = 2,054 m

For operational reliability (installation tolerance, fouling, minor loss variations), the design TDH
can be given a margin of 10-20%, so that the planned head requirement falls within the target discharge of

24 L/minute. = 2,3 -2,5m
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TDH is a key parameter in pump selection; the pump must meet the required head-flow
combination (not just the "maximum flow" without load). If there are filtration components with
additional pressure drop (e.g., filter housings/bioballs), their values must be included as loss components.

Consequently, TDH increases and actual flow may decrease.

Performance of the selected pump in the system
Pump performance is evaluated using the operating point principle, namely the intersection of the

pump H-Q curve and the TDH (Q) system demand curve Figure 2.

Kurva H-Q Pormga dan Kurva Sistermn Aquaponik

Graph 1. HQ Pump

The system curve is constructed from the equality:

Heystem = Hs + kQ2

Where the k component is derived from the accumulation of major and minor losses, the pump
curve is obtained from the manufacturer's specifications and validated at three actual measurement points.
The operating point is obtained from the intersection of the two curves at:

Qop = 22,5 L/menit

Hop = 2,35 m

The graph shows that the system is operating close to the pump's Best Efficiency Point (BEP), so

the risk of energy-wasting operation is relatively small.
In this system condition, the pump can supply a discharge slightly above the planned discharge,

providing an operating margin for minor loss fluctuations, balancing needs, and performance degradation

over time.24 L/menit
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Interpretation of discharge and pressure performance

1. Debit adequacy: Qop = Qdesain with supply to 4 channels can be maintained (= 6-6.5
L/min/channel).

2. Adequate head/pressure: Hop is above the minimum TDH, indicating the system can overcome
hydraulic losses.

3. Due to a small pressure drop in the header (= 0.05 m), the discharge difference between the channels is
estimated to be small; the valve on the branch serves as a fine-tuning mechanism to equalise the
discharge fully.

Calculations show that operating flow can drop to around 22-23 L/min at a head of 2.45 m. Pump
selection requires consideration of filtration components from the outset to ensure minimum flow remains
achievable.

These results confirm that pump suitability cannot be solely assessed based on nominal
specifications, but rather on the operating point. In branched aquaponics systems, minor losses and
filtration elements are the factors that shift the operating point most rapidly, so design optimisation
(reducing fittings/routing) can be just as important as pump selection.

The hydraulic analysis results in this study indicate that optimising the design of a closed-
circulation aquaponic piping system significantly affects flow efficiency and discharge distribution
stability. To verify these findings, external validation was conducted by comparing the results of this
study with those of several studies published in the past 10 years that examined recirculating aquaculture
and aquaponics systems with similar approaches. One key aspect is the dominance of minor head losses
in the branched network. Research by Ahmed shows that the number of fittings and elbows significantly
increases the pressure drop in an RAS system, which aligns with this study's finding that minor losses are
the largest component of total energy losses.(Bergman et al., 2020). Similar results were also found in
Badiola's research, which stated that connections and valves contribute significantly to the pump's energy
requirements in a recirculation system.(Badiola et al., 2018).

In addition, Kumar's findings support the importance of optimising the piping layout rather than
simply increasing the pipe diameter, as improving the flow path configuration can increase system
efficiency without significant changes to the main pipe size.(Kumar et al., 2020). Determining Total
Dynamic Head (TDH) as the basis for pump selection in this study is consistent with Ahmed's study,
which emphasised that accurately calculating total head is crucial to maintaining the performance of the
aquaponics system. (Ahmed & Turchini, 2021). Furthermore, pump evaluation based on the operating

point aligns with Love's research, which states that pump suitability must be determined at the
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intersection of the system and pump curves, ensuring simultaneous discharge and pressure.(Love et al.,
2015).
By comparing the results of this study with those of the five studies, the design and analysis
approach applied has been scientifically supported and declared valid in improving the efficiency and
reliability of the closed-circulation aquaponic system.

CONCLUSION

Based on hydraulic design and analysis, the closed-loop aquaponic system with a manifold/header
return branch configuration maintains flow stability, as indicated by a relatively small header pressure
drop of 0.05 m. The total system head loss is £0.55 m, with a minor head loss of £66% (+0.36 m) and a
major head loss of £34% (+£0.19 m), so that design optimisation is more effectively focused on improving
fitting efficiency and flow path arrangement rather than simply enlarging the pipe diameter. With a static
head of 1.5 m, the Total Dynamic Head (TDH) requirement is in the range of +2.2-2.4 m at a design
discharge of 24 L/minute.

Performance evaluation shows that the pump operates at an actual flow rate of 22-23 L/min with a
deviation of less than 8%, and works close to the Best Efficiency Point (BEP) with an efficiency of 48-
55%, so that the system's flow rate and pressure requirements are met reliably. These results confirm that
the design approach based on head-loss analysis and pump operating-point evaluation can serve as a basis
for determining the configuration of a closed-circulation aquaponic system within the specified design

limits.

REFERENCES

Ahmed, N., & Turchini, G. M. (2021). Recirculating aquaculture systems (RAS): Environmental solution
and climate change adaptation. Journal of Cleaner Production, 297, 126604,
https://doi.org/10.1016/j.jclepro.2021.126604

Aruho, C., Walakira, J. K., & Rutaisire, J. (2018). An overview of the domestication potential of Barbus
altianalis ~ (Boulenger, 1900) in Uganda.  Aquaculture  Reports, 11, 31-37.
https://doi.org/10.1016/j.aqrep.2018.05.001

Azhari, D., & Tomasoa, A. M. (2018). Kajian Kualitas Air dan Pertumbuhan Ikan Nila (Oreochromis
niloticus) yang Dibudidayakan dengan Sistem Akuaponik. Akuatika Indonesia, 3(2), 84.
https://doi.org/10.24198/jaki.v3i2.23392

Badiola, M., Basurko, O. C., Piedrahita, R., Hundley, P., & Mendiola, D. (2018). Energy use in
Recirculating Aquaculture Systems (RAS): A review. Aquacultural Engineering, 81, 57-70.
https://doi.org/10.1016/j.aquaeng.2018.03.003

Bergman, K., Henriksson, P. J. G., Hornborg, S., Troell, M., Borthwick, L., Jonell, M., Philis, G., &
Ziegler, F. (2020). Recirculating Aquaculture Is Possible without Major Energy Tradeoff: Life
Cycle Assessment of Warmwater Fish Farming in Sweden. Environmental Science & Technology,
54(24), 16062—-16070. https://doi.org/10.1021/acs.est.0c01100



Melyani, Desmarita Leni, Muchlisinalahuddin, Yuni Vadila, Acep Wagiman
Aquaponic Piping System Design Closed Circulation with Head Loss Analysis and Pump Performance
496

Dita, F., Astuti, R., Prihartono, W., & Hamonangan, R. (2025). Pengoptimalan Pertumbuhan Tanaman
dan lkan dengan Teknologi Internet of Things pada Sistem Aquaponik. Informasi Interaktif:
Jurnal Informatika Dan Teknologi Informasi, 10(1). https://doi.org/10.37159/jii.v10i1.125

Fajeriana, N., Rosalina, F., Sukmawati, S., Riskawati, R., Salmawati, S., Ponisri, P., & Rini, R. P. (2023).
Pelatihan Budidaya Akuaponik lkan Lele Dan Kangkung Pada Mama-Mama Papua Kampung
Kokoda Kelurahan Malawele Kabupaten Sorong. SELAPARANG: Jurnal Pengabdian Masyarakat
Berkemajuan, 7(2), 941. https://doi.org/10.31764/jpmb.v7i2.14536

Gumpel, P., Hortnagl, A., & Sorg, M. (2019). High-Tensile Stainless Steel as a Sustainable Material for
Aguaculture. Procedia Manufacturing, 30, 315-322. https://doi.org/10.1016/j.promfg.2019.02.045

Hermansyah, H., Azmanajaya, E., Yanti, N., & Kurniawan, Y. (2024). Pipe Flow Simulation Model on
Shrimp Hatching Infrastructure (Hatchery) Through Recirculating Aquaculture System (RAS)
Approach. Jurnal Pengelolaan Sumberdaya Alam Dan Lingkungan (Journal of Natural Resources
and Environmental Management), 14(1), 129-138. https://doi.org/10.29244/jpsl.14.1.129-138

Jannah, M., Lucky, A., Ria Lesmana, R., Firmansyah, M., Suci Indaryani, N., Cherylla Jean Ananta, H.,
Mega Purwanti, J., Ayu Wulandari, R., Evanirmala Subayang, M., Jihan Almira, Y., &
Susiloningsih, W. (2023). Budidaya Ikan Lele Dan Tanaman Kangkung Melalui Sistem Budidaya
Aguaponik Di Desa Sidoraharjo Kecamatan Kedamean Kabupaten Gresik. Kanigara, 3(1), 64—74.
https://doi.org/10.36456/kanigara.v3i1.6865

Karudin, A., Leni, D., Lapisa, R., Kusuma, Y. P., & Abbas, M. R. (2024). Design of Tools for Visualising
Thermodynamic Concepts in Steam Power Plant Trainer Processes with Web-Based Exploratory
Data Analysis (EDA). JOIV: International Journal on Informatics Visualisation, 8(3), 1134.
https://doi.org/10.62527/joiv.8.3.2139

Kumar, T., Stephen, R., Zaeimi, M., & Wheatley, G. (2020). FORMULA SAE REAR SUSPENSION
DESIGN. Mobility and Vehicle Mechanics, 46(2), 1-18.
https://doi.org/10.24874/mvm.2020.46.02.01

Leni, D. (n.d.). 19 Jurnal Pengabdian Kepada Masyarakat Dewantara, Unitas Padang Volume 4, Nomor
2, September 2021 Pembuatan Instalasi Hidroponik Pada Green House MTsN 7 Kota Padang.

Love, D. C., Uhl, M. S., & Genello, L. (2015). Energy and water use of a small-scale raft aquaponics
system in Baltimore, Maryland, United States. Aquacultural Engineering, 68, 19-27.
https://doi.org/10.1016/j.aquaeng.2015.07.003

Pamuji, F. A., Riawan, D. C., Soedibyo, S., Suryoatmojo, H., & Ashari, M. (2022). Automatic Solar
Hidroponik Berbasis Energi Surya dengan Kontrol pH dan Nutrisi Guna Meningkatkan
Produktivitas Kelompok Hidroponik Simomulyo, Kota Surabaya. Sewagati, 7(1).
https://doi.org/10.12962/j26139960.v7i1.116

Santos-Ruiz, |., Lépez-Estrada, F.-R., Puig, V., & Valencia-Palomo, G. (2020). Simultaneous Optimal
Estimation of Roughness and Minor Loss Coefficients in a Pipeline. Mathematical and
Computational Applications, 25(3), 56. https://doi.org/10.3390/mca25030056

Ubaidillah, A. A. (2022). SMART Agquaponik Internet of Things (lot) Menggunakan Metode Simple
Additive Weighting (SAW). Indexia, 4(1), 59. https://doi.org/10.30587/indexia.v4il1.2879

Villegas-Leon, J. J. (2025). Head Losses and Experimental Loss Coefficient In 45° And 90° Elbows Of
Pvc Small-Diameter Pipes for Single-Phase Flow and Moderate Reynolds Numbers. Journal of
Southwest Jiaotong University, (3). https://doi.org/10.35741/issn.0258-2724.60.3.5

Yogev, U., Barnes, A., & Gross, A. (2016). Nutrients and Energy Balance Analysis for a Conceptual
Model of a Three-Loops Off-Grid Aguaponics. Water, 8(12), 5809.
https://doi.org/10.3390/w8120589



