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Abstract

This article presents the design and analysis of a frame for head loss testing equipment, crucial
for evaluating flow losses in pipe installations. The objective was to develop a robust yet light-
weight frame that could withstand the operational loads imposed by the testing equipment. The
frame, which supports essential components such as pipes, venturi meters, elbows, and reduc-
ers, was constructed using ASTM A500 hollow sections with dimensions of 20 x 20 x 1.6 mm and
35x35x 1.6 mm. These dimensions were selected for their balance between strength and weight,
validated through strength analysis and SolidWorks simulations. Conducted at Universitas Mercu
Buana, the project involved the design, manufacturing, and testing of the frame to determine its
load-bearing capacity. The results from the SolidWorks simulations confirmed the frame's struc-
tural integrity, which was further validated by its successful application in a practical setup. This
study demonstrates the effectiveness of a systematic design approach, integrating material se-
lection, load analysis, and simulation to achieve an optimal solution. The findings contribute val-
uable insights into the use of ASTM A500 hollow sections in structural applications, particularly
where both strength and weight are critical. This work sets a precedent for future designs in me-
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chanical engineering, offering a reliable framework for developing durable and efficient testing )
equipment.

How to cite:

H. Wermasaubun, M. Fitri, A. Ha-
mid, and Dedik Romahadi, "Opti-
mized frame design for head loss
testing equipment through mate-
rial strength analysis," Int. J. Innov.
Mech. Eng. Adv. Mater, vol. 6, no.
1, pp. 22-37,2024

1. Introduction

Piping systems play a crucial role in fluid distribution across various applications, offering an
efficient means of transporting fluids from one location to another. These systems can range from
simple, single-pipe configurations to complex, branched networks, all of which require a variety of
fittings such as strainers, valves, taps, joints, elbows, and reducers. However, these components
can introduce energy losses in the form of minor losses due to local disturbances like changes in
cross-sectional area or directional turns, and major losses caused by friction between the fluid and
the pipe walls [1]. Analyzing these losses is challenging because fluid flow within pipes is not directly
visible, which complicates the assessment and optimization of the system's performance [2][3].

To address this, head loss testing equipment is used to measure and evaluate the flow losses
within pipe installations. The frame that supports this testing equipment must be carefully designed
to withstand the loads imposed by the system while remaining lightweight and flexible [4] [5]. The
design process involves selecting appropriate materials, considering the strength and balance of the
frame, and applying methods such as the VDI 2221 design methodology [6] [7], material strength
analysis [8], and software simulations like SolidWorks [9] [10]. These approaches ensure that the
frame is robust enough to support the equipment during testing while maintaining the necessary
structural integrity and performance.

The frame's design must accommodate the dynamic nature of the loads during testing, which
requires not only strength but also flexibility to absorb any shocks or vibrations that may occur. This
balance between strength and flexibility is critical to ensure the accuracy and reliability of the head
loss measurements. Material selection plays a vital role in achieving this balance, with the choice of
materials being guided by their ability to withstand the expected stresses while minimizing weight.
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The application of material strength analysis allows designers to calculate and predict the behavior
of the frame under different load conditions, ensuring that it meets the necessary safety factors.

Moreover, the use of software simulations, such as those performed with SolidWorks, en-
hances the design process by providing a virtual environment to test and refine the frame before
physical prototypes are built. These simulations can model complex scenarios, including the inter-
action of various components within the frame, and can predict potential points of failure or areas
where the design could be optimized. By integrating these advanced tools and methodologies, the
design of the head loss testing equipment's frame can be tailored to meet specific operational re-
quirements, ensuring both durability and performance.

2. Methods

The research methodology for designing the frame of the head loss testing equipment is struc-
tured to ensure a robust and efficient design that meets all operational requirements. The process
begins with the application of material strength analysis to understand the fundamental properties
and behaviors of the materials under load. This analysis is crucial for identifying, calculating, and
evaluating the forces and stresses that the frame will encounter during operation.

The frame design process began with a material strength analysis, followed by detailed design
calculations to ensure the structure could withstand the anticipated loads [11][12]. Based on these
analyses, specifications were carefully selected to meet the necessary requirements [13], and the
final frame design was developed accordingly, as shows in Figure 1.
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Figure 1. Design flowchart

The design process follows a systematic approach, starting with the conceptual design of the
frame, as shown in Figure 1. Initial design sketches are created based on the requirements of the
head loss testing equipment, including the need for strength, lightness, and structural stability. Var-
ious design iterations are considered, and the most suitable design is selected based on a balance
of these factors.
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Following the conceptual design phase, detailed calculations are performed to determine the
specific loads that the frame must support. These calculations involve assessing the mass of the
frame, the components of the head loss testing equipment, and the fluid load within the system. The
strength and flexibility of the frame are then evaluated using established engineering formulas and
principles, ensuring that the frame can withstand the expected loads with an adequate safety margin.

Torefine and validate the design, software simulations are conducted using tools such as Solid-
Works. These simulations model the load conditions and structural behavior of the frame under dif-
ferent scenarios, allowing for the optimization of the design. The simulations also help identify po-
tential weak points in the frame, which can be addressed before physical construction.

Once the design has been thoroughly analyzed and optimized, the final specifications for the
frame are determined. This includes selecting appropriate materials, such as ASTM A500 hollow sec-
tions, and specifying the dimensions and cross-sectional properties required to achieve the desired
strength and weight characteristics. The frame design and loading mass data were shown in Figure 2
and Table 1, respectively.

The final step in the methodology involves the construction and testing of the frame. The con-
structed frame is subjected to physical load tests to verify its performance against the design simu-
lations. Any discrepancies between the simulated and actual performance are analyzed, and adjust-
ments are made as necessary to ensure the frame meets all design criteria.

The strength analysis method is expected to understand the basics of inner material strength
related to the design process, Identify, calculate and analyze force phenomena that occur in a com-
ponent construction, the method helps the process of designing a frame construction and can opti-
mize designer to find the accurate design [14][15][16][17].

__Frame 1

Frame 2

Figure 2. Frame design

Table 1. Loading mass data

Component Mass [kg/m] or [kg]
Hollow 20 x 20 x 1.6 [mm] 0.87 [kg/m]
Hollow 35x35x 1.6 [mm] 1.63 [kg/m]

PVC Pipe 0.315 [kg/m]

Water Bath 249.25 [kg]

Pump 13 [kg]

Pressure Gauge 0.75 [kg]
Tee 0.105 [kg]

Valve 0.22 [kg]

Fountain 0.65 [kg]

Elbow 0.07 [kg]

Reducer 0.11[kg]
Galvanized Pipe 2.50 [kg/m]

Stainless Steel Pipe 1.30 [kg/m]
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3. Results and Discussion

The sketch provided illustrates the loading on a vertical rod, as shown in Figure 4, commonly
found in structural frameworks. In this particular figure, the vertical rod is subjected to two forces.

FKA: This force represents the load applied at the top of the vertical rod.

Ra: This force acts as a reaction force at the base of the vertical rod.

Fia = ()

Figure 3. Sketch of vertical rods loading

To determine the safety factor, some considerations were evaluated as follows
W;r=7elbow + 8 tee + 1 valve + 2 faucet + 2 pipe 1.5inch (0.13 [m]) + 2 pipe 1 inch (0.42 [m])
W;r=7(0.07) +8(0.105) + 0.220 + 2 (0.650) + 2 (0.1) + 2 (0.132) = 3.314 kg
o, =315MPa
Fs =2

Afterwards, the area can be calculated as

FKA = (%) =1.657 kg = 16.57 [N]

315
Oallowed = T =157.5 Mpa

2257 20,1052 [mm?]

157,5

So, the selected Awpe is 102 [mm?] with a hollow size 20 x 20 x 1.6 SHS.

In general, the key aspects of a horizontal rod loading sketch include the following:

Applied Load (F): This represents the external force or forces acting on the horizontal rod. These
loads could be distributed along the length of the rod or concentrated at specific points.

Support Reactions (Ra and Rb): At the ends of the horizontal rod, support reactions arise in re-
sponse to the applied loads.

Bending Moment Diagram: Abending momentdiagram might be included in a more detailed sketch
to show how the moment varies along the length of the rod. This diagram shows the internal
stresses and ensures the rod's material can withstand these stresses without failure.

Shear Force Diagram: Similarly, a shear force diagram may accompany the sketch, illustrating how
shear forces vary along the rod. Shear forces can cause sliding failure between sections of the
rod, so it's essential to visualize these forces to ensure structural safety.

Deflection Curve: The deflection curve, representing how the rod bends under the applied load.

Acalculated =

Wt=q.L

Ra Rb

Figure 4. Sketch of horizontal rods loading for Frame 1
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Finding the bending stress value, can be calculated as:
Wt = 3.314 [kg] = 33.14 [N]
L =250 [mm]
M= - .33.14.250

M =1035.63 [N.mm]

1035.63
157.5

anlculated =

= 6.5339 [mm‘]

So, the selected Zipe is 0.570 x 10° [mm®] with a hollow size 20 x 20 x 1.6 SHS

The load simulation for rods (1A, 1B, and 1C) using SolidWorks were conducted to visualize the

load concentration.

I} IR

—

' ?
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Figure 5. Sketch of frame 1 using SolidWorks
Loading sketch for rods (2A, 2B, and 2C)

ROD 2A

ROD 2B

ROD 3C

Figure 6. Sketch of horizontal rods 2A, 2B, and 2C) for Frame 2

Wpve Wpre
Fka' 2 2 FkB’
A¥ lc y D vE
Fo3iml | 2[m] R i
Ra | i 2'5 [m] E > Rb

Figure 7. Sketch of horizontal rods loading

Upper bound axial and bending [Mm2]
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Qpipe PVC = 0.315 [kg/m] = 0.00315 [N/mm]
L =200 [mm]

4.73 [m].0.87 [kg/m] + 3.314 [kg]
2

FKA’ = = 3.7145 [kg] = 37.145 [N]
Calculation step:
IMb=0
Ra.2.6-FkA’.2.6-3.15.0.3-3.15.2.3=0
Ra = 40,295 [N]
3Fv=0
40.295 +Rb = 3.15 +3.15 + 37.145 + 37.145
Rb = 40,295 [N]
Mc =Ra.0,3=12,0085[N.m]
Md =Rb. 0,3 =12,0085[N.m]

Latitude and moment diagram were shown as following.

37,145 [N] 3,15 [N] 3,15 [N] 37,145 [N]

A c D B

Y ! ]

[ 0,3[m] | 2[m] L T
Ra ¢ i 2,6 [I'I"I] | 'r"|Rb

'y F 3

+ +

Ra ¥ Vc vd Y

| Rb

. |
y Mc Md v,

Figure 8. Latitude and moment diagram

12,0085 x 103
157,5

So, the selected Zipe is 2,00 x 10° [mm3] with a hollow size 35x 35 x 1.6 SHS

Zcalcutated =

=0,07624 x 10° [mm?]

Sketch of horizontal rod loading 2A (galvanized pipe), were described as follows.

25 [N] 25 [N]

03[m] | 2[m] ! T
o Rb

Ra 2,6[m]

Figure 9. Sketch of horizontal rods loading
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were;

Joawanized_pipe = 2.50 [kg/m]=0.0250 [N/mm]
L =200 [mm]
calculation step:
IMb=0
Ra.2,6-25.0,3-25.2,3=0
Ra=25
3Fv=0
Ra+Rb=25+25
Rb =25[N]
Mc =Ra.0,3=0,75[N.m]

Md=Rb.0,3=0,75[N.m]
The latitude and moment diagram are shown below.

25 [N] 25 [N]
A c D B
& 1 I
0,3[m] | 2[m] X T
Rﬂ ot i Z'E [IT'I] i =|Rb
III F 3
+ +
Ra L 3 Ve vd ¥

| Rb

. |
F Mc Md y,

Figure 10. Latitude and moment diagram

0,75 x 103
Zoatcuiated = T’;S =0,0047 x 10° [mm?]

So, the selected Ziape is 2,00 x 103 [mm3] with a hollow size 35x 35 x 1.6 SHS
The sketch of horizontal rod loading 2A (galvanized pipe) is shown below.

13 [N] 13 [N]

=
[&]

0,3[m] |

2[m] R T
Ra | 2,6 [m] »/Rb

Figure 11. Sketch of horizontal rods loading

B W Y
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were;
Opipadlumunium = 1.30 [kg/m] = 0.0130 [N/mm]
L =200 [mm]
calculation step:
IMb=0
Ra.2.6-13.0.3-13.2.3=0
Ra=13
3Fv=0
Ra+Rb=13+13
Rb =13 [N]
Mc=Ra.0.3=0.69[N.m]
Md =Rb.0.3=0.69[N.m]

The latitude and moment diagram are shown below.

13 [N] 13 [N]

A c D B
toam 2(m] , T
Rl 251 e
III F 3
+ +

Ra v VC Vd ¢

| Rb

. |
y Mc Md

Figure 12. Latitude and moment diagram

0,69 x 103

Zhitung = T 0,0043 x 10° [mm?]

So, the selected Zipe is 2,00 x 10° [mm3] with a hollow size 35x 35 x 1.6 SHS

The sketch of vertical rod loading for Frame 2 is described in Figure 13.
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Ra

Figure 13. Sketch of vertical rods loading

were;
Wr = Werame 1+ Wove + Waawanized pipe + Watumunium + Werame 2
Wr=3.7145 [kg] + 0.315 [kg] + 5 [kg] + 2.6 [kg] + 1.63 [kg/m] . 9.4 [m]
Wir=26.9515 [kg]
g, =317MPa
Fs =2
Thus;

FkA= (22 =6.7378[kg] = 67.378[N]

317
Oallowed = T =157.5 Mpa

67.372
157.5= ———
Acalculated

_ 67372 _ )
ACalculated ~ T57s =0.4277 mm

So, the selected Awpe is 189 [mm?] with a hollow size 35 x 35 x 1.6 SHS.

The load simulation for horizontal rods (2A, 2B, and 2C) using SolidWorks is shown below.

Upper bound axial and bending (N/m#2)
2,926e+006
l 2,632e+006
. 2438e+006
_ 2.195e+006
. 1.951e+006
_ 1.707e+006
H 1.463e+006
' 1.219e+006
9,754e+005
_ 7.315e+005
4.577e+005
2.438e+005

0.000e+000

— Yield strength: 3.150e+008

Figure 14. Sketch of frame 2 using SolidWorks for Frame 2
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The loading sketch for rods (2A, 2B, and 2C) for Frame 3 is described below.

ROD 3F
ROD 3E ROD 3A
//—

\ﬂ ROD 38 " "

ROD 3C ’ "

ROD3D i

Figure 15. Sketch of horizontal rods 3A, 3B, 3C and 3D) for Frame 3

As the sketch of horizontal rod loading result shown below.

Wpump = 0,065 [kN]

Fka” Gter =0,96 [kN/m] Fis”

L 1eml | ogstml | 02[m]
r———  —————————————————————p
Ra : ! '

Figure 16. Sketch of horizontal distributed load rods

Wpump= 0,065 [kN] 0,625 [kN]
i

FkA”

Ra

0,15 [m] ! 16m | 065im] | 02[m]

Figure 17. Sketch of horizontal concentrated load rods

were,;
FkA* = FkB*
FKA“= 26,9515 [kg] + 1,23 [kg/m].3,2 [m]

FKA“= 8,0418 [kg] =80,418[N]=0,080418 [kN]

IMa=0
Rb (2,6)- 0,625 (2,175) - 0,065 (0,15) - FkB” (2,6) =0
Rb =0,6069 [kN]
ZFy=0
Ra +0,6069 - 0,065 - 0,625- 0,080418 - 0,080418 =0
Ra =0,2439[kN]
Thus;
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0,065 [kN] 0,625 [kN]
1

Figure 18. Sketch of horizontal rods with section

3.1. Strength analysis of section a-a

FkA”

Ra Va-a
Figure 19. Section a-a

The calculated results are shown as follows.
IFy=0
Ra-FkA”-Va-a=0
Va-a = Ra-FkA” = 0.2439-0.080418 = 0.1634 [kN]
ZMa=0
Ma-a-Va-a(x) =0
Ma-a =0.1634 (x)
(0=x=0,15.)m
x=0;Ma-a=0.1634 (0)=0
x=0,15; Ma-a = 0.1634 (0,15) = 0.02451 [kN.m]

3.2. Strength analysis of section b-b

0,065 [kN]

le Mb-b
Ra ‘-.:fb—b
« X >

Figure 20. Sectionb-b

The calculated results are shown as follows.
2Fy=0
Ra - FkA” - Vb-b - 0.065= 0
Vb-b=0.2439-0.080418 - 0.065
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Vb-b = 0.0984 [kN]
IMa=0
Mb-b - Vb-b (x) - 0.065(0.15) = 0
Mb-b = 0.0984 (x) + 0.00975
(0.15sx<1.75)m
x=0.15; Mb-b = 0.0984 (0.15) + 0.00975 = 0.02451 [KN.m]
x=1.75; Mb-b =0.0984 (1.75) + 0.00975 = 0.18195 [KN.m]

3.3. Strength analysis of section c-c

0,96 (x-1,75) [kN]

Fka” 0,065 [kN]

1,75 + (x-1,75)/2 i s

X

Figure 21. Section c-c

The calculated results are shown as follows.
2Fy=0
Ra - FkA” -Vc-c-0.065-0.96 (x-1.75) =0
Vc-c=0.0984-0.96 (x-1.75) =0
(1.75sx<2.4)m
x=1.75; Vc-c=0.0984 - 0.96 (1.75-1.75)
x=1.75; Vc-c=0.0984 [N]
x=2.4;Vc-c=0.0984-0.96 (2.4-1.75)
X =2.4;Vc-c =-0.5256 [N]
IMa=0

x—1.75
2

Mc-c - V¢ (x) - 0.96(x-1.75) (1.75 + ) ~0.065(0.15) =0

1,75-1,75

x = 1.75; Mc-C = (0.0984 - 0.96 (1.75-1.75)) (1.75) + 0.96 (1.75-1.75) (1.75 + ) +0.00975

Mc-c = 0.18195 [kN.m]

2,4-1,75
2

X = 2,4; Mc-c = (0.0984 - 0.96 (2.4-1.75)) (2.4) + 0.96 (2,4-1,75) (1,75 + ) +0,00975

Mc-c =0,04311 [kKN.m]

Finding the value (x) for the maximum moment:

x-1.75

Mc-c = (0.0984 - 0.96 (x-1.75)) (x) + 0.96 (x-1.75) (1.75 + =

) +0.00975

Mc-C = (- 0.48x2 + 1.7784x - 1.46025)
Mc-c’ = (- 0.96x + 1.7784)
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x= 2% - 1,8525[m]
0,96

Finding the maximum moment:
ZMa=0

1.8525-1.75
T) +0.00975

x = 1.8525; Mc-C = (0.0984 - 0.96 (1.8525-1.75)) (1.8525) + 0.96 (1.8525-1.75) (1.75 +

x = 1.8525; Mc-c = 0.186993 [kN.m] = 0.186993 x 10° [N.mm]
3.4. Strength analysis of section d-d
FkA” 0,065 [kN] 0,625 [kN]
0,15 [m]i 1,925 [m] :

Ra |« -t >

=
a
&

2\ " ac

=
o
[= 5

Figure 22. Section d-d

The calculated results are shown as follows.
3Fy=0
Ra - FkA”-0.065-0.625-Vd-d =0
Vd-d =-0.5265 [kN]
ZMa=0
Md-d - Vd-d (x) - 0.625 (0.15 + 1.925) - 0,065(0.15) = 0
Md-d = - 0.5265 (x) + 1.306625
(24=x<2.6)m
X =2.4; Md-d =- 0.5265 (2.4) + 1.306625 = 0.0429 [kN.m]
X =2.6; Md-d =- 0.5265 (2.6) + 1.306625 = - 0.0622 [KN.m]

Finding allowed stress strength as follows.
9y

Callowed = —
allowe: Fs

Oallowed = :ﬁ =157,5 Mpa

finding Zcacutatea:

My 186993
anl_— BPrErE

= 1,187 x 103 [mm3]
Ocal 157,5

So, the selected Zipe is 2,00 x 10° [mm?3] with a hollow size 35x 35 x 1.6 SHS

The load simulation results for horizontal rods (3A, 3B, 3C, 3D, 3E, and 3F) using SolidWorks is
shown below. And the load simulation results for frame head loss testing equipment shown in Figure

26.
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0,065 [kN] 0,625 [kN]
FRA :

c
0,65 [m]

W [kM] &

» x [m]

0,14 !
+ L 1,8525

» % [m]

0,02451

0,18195

1 [leM.m]

Figure 23. Latitude and moment diagram

Upper bound axial and bending (N/m#2)

9.635e+007

l 8.887e+007

. 8.086e+007

. 7.285e+007

. 64385e+007

_ 5.634e+007
* 4,383e+007
l l I: 4.062e+007

3.281e+007

2.451e+007

v

1.630e+007
8.791e+006
7.826e+005

=l Yield strength: 3.150e+008

Figure 24. Load simulation for horizontal rods (3A, 3B, 3C, 3D, 3E, and 3F) of Frame 3

3.5. Loadings for wheel
The calculated results are shown as follows.

W; =4.73[m]. 0.87 [kg/m] + 3.314 [kg] + 9.4 [m]. 1.63 [kg/m] + 8.2 [kg] + 3.2 [m] . 1.63 [kg/m] + 12.43 [m] . 1.63 [kg/m] + 13
[kg] + 250 [kg]

W; =319.414 [kg]

319,414
4

Fwheel = ( ), =79,85 [kg]

So, the selected wheel is a PU type with a size of 3” for a load of 80 [kg]
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3.6. The final design of head loss testing equipment

Based on the design of the head loss testing equipment, the analysis has determined the spe-
cific loading forces acting on the frame. For the first frame series, the loading force was calculated
to be 3.314 kg. For the second frame set, the loading forces include 3.15 kg for the 1-inch PVC pipe,
2.5 kg for the 1-inch galvanized pipe, and 1.3 kg for the 1-inch aluminum pipe. Additionally, the sys-
tem includes a 13 kg load from a 108-bit Shimizu pump and 250 kg of water in the sump. These cal-
culated loads are critical for ensuring that the frame design can adequately support the equipment
during operation, confirming that the selected materials and design parameters are sufficient to
maintain structural integrity under these conditions.

Upper bound axial and bending (Mim*2)
8.577e+007
B.779:+007
_ T.587e+007
- T.1B3e+007

_ 6.385e+007

_ 5.587e+007

4,78%+007
3.990e+007
L 3.192e+007

L 2.3%de+007

1.596e+007
7.5 1e+006
0.000e+000

— Yield strength: 3.150e+ 006

2023/01/1115:22

Figure 26. Head loss testing equipment

4. Conclusions

The results of designing the frame for the flow loss test tool, it was found that the material used
was ASTM A500 with a hollow size of 20 x 20 x 1.6 [mm] in the first frame, then a hollow of 35 x 35 x
1.6 [mm]in the frame second and third. From the loading design simulation results on the frame de-
sign of the Head loss testing equipment using SolidWorks, it is found that the safety factor value for
dynamic loads is 2, it is safe to use in the design of the head loss test equipment frame.

The study successfully designed and validated a frame for head loss testing equipment, focus-
ing on achieving a balance between strength, weight, and flexibility. The design process, which incor-
porated material strength analysis, detailed load calculations, and SolidWorks simulations, resulted
in a frame capable of withstanding the operational loads with a safety factor of 2, ensuring its relia-
bility and durability.
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The use of ASTM A500 hollow sections was found to be optimal for this application, providing
the necessary strength while keeping the frame lightweight. The simulations confirmed that the load
distribution was well-managed, and the frame performed effectively under both static and dynamic
conditions. The practicalimplementation of the design at Universitas Mercu Buana demonstrated its
effectiveness, as the frame supported the head loss testing equipment without any significant is-
sues, validating the design methodology.

In conclusion, this study provides a robust framework for designing frames for testing equip-
ment in mechanical engineering applications. The combination of material strength analysis, careful
specification selection, and advanced simulation tools proved to be an effective approach for ensur-
ing the structural integrity and operational performance of the equipment. This methodology can be
applied to similar engineering challenges, potentially improving the design and functionality of vari-
ous mechanical systems. Future research could explore further optimization techniques or alterna-
tive materials to enhance the design further.
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