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The flow behavior of fluids in piping systems is a fundamental aspect of thermal and
hydraulic engineering, influencing numerous industrial processes such as cooling, heat
transfer, and fluid transport. This study presents a comparative analysis of the flow
velocity of three fluids—water, ammonia, and mercury —within a pipe using
Computational Fluid Dynamics (CFD) simulations conducted in ANSYS Fluent. Each fluid
was tested under identical geometric and boundary conditions to isolate the effects of
density and viscosity on flow characteristics. The pipe model consisted of a straight
section with an elbow, designed to observe changes in velocity distribution as the fluid
changed direction. Simulation results revealed that all three fluids exhibited nearly
identical average outlet velocities, with values of 0.520096 m/s for water, 0.520217
m/s for ammonia, and 0.520088 m/s for mercury. Despite slight variations in viscosity
and density, the maximum difference between these values was only 0.0248%,
indicating a negligible influence of fluid type on average flow velocity when inlet
conditions are constant. Ammonia displayed the highest peak velocity due to its lower
viscosity, while mercury showed the lowest as a result of its higher density. Overall,
the study concludes that variations in fluid properties have minimal impact on velocity
distribution under steady inlet velocity. Future research is recommended to explore
the effects of temperature, pipe roughness, and turbulence to better understand fluid
flow behavior in more complex industrial systems.

1. Introduction

Fluid flow piping system is a key topic in thermal and hydraulic engineering, significantly
influencing many essential industrial processes. These processes include the distribution of water and
the management of refrigerants like ammonia in cooling systems [1], as well as the operation of state-
of-the-art nuclear reactor cooling systems that utilize liquid metals such as mercury or various alloys
[2]. To comprehend and forecast this flow behavior, precise solutions are required; however, the
intricate nature of the Navier-Stokes equations under turbulent conditions or within complex shapes
often prevents straightforward analytical solutions [3]. Consequently, Computational Fluid Dynamics,
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or CFD, has become an effective numerical method for simulating fluid behavior, allowing for the
visualization and thorough examination of essential parameters like flow velocity distributions [4].
The use of CFD has demonstrated its effectiveness in forecasting flow properties and heat transfer,
establishing it as a common approach in contemporary engineering design [5,6].

Research into pipe flow has been thoroughly explored, but the majority of investigations
concentrate on water or standard fluids [7,8]. Refrigerants like ammonia are frequently examined in
relation to heat transfer and phase change [9], while liquid metals such as mercury, known for their
excellent electrical and thermal conductivity, are usually studied independently, often highlighting
Magneto hydrodynamic (MHD) influences or issues related to turbulent heat transfer [10]. Crucially,
when the inlet velocity (Viniet) is fixed as a boundary condition, the average flow velocity (Vavg) at the
outlet is mathematically constrained by the principle of mass conservation (Continuity Equation),
dictating that the results should be nearly identical regardless of the fluid type. Therefore, the
primary scientific contribution of this study is not to compare the Vayg values, which are predictable.
Instead, a critical scarcity exists in integrated studies that evaluate how the significantly contrasting
physical properties (low viscosity of ammonia vs. high density of mercury) manifest within the
internal hydrodynamic structure under identical flow conditions [11,12]. This gap necessitates
systematic comparative evaluations focusing on the axial velocity profiles, the local velocity gradient,
and the determination of the flow regime (Reynolds Number, Re) as key differentiating factors
[13,14].

The originality of this study, therefore, lies in its rigorous comparison between Water (standard
reference), Ammonia (low-viscosity refrigerant), and Mercury (high-density liquid metal) within a
circular pipe. The vast disparities in density and viscosity among these three fluids are not expected
to significantly alter the average velocity, but rather the internal flow structure. These differences
are anticipated to lead to distinct variations in the Reynolds Number (Re), the shape of the velocity
profile (e.g., parabolic vs. flatter flow), the magnitude of wall shear stress, and the proximity to the
transitional flow regime [15]. The core objective of this research is thus to quantitatively characterize
the unique hydrodynamic signatures of these three fluids under identical conditions. This is achieved
by performing a comparative evaluation of the flow velocity profiles and Re values through CFD
simulations, providing insights beyond a simple report of average flow rates.

Building upon this objective, the present study employs ANSYS Fluent to model and analyze the
flow behavior of water, ammonia, and mercury within a circular pipe under identical boundary and
geometric conditions. A systematic methodology is adopted, where each fluid is simulated using
consistent inlet velocity and pressure parameters to isolate the critical effects of density and viscosity
on the internal velocity gradient and flow regime [16]. Through numerical analysis, the study aims to
visualize velocity contours, quantify the difference in Reynolds Number Re, and assess the variations
in flow development along the pipe. Ultimately, the results are expected to provide engineers with
critical insight into when a fluid's inherent physical properties begin to dominate the flow dynamics
over imposed boundary conditions, thereby supporting the design and optimization of more accurate
and efficient industrial piping systems [17].

2. Methodology
2.1 Research Approach

This research was conducted through a series of structured steps as illustrated in Figure 1. The
initial stage was problem identification, which aimed to determine the main focus of the research on
comparative analysis of the flow velocity of three types of fluids, namely water (H,0), ammonia (NHs),
and mercury (Hg), in pipes [18]. After that, a literature review was conducted to gather theoretical
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foundations related to fluid dynamics, laminar and turbulent flow characteristics, and the basic
principles of Computational Fluid Dynamics (CFD) [19]. The next step involved modeling and
simulation using ANSYS Fluent software, where a cylindrical pipe geometry was created and meshed
to obtain precise numerical results. The three types of fluids were then simulated in the same pipe
model to ensure that the comparison conditions remained uniform and valid. Next, simulations were
run for each fluid using identical boundary conditions, such as inlet velocity and pressure. The
simulation results were then analyzed to observe the flow velocity distribution pattern and fluid
characteristics affected by differences in physical properties, including density and viscosity.
Calculations were performed to determine the average flow velocity and display the visualization
pattern using contour plots and velocity vectors [20]. In the final stage, all results were analyzed
thoroughly to draw conclusions about the effect of fluid type on flow velocity in pipes.
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Figure 1. Flowchart the reserach
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2.2 Desain Pipe

The pipe design in this CFD simulation is made in the form of a straight pipe with an elbow to
analyze changes in flow characteristics when the fluid changes direction, as illustrated in Figure 2.
The model has one inlet (marked in blue) as the fluid entry point and one outlet (marked in red) as
the fluid exit point. The pipe geometry was created using CAD software, then imported into ANSYS
Fluent for the simulation stage [21,22]. The inner surface of the pipe is assumed to be smooth so that
the analysis focuses on the influence of the physical properties of the fluid, rather than the effects of
surface roughness [23]. With this design, the distribution pattern of velocity and flow direction can
be observed more realistically, resembling the conditions of piping in the industrial world.

Ansys
__2025R1
STUDENT

Fig. 2. Desain & boundary condition of the pipe

The boundary conditions applied include an inlet velocity of 0.52 m/s with a uniform flow profile,
an outlet pressure of 0 Pa (gauge pressure), and a pipe wall with no-slip conditions and a smooth
surface. The iteration process uses the SIMPLE algorithm for pressure-velocity coupling with double
precision. The convergence criterion is set at a maximum residual value of 10~° for the continuity and
momentum equations. These settings are used consistently for all three types of fluids (water,
ammonia, and mercury) to ensure that the simulation results can be fairly compared and reproduced
by other researchers.

2.3 Equation

Simulations using ANSYS Fluent are based on the application of basic fluid conservation
equations, which include the laws of mass, momentum, and energy conservation [24,25]. These
equations explain the interaction between mass and forces that affect fluid flow behavior in pipes.
In practice, ANSYS Fluent solves these equations numerically to determine the distribution of
velocity, pressure, and overall flow characteristics [26]. Through this approach, a more detailed
analysis can be performed on the influence of fluid physical properties such as density and viscosity
on the shape and pattern of the flow [27,28]. Therefore, the simulation results provide a clear
representation of the differences in the flow characteristics of water, ammonia, and mercury under
the same conditions [29,30].
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a. Continuity Equation (Mass Conservation)

V-(p%) =0

Ensures that mass is conserved throughout the flow field.

Where:
p = fluid density (kg/m3)

¥ = velocity vector (m/s)

b. Momentum Equation (Navier-Stokes Equation)

p(B- VD) = —Vp + uv’s

Describes the balance of forces acting on the fluid, including pressure and viscous effects.

Where:
p = static pressure (Pa)

u = dynamic viscosity (Pa-s)

These equations are automatically solved numerically by ANSYS Fluent to obtain the velocity

distribution of each fluid

c. Reynolds Number (Flow Regime Indicator)

pvD
u

Re =

Used to identify the type of flow (laminar or turbulent).
Where:

Re = Reynolds number (dimensionless)
v = average velocity (m/s)

D = pipe diameter (m)

Flow classification:

Re < 2300 : Laminar

2300 < Re <4000 : Transitional

Re > 4000 : Turbulent

d. Velocity Distribution in a Pipe (Laminar Flow)

For laminar flow in a circular pipe, the velocity profile follows the Hagen—Poiseuille equation:

(1)

(2)

(3)
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r2

U(T‘) = Umax (1 - _) (4)

R2
Where:
v(r) = velocity at radial position r (m/s)
Vmax = Maximum velocity at the centerline (m/s)

R = radius of the pipe (m)
This equation shows that velocity decreases from the pipe center to zero at the wall due to viscous
friction.

e. Relation Between Maximum and Average Velocity

Umax = 2Uavg (5)

This relation is valid for laminar, fully developed flow in a circular pipe.
ANSYS Fluent can compute both vy, 4, and v,,,4 values directly from simulation results.

f. Comparative Analysis

The velocity data obtained for each fluid were compared using:

Velocity Ratio = ~22efiid (6)

Vavg,water

Where:

Vavg,fluia = average velocity of the selected fluid (m/s)
Vavgwater = average velocity of water (as reference)

This ratio helps visualize how the viscosity and density of each fluid influence its flow velocity in
identical conditions.

3. Results and Discussion
3.1 Contour of the Pipe Result

Figure 3 presents the simulation results of fluid flow at a velocity of 0.05 m/s using ANSYS 2025
R1 Student, involving three types of fluids: water, ammonia, and mercury. Each fluid exhibits a
velocity distribution represented by a color gradient from blue to red, where the red area indicates
the highest flow velocity. Noticeable differences are observed in the flow patterns: water (a)
demonstrates a more uniform flow due to its moderate viscosity, ammonia (b) shows a wider velocity
spread because of its lower viscosity, while mercury (c) displays a narrower high-velocity region as a
result of its higher density and viscosity. Overall, the simulation results indicate that variations in
physical properties, particularly density and viscosity, significantly influence the flow distribution and
behavior within the pipe.
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Fig. 3. Velocity 0.05 simulation in ANSYS: (a) Water 0.05 (b) Ammonia 0.05 (c) Mercury 0.05

Figure 4 presents the simulation results of fluid flow at a velocity of 0.64 m/s using ANSYS 2025
R1 Student, involving three types of fluids: water, ammonia, and mercury. The velocity distribution
in each simulation is visualized through a colour gradient ranging from blue to red, with red indicating
the highest flow velocity regions. Water (a) shows a relatively uniform and stable velocity pattern
due to its moderate viscosity, while ammonia (b) reveals a broader and faster velocity distribution
because of its lower viscosity and greater flow mobility. Conversely, mercury (c) displays a narrower
high-velocity area caused by its high density and viscosity, suggesting stronger resistance to flow

when compared to water and ammonia.
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(b)
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Figure 5 presents the simulation results of fluid flow at a velocity of 0.87 m/s using ANSYS 2025
R1 Student for three types of fluids: water, ammonia, and mercury. Each simulation illustrates the
fluid velocity distribution using a color gradient from blue to red, where red indicates regions with
the highest flow velocity. Water (a) shows a stable and uniform flow pattern, while ammonia (b)
exhibits a greater increase in velocity due to its lower viscosity and higher flow mobility. In contrast,
mercury (c) displays a narrower high-velocity region caused by its higher density and viscosity,
resulting in greater flow resistance compared to water and ammonia.
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Fig. 5. Velocity 0.87 simulation in ANSYS: (a) Water 0.87 (b) Ammonia 0.87 (c) Mercury 0.87

3.2 Anova Statistical Results

The results summarized in Table 1 present the statistical data for the three tested fluids—water,
ammonia, and mercury—along with the inlet velocity condition. Each fluid was measured three
times, yielding nearly identical average velocity values around 0.52 m/s. The variance values, which
are also very close for all samples, indicate that the simulation data are consistent and stable under
identical boundary conditions. This similarity in the averages and variances suggests that the type of
fluid has only a minor influence on the overall velocity magnitude when inlet velocity is maintained
constant.

The statistical comparison using ANOVA, as shown in Table 2, further confirms that there is no
significant difference in the outlet velocity among the three fluids. The calculated F-value of 1.33x1077
is far below the critical F-value (4.07), and the P-value of 1 indicates that the variations in fluid types
are statistically insignificant. This means that despite differences in physical properties such as
density and viscosity, the average velocity at the outlet remains nearly the same for water, ammonia,
and mercury. These findings demonstrate that, under identical simulation parameters, the influence
of fluid type on average outlet velocity is minimal and can be considered negligible for engineering
applications with uniform inlet conditions.

Table 1
Summary of fluid velocity data
Groups Count Sum Average Variance
inlet Velocity 3 1,56 0,52 0,1789
water 3 1,56028918 0,520096394 0,178958846
amonia 3 1,56065183 0,520217276 0,179049953
mercury 3 1,56026505 0,520088349 0,178933171
Table 2
ANOVA results for fluid velocity comparison
Source of Variation SS df MS F P-value F crit
Between Groups 7,1704E-08 3 2,39013E-08 1,33556E-07 1 4,066180551
Within Groups 1,431683942 8 0,178960493
Total 1,431684014 11
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Based on these findings, an F value of 1.33x1077 was obtained, while the critical F value (F(crit))
was 4.07. Since F is less than 0.05, it can be concluded that there is no statistically significant
difference between the three types of fluids in terms of their outlet velocity. This means that
variations in fluids (such as water, ammonia, and mercury) do not have a significant impact on the
average outlet velocity according to the data from this simulation. However, even though the results
are not statistically significant, the visualization and comparison of speed profiles still show patterns
that can be understood physically.

3.2 Outlet Velocity Graph Analysis

The “Velocity Outlet” graph in Figure 6 presents the numerical comparison of outlet velocities for
three different fluids—water, ammonia, and mercury—at three observation points along the pipe.
The velocity values recorded for mercury were 0.0500 m/s, 0.8700 m/s, and 0.6401 m/s, showing
that it consistently produced the highest flow speed, especially at the second point where the peak
velocity occurred. This trend demonstrates that mercury’s high density and momentum contribute
to its ability to accelerate rapidly in the middle section before slowing slightly near the outlet due to
viscous resistance. Overall, these results indicate that mercury experiences the most significant
variation in flow velocity, reflecting the impact of its large mass and kinetic energy on the overall flow
dynamics.

In comparison, ammonia and water display lower but relatively consistent velocity patterns
across the same observation points. Ammonia recorded velocities of 0.0500 m/s, 0.8703 m/s, and
0.6403 m/s, while water exhibited 0.0500 m/s, 0.8702 m/s, and 0.6401 m/s, respectively. The small
difference between ammonia and water (approximately 0.0002 m/s) indicates that both fluids have
nearly similar flow characteristics when subjected to identical boundary conditions. However,
ammonia’s lower viscosity allows for slightly higher flow acceleration compared to water, which
maintains a smoother and more stable velocity profile along the pipe length. These results
collectively confirm that, under constant inlet velocity, variations in density and viscosity only cause
minor differences in outlet flow behavior among the tested fluids.

Overall, the order of average flow velocity from highest to lowest is ammonia > water > mercury.
This trend reinforces the physical interpretation that viscosity and density play a limited but
predictable role in determining fluid velocity under equal inlet conditions. Fluids with lower viscosity,
such as ammonia, tend to experience less wall friction and thus achieve slightly higher speeds, while
denser fluids like mercury flow more slowly due to greater inertial resistance. In general, these
findings emphasize that, within the same simulation setup, the influence of fluid type on the average
flow velocity in the pipe is minimal, and the small observed variations remain consistent with
theoretical expectations of each fluid’s physical properties.
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Fig. 6. Comparation of the output velocity

3.4 Analysis of Reynolds Number (Re) and Flow Regime

To quantitatively characterize the flow regime, the Reynolds Number (Re) was calculated using

Equation (3), Re = %. The hydraulic diameter (D) of the pipe was specified as 0.0127 meters. The

fluid properties and the simulated average velocity (v) were used for the calculation, as summarized
in Table 3.

Table 3

Fluid physical properties used in the simulation (assumed at room temperature)
Fluid Density (p )(kg/m?3) Dynamic Viscosity (u)(Pa-s)

Water (H,0) 997 8.9 x 10

Ammonia (NH3) 600 1.5 x 10*

Mercury (Hg) 13,534 1.52 x 103

The results of the Reynolds Number calculation, based on the defined hydraulic diameter, are
presented in Table 4.

Table 4

Results of Reynolds Number calculation and flow regime determination (D=0.0127 m)

Fluid Average Velocity (v) (m/s) Reynolds Number (Re) Flow Regime

Water (H,0) 0.520096 7,595 Turbulent (Re > 4000)
Ammonia (NHs) 0.520217 26,423 Turbulent (Re > 4000)
Mercury (Hg) 0.520088 56,922 Highly Turbulent (Re > 4000)

The results in Table 4 conclusively show that due to the relatively large hydraulic diameter (0.0127
m), the flow for all three fluids is firmly established in the Turbulent regime (Re > 4000).

1. Water (Re= 7,595): The Reynolds number is significantly above the transition boundary,

indicating a fully turbulent flow, characterized by intense mixing and a flatter velocity profile
near the pipe centre compared to laminar flow.
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2. Ammonia (Re = 26,423): Ammonia exhibits the highest Reynolds number among the three,
primarily due to its combination of high velocity and very low viscosity. This represents highly
chaotic and high-inertia flow, resulting in the most significant wall shear stress.

3. Mercury (Re = 56,922): Despite its relatively high viscosity, Mercury's extremely high density
drives its Reynolds number to the highest value, indicating the most vigorous turbulent
mixing.

This finding suggests that the slight variations in velocity observed among the fluids (as discussed
in Section 3.2) are not related to a change in the flow regime (e.g., from laminar to turbulent) but
rather to the different degrees of turbulence intensity, which are governed by the inherent physical
properties (p and p of each fluid. The highly turbulent nature of all flows implies that momentum
transfer is dominated by inertial forces rather than viscous ones.

4. Conclusion

Based on the findings from numerical simulations conducted using ANSYS Fluent, the three types
of fluids, namely water, ammonia, and mercury, showed almost the same average velocity in the
outlet pipe. The average values of the velocities of the various fluids were 0.52009639 m/s for water,
0.52021728 m/s for ammonia, and 0.52008835 m/s for mercury. The difference in these velocity
values is very minimal, with the highest difference being around 0.00012893 m/s or 0.0248%
between the various types of fluids. Therefore, it can be quantitatively concluded that changes in
fluid type do not have a significant effect on the average flow velocity. This condition illustrates that
in a simulation setting with equal inlet velocity, the density and viscosity properties of the fluid only
have a minor effect on the average velocity at the pipe outlet.

Physically, this phenomenon can be understood through the basic characteristics of fluid flow in
pipes. In internal flow systems, the average velocity of the fluid is influenced by the inlet pressure
that drives it and the frictional forces caused by viscosity on the pipe surface. Ammonia, which has
the lowest viscosity compared to the other two fluids, produces less friction, so its flow is slightly
faster than water and mercury. On the other hand, mercury has a much higher density, but because
the inlet pressure remains stable, the kinetic energy per unit mass is quite low, so its average velocity
is slightly lower. However, the velocity distribution within the cross-section may still vary between
different fluids due to differences in their viscosity and Reynolds numbers.

Based on the velocity output graph, it can be seen that the velocity distribution pattern among
fluids shows the same trend, where the highest velocity is usually located in the centre of the pipe
and decreases towards the wall side due to the influence of the boundary layer. This is in line with

. . . r? .
the idea of a velocity pattern for laminar flow expressed as (1) = V4 (1 - R_Z)' where (v_{max} is

the highest velocity occurring in the center of the pipe and (R) is the pipe radius. is the maximum
velocity at the center of the pipe and (R) is the pipe radius. Although simulations show small
variations in peak velocity numbers, the overall average values are still nearly similar due to the
mutually neutralizing effects of viscosity across the cross-sectional area. Therefore, the existing flow
will be distributed evenly and stably among various types of fluids.

In general, the results of this simulation show that the impact of fluid variations on the average
velocity in a pipe is very small, especially when boundary conditions such as inlet pressure and initial
velocity are set to be the same. The main factors that can cause greater velocity differences are not
only due to the type of fluid, but also to a combination of viscosity, density, and flow conditions
(whether laminar or turbulent). Therefore, to create a more pronounced difference in velocity
between fluids, it is important to adjust other factors such as pressure difference, temperature, or
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pipe size. This conclusion emphasizes that considering the physical characteristics of fluids in flow
system studies is important, but also shows that under certain circumstances, these variations can
be ignored without significantly affecting the average velocity calculation results.

Future research should focus on expanding the current study by examining how variations in pipe
geometry, inlet velocity, and surface roughness influence the flow characteristics of fluids with
different densities and viscosities. Further investigation into temperature-dependent viscosity
effects could reveal how thermal gradients alter velocity distribution and pressure drop in practical
systems. Additionally, incorporating turbulent flow modelling and experimental validation, such as
pressure-drop measurements or flow visualization—would strengthen the reliability of the CFD
results. Such improvements will not only address the current study’s limitations but also provide a
more comprehensive understanding of fluid flow behaviour in industrial piping systems, enabling
more accurate design and energy-efficient operation.
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