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CFD Investigation of Turbulence Behaviour in
Grooved Divergent Rocket Nozzles using the
k-£ Model

Dieu-Donne Talla Elbazar Wandaogo®, Christian John Etwire® & Douglas Kwasi Boah®

ABSTRACT

The adiabatic gas expansion in the divergent
rocket area generally results in the generation of
thrust required for propulsion by providing an
environment where the gas molecules speed
rapidly out the nozzle exit after traversing the
nozzle area. This study investigates the impact of
wall grooving in the divergent section of rocket
nozzles on turbulence characteristics and flow
performance using Computational  Fluid
Dynamics (CFD). Employing the Finite Volume
Method (FVM) and the k— ¢ turbulence model in
ANSYS  Fluent, the study compares a
conventional nozzle and a grooved counterpart
under 1identical boundary conditions. Key
parameters analyzed include Turbulent Kinetic
Energy (TKE), Turbulent Eddy Dissipation
(TED), and velocity profiles. Results reveal that
while the grooved nozzle slightly reduces axial
velocity, it significantly enhances turbulence
dissipation and flow stability by suppressing
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lateral velocity fluctuations. Enhanced TED and
uniform TKE distribution suggest improved
mixing and thermal energy control, making
grooved nozzles a promising modification for
advanced propulsion systems.
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. INTRODUCTION
The convergent-divergent nozzle is mainly

responsible in governing the performance and
efficiency of a rocket engine or other systems
incorporating “De-Laval” nozzle designs. High-
pressure, High temperature adiabatic expulsion of
exhaust gases out the nozzle exit from the
combustion chamber get converted into reduced-
temperature, reduced-pressure and high kinetic
energy leading to high thrust generation required
for propulsion. One of the important factors
influencing this phenomenon is turbulence which
significantly affects the characteristics of the fluid
flow through the nozzle especially within the
expansion region of the nozzle. Performance
could either be impacted either positively or
negatively by the phenomenon of turbulence
depending on its management.

The interaction that occurs between the walls and
flow of fluid in a rocket engine, the evolution of
exhaust gases, velocity and pressure gradients all
lead to the phenomenon of turbulence. Complex
turbulent structures such as eddies, vortices and
shock waves are some of the results of supersonic
high energy flows. These features critically impact
the flow pressure distribution, transfer of thermal
energy, momentum among other turbulence
features which critically influence the nozzle
efficiency and performance [1]. Potential thrust
loses not better controlled is capable of resulting

Source term due to dissipation and Prandtl number for turbulence dissipation

Turbulence intensity, Internal velocity magnitude and Reynolds number

in viscous energy dissipation from the random,
chaotic turbulence due to high speed flows [2].

The main goal in the design of rocket engines is to
have the adiabatic expanding gases be as efficient
as possible whiles decreasing losses stemming
from the phenomenon of turbulence and
subsequent flow separation. Turbulence could
lead to the exacerbation of flow separation where
the boundary layer moves away or separates from
the nozzle wall especially in the divergent nozzle
section. As a result of the latter, shock waves
result leading to decreased thrust efficiency,
presence of unsteady fluid flow and decreased
rocket stability [3]. This necessitates controlling
or mitigating turbulence especially in this nozzle
section in an attempt to obtain optimal
performance in operational range.

Exploration of various techniques by studies in
order to manage the phenomenon of tolerance in
rocket engines have looked at the surface
modification of nozzle walls. While surface
grooving has shown to enhance aerodynamic
performance in the field of aerospace engineering
and in the internal combustion engine, its
influence in rocket engines is not widely hence
beckons further studies [4]. Grooving is also
capable of influencing the intensity of turbulence
either by enhancing or reducing some flow
structures per their orientation or structure.
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The study of the effect of wall surface modification
on turbulence is made possible by the utilization
of Computational Fluid Dynamics (CFD) Tool by
solving the governing equations of fluid flow
(NavierStokes equations) and carrying out flow
simulation which is capable of giving the
behaviour and evolution of the fluid flow in the
nozzle and over structures. Various turbulence
models can be utilized such as k - ¢k - w,
Reynolds Averaged navier-Stokes (RANS), Large
eddy Simulation to mention but a few to capture
the  complex behaviour of  turbulence
phenomenon [5]. Advancement of CFD has made
it an indispensable tool capable of modelling and
simulating highly intricate fluid flow phenomena
with high accuracy.

Research has shown that problems resulting from
the evolution of turbulence in the expanding
nozzle section can be decreased through the
redesigning of the surface wall boundary of the
nozzle. For example, [3] shown that the variation
in the geometry of the nozzle such as the
incorporation of nozzle ramps and contours are
capable of reducing the boundary flow separation
and hence bringing about stability in the flow by
reducing the turbulence. In the same analogy
grooving nozzle surfaces has the potential to
reduce the commencement of the separation of
the boundary layer resulting to a more efficient
nozzle fluid flow. Further investigation is however
required on the effects on overall thrust efficiency
and thermal heat transfer.

To add to the effects of flow separation,
turbulence also has a critical role playing in the
thermal heat properties and management of
rocket engines. Due to the increased energetic
turbulent flows, the rate of convective thermal
transfer which can lead to elevated temperatures
around the region of occurrence. This elevation in
thermal load can result in increased material
failure or degradation and hence the need for
turbulence regulation and as such thermal heat
management. [6] mentioned that there was a
need to check the heat transfer since it plays a
crucial role not only in performance optimization,
but also in maintaining the structural integrity of
the nozzle and rocket as a whole from increased
thermal stresses.

This study aims to assess the effects divergent
grooving has on the flow turbulence of a rocket
utilizing Computational fluid Dynamics analysis.
By comparing conventional (ungrooved) and
grooved nozzle designs, insights into varying
nozzle turbulent flow performance can be
assessed.

Comprehending the effects of turbulence within a
rocket nozzle plays a very critical in engine
performance and as such further study and
research is required to be able to utilise how
surface modification can be exploited in
improving the output rocket performance. This
study hence seeks to also contribute to growing
data and knowledge on how a rocket engine
performs through the use of Computational Fluid
Dynamics techniques.

. REVIEW OF LITERATURE

Turbulence creates complex and chaotic flow
characteristics and patterns which tend to make it
into quiet a challenging phenomenon to study. [2]
mentioned that eddies and vortices are capable of
bringing about viscous dissipation of energy
within the fluid resulting in reduced efficiency if
not mitigated adequately.

A phenomenon intimately related to turbulence is
Flow separation which is very critical in rocket
nozzle design and performance. The detachment
of the flow boundary layer from the nozzle wall
results in wunsteady flow behaviour and
subsequent decrease and degradation in thrust.
Turbulence and flow separation are major
concerns in supersonic nozzle flows. When
boundary layers detach under adverse pressure
gradients, shock structures and unsteady flow can
degrade thrust and nozzle efficiency [3].

Surface grooves have shown promise in delaying
flow separation and enhancing wall-bound
turbulence dissipation in turbomachinery and
aerodynamic applications [7;8]. However, their
effect in high-speed rocket nozzle flow—especially
on turbulence Kkinetic energy (TKE) and eddy
dissipation (TED)—remains largely unexplored.

CFD studies have shown that nozzle shape and
wall modifications can significantly affect internal
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flow structures and turbulence—shock
interactions [9;10]. Groove-enhanced designs
may promote mixing, suppress unsteady shocks,
and control wall heat transfer—all desirable for
propulsion applications.

This study aims to extend these findings by
applying the k—e model in ANSYS Fluent to
compare grooved and conventional nozzles under
identical flow conditions, evaluating the effect on
turbulence parameters and flow stability.

. METHODOLOGY
3.1 Governing Equations and Conditions of Flow

At high velocities within a nozzle on channel,
turbulence tends to manifest especially when flow
encounters wall structure geometries and hence
making the nature of structural geometries
playing a critical role in turbulent phenomena.
The aim here is to simulate turbulence within a
conventional and grooved rocket engine using k
—c model which is composed of a two transport
equations: Kinetic energy (K) and turbulent
dissipation rate (¢) in CFD (Analysis System)
which is capable of turbulent flow characteristics
capturing through the nozzle.

3.2 Computational Domain and Meshing

The Ansys Design modeler was utilized in
capturing the dimensions) of both Conventional

and Grooved convergent-Divergent rocket nozzles
as shown in Figures 1 and 2 with the respective
dimension given in Table 1. The symmetry of the
rocket nozzle was conical and simulation of 2D
axial flow domains. The latter leads to reduced
computational power usage and the number of
meshing elements required. The meshing and the
domain (adiabatic) under computational
consideration are shown in Fig. 4 and 5. The
fundamental nozzle dimensional considerations
are the combustion chamber, converging nozzle
and the throat diameter linking the divergent
nozzle section. These dimensions are provided in
Table 1. The grooved nozzle geometry has four
circumferential grooves along the wall of the
divergent nozzle. The flow velocity is considered
zero radially and hence perpendicular flow
towards the walls are assumed no-slip. High
resolution, structured and double precision mesh
was generated to adequately capture turbulence
effects over grooved regions along the nozzle wall.
The resulting mesh obtained are seen in Figures 2
and 4. The boundary conditions for the flow inlet,
outlet and wall along with the respective
pressures as given in Tables 2, 3 and 4.

Table 1: Details of Design Parameters for Grooved and Conventional Rocket Engine

Nozzle Section

Grooved Nozzle Dimension, mm

Conventional Nozzle Dimension, mm

Convergent Nozzle Angle, )
A1o 19-385
Divergent Nozzle Angle, Y
Az2 13.282
Combustion Chamber 16.82
lenght, L2 929
Combustion Chamber 6.9
width, L3 244
Rocket Engine Length, L5 75.000
Divergent Nozzle Axial 5
lenght, L18 42.554
Nozzle Exist Radius, L6 19.474
Throat radius, L7 9.4303
Groove width, L19 = L26 = 6
Groove depth 0.55991

19.385°
13.282°
10.829

16.244
75.000
42.554

19.474
9.430

0.000

0.000
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Figure 1: Grooved rocket nozzle

Figure 2: Conventional Rocket Nozzle
Schematic Geometry

Grooved nozzle exit
Resevoir

Streamwise flow field direction
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Figure 3: Geometry of flow problem
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Figure 4: Grooved rocket nozzle mesh

3.3 Selection of k-€ Turbulence Model

The Standard k — ¢ model is chosen with the CFD
solver which solves the kinetic energy (k) and its
accompanying dissipation rate (¢) along with the
model constants C,C.,u,C,

u\_/\

London Journal of Engineering Research
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Figure 5: Conventional nozzle mesh

34 Solver Settings

A Solver based on density and suitable for
high-speed compressible fluid flow capturing is
utilized. Steady state time is set for the steady
simulation of rocket nozzle flow.
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35 Turbulence Modeling

Enhanced wall function or scalable wall function
is selected for the implementation of wall
treatment which also depends on the resolution of
the mesh near the wall boundaries.

3.6 Residual Plots

These were important in identifying the nature of
the computational solution based on iteration.
The local imbalances of conserved variables
present in each respective control volume are

4.1 Analysis Procedure and Boundary Conditions

measured by the residuals. The solver used for
this study is Analysis System Fluent and it solves
the modified governing flow equations due to wall
modification and boundary conditions.

V. RESULT GENERATION

Convergence is arrived at the end of the iterative
solutions, The respective plots and data contours
are obtained describing the flow velocity and
turbulence through the Convergent-Divergent
rocket nozzles.

Table 2: CFD Preprocessing Setup

Procedure Setup

gz%bel:i Solvefetup. Type: Density based
Models Energy :On
Materials fluid: Air(25°C)
Boundary Inlet: Pressure Inlet, Gauge Total Pressure (Pa): , Outlet: Pressure Outlet, Gauge
Conditions Pressure
Reference Values Compute from: Inlet, Reference Zone: Solid body surface
Monitors Create walls, Print to console and plot
Initialization Standard initialization, Compute from inlet

. Solution controls- Courant number= 5, Run calculation: Enter iteration number
Solution o

and initiate.

Table 3: Convergent divergent boundary conditions

Boundary Type
Inlet Gauge Total Pressure 9o[kPa]
Static Temperature 288.1K
Outlet Gauge Pressure
Wall wall Function
Surface Interior Surface

Table 4: Material Library

Quantity Description

Material Air at 25°C
Option Pure substance
Thermodynamic State Gas
Density 1.185 kgm™
Molar Mass 28.96 kgkmol™
Specific Heat Capacity 1.0044%10%).kg k™
Reference fluid Temperature 25C
Thermal Conductivity 2.61%1002Wm-1K-1
Thermal Expansivity 3.35%1073K!
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4.2 Mathematical Formulations
4.21 Conservation of Mass

This is also often referred to as the “Continuity
Equation”. It states that mass in a system cannot
be created nor destroyed but can only move from
one place to the other. Having a control volume
and applying the Gauss’s divergence theorem in
integral form, Eq. 4.1 is obtained representing the
continuity equation [11].

prdﬂ+]§v.(pV)dQ=0

Q,p,V « stand for the control volume, density and
the divergence of vector V «V = ui+vj+wk with u,
v, and w are the velocity components in the i, j
and k directions.

(4.1)

4.22 Boundary Conditions

e Inlet
u =1,0=0
e Outlet

ou __
5 =0

=0

« Wall
No-Slip and isothemal boundary conditions
(u=v=0; 6 = 0)

u =0
v /= 0 only on flat wall
w ¢=uyv,P orf

Reference frame = Absolute Gauge total
pressure = 101325 Pa Supersonic / Initial
gauge pressure = 100000 Pa Temperature =
300K

Reference Values

Density = 1.165636 kg/m?3 Enthalpy = 301020
J/kg Ratio of Specific heat = 1.4

Yo=Ydx+D=Y(x+2)=Y(x+3D) =Y(x+ 4D

YVi,=Y,(x+D =Y, (x+2) =Y,(x+30) =Y,(x+ 4]

From the Continuity equation in divergence form
below, a fluid particle moving from left to right
under the due to pressure gradient within the
fluid stream in order to satisfy the law of the
conservation of mass, diverges whenever it
impacts a bod, reconstitutes behind the body and
hence maintaining the total fluid mass at the right
side of the fluid path. The above statement is
represented by the equation below:

The fluid velocity vector, V = (u,v) for flow in
two-dimensions and x and y are the streamwise
and normal coordinates respectively.

V-V =0 (4.2)

Bounding the fluid flow field equations are two
non-permeating and non-slip boundaries/wall
identical in shape and area represented by

V .=V ,where V ,is the velocity experienced by
the upper wall boundary and V , is the velocity of
the lower boundary. Beyond the upper and lower
walls or boundaries, it is assumed that flow is zero
for normal flow through a duct as seen below.

Yix <y > Ybx

(y) and (y,) stands for the upper and lower wall
shape of the convergent divergent nozzle shape.

V ytx=V ybx=0
4.2.3 Periodic Conditionality of Flow Through
Repeating Grooves
4.231 Wall Condition

With regards to the flow through a hollow duct
with periodically repeating structures or grooves,
the mathematically repeating or changing
cross-sectional area is represented as below [12].

(4.3)

(4.4)

I, x and (x+1) are the period of change which is a characteristic dimension, horizontal positions present

within the grooves.
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4.2.3.2 Evolution of Fluid Flow Cyclic/Periodic Velocity, Pressure and Temperature

Let the two-dimensional flow velocity be u(x,y)andv(x,y).

u(oy) = ulx + Ly) = u(x + 2Ly) = u(x + 3Ly) = u(x + 4Ly

v(xy) = v(x + Ly) = v(x + 2Ly) = v(x + 3Ly) = v(x + 4Ly’

4.23.3 Governing Flow Equations and Boundary
Condition

The fundamental governing equations of flow are
the Navier-Stokes equations and when
incorporated with the periodic fully developed
flow and the heat transfer equation:

4.2.3.4 Mass Conservation Equation

dp
5 +Vau=0 4.7)

4.2.3.5 Momentum Equation

Ou =uVu = P + vV + p (4.8)
ot P P

Where P, p and u are the reduced pressure due to
flow over grooves, fluid density and dynamic flow
viscosity respectively. the modified pressure and

actual flow pressure is given by [14].

P, (x,y) = -Px + P"(x,y)

p and P, stands for the linear constant for
pressure for a definite mass flow rate and the
actual or corrected pressure respectively.

(4.9)

py) — p(x + Ly) = p(x + Ly — p(x + 2Ly)
=plx+2Ly) - p(x+3Ly) = (4.10)
p(x + 3Ly — p(x + 4Ly)

The above relation in Eq. (4.10) shows that the
flow pressure decreases axially along the nozzle
with each successive groove presence or
occurrence. This differential pressure also

4.4.1 Turbulence Rinetic Energy

(4.5)

(4.6)

accounts for the fluid mass flow from right to left
of the flow wall boundary along the horizontal
x-direction.

4.3 Governing Equation For Turbulent Flow

The component of the transport equation coupled
with the compressible turbulence flow field
equation are:

4.3.1 Continuity Equation
dp

5 T V-(oU) (4.11)
4.3.1 Mass Transport
0
%Z) + A.(pUd) (4.12)

where ¢ standing for the type of fluid component,
air.
opU

T V.(pU @U) = Vp+ V.[tes (VU + (VU)T)]

(4.13)

Above equation is eddy viscosity based with P’
being the modified pressure.

4.4  Two-Equation Turbulence Models: k- € of
RANS

[13] proposed a computational fluid dynamics
two-part equation Eq. (4.14) and (4.15)to help
account and describe the turbulence in a fluid
flow. These are the Turbulence Kinetic Energy
(TKE) and the Turbulence Dissipation Rate
(TDR) or the Turbulence Eddy Dissipation (TED).

)

(4.14)

o(pUik) 0 e\ Ok
= — L I P —
ot + Ox; 0x; pt o ) Ox;j TPt By pet S

Pr= Production of turbulence kinetic energy (TKE)due to mean velocity shear
P, = Production of TKE due to buoyancy

S, = User defined source, o, = Turbulence Prandtl number for k.
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4.4.2 Turbulence Eddy Dissipation

d(pe)
ot

d(pUse) 0
&ri

. a2
al'j

(++2)

C,,C,,C,,C, = model coefficients varying in K - ¢
turbulence models S, = User-defined source
0, = Turbulent Prandtl number for ¢

+

V. EVOLUTION OF TURBULENCE WITHIN
A CONVERGENT-DIVERGENT NOZZLE

High Kinetic energy gas entities are generated in
a rocket nozzle when high pressure and high
temperature gases undergo rapid expansion

w w B H
o wu o (S,

Turbulence Kinetic Energy [m”2/s"3]

N
[S)]

0.6 0.8 1.0

Turbulence_Eddy Dissipation [m"2/s"3]

0.4
le6

Figure 6: Turbulence Kinetic Energy ver-
sus Turbulence Eddy Dissipation

It is depicted in a comparison plot in Figure 7 that
both conventional and grooved rocket nozzles
have similar axial-velocity flow pattern but this is
observed to change streamwisely after the
nozzle-throat area some velocity perturbation is
noticed for both nozzle with that of the grooved
nozzle experiencing major velocity change but
finally increasing. The major deferring flow
feature is observed to occur about a fourth (1/4)
of the axial distance aft the exit nozzle area.

Figures 8 and 9 show the behaviour of TED and
TKE respectively for both conventional and
grooved nozzles axially in their respective nozzles.
In both figures, there is a direct performance
correlation for both TKE and TED suggesting that
irrespective of the nozzle type, both TKE and TED
will be directly proportional. In Figure 8, TED for
both nozzle types have relatively wide range
whereas looking at TKE for both nozzles, the

0
—ﬂ + O (P4 CsPy) = Cap + 5.

oz, (4.15)

adiabatically. It is assumed that all thermal
energy is used to propel the molecular gaseous
species. Figure 6 shows a directly proportional
relationship existing between TKE and TED in a
nozzle with grooves. As flow speeds towards the
exit nozzle area where the presence of wall
structural geometries are dominant, there is an
increased “fluid-structure” interaction leading to
increased TKE and its subsequent dissipation
(TED).

600 1 —— Ungrooved Velocity

~—— Grooved Velovity

Veolcity [m/s]
w B B w w
v o wv o 1
& & © & o
L 1

w
o
o

0.62 0.;’}3 0.64

Axial Distance [m]

D.bﬂ 0."31

Figure 7: Comparative axial velocities for
conventional and grooved nozzles

range much closer but for the combustion
chamber and towards the exit nozzle area.
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225000 1 —— Ungrooved TED

= Grooved TED

200000 A

175000 A

150000

125000 A

100000

75000 A

Trbulence Eddy Dissipation [m™2/5™3]

50000

T T
002 0.03
Axial Distance [m]

004

Figure 8: Axial comparison between con-
ventional(ungrooved) and grooved nozzle
Turbulence Eddy Dissipation

In Figures 10 and 11, the effect of velocity on
turbulence on a conventional and grooved
convergent-divergent nozzle geometries is
presented. Figure 10 shows the effect of TED for
both nozzle geometries where it is seen that the
general rate of occurrence is relatively wide but
tapers to as both increase gradually with increase

225000 1 —— Ungrooved TED

~—— {Grooved TED
200000

175000

150000

125000 4

100000 1

73000

Trbulence Eddy Dissipation [m™2/573]

50000 -

T T T T T
300 350 400 450 500 550 600

Velocity [m/s]

Figure 10: Comparison of the effect of
velocity on Turbulence Eddy Dissipation for
conventional(ungrooved) and grooved
Nozzles
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Grooved TKE

///

/\

00

Turbulence Kinetic Energy [kg/m™3]

L] D.(IJI 0.62 'D_llflfl D.(IM

Axial Distance [m]
Figure 9: Axial comparison between con-
ventional(ungrooved) and grooved nozzle
Turbulence Kinetic Energy

in axial velocity with some perturbation between
550m/s to 60om/s. In the case of the effect of
axial-velocity on TKE from Figure 11, the rate
range of occurrence is much closer as compare to
that of TED, there is also a gradual increase with
increase in velocity but perturbation only begins
to manifest when velocity is nearly 60om/s.

&

71— Ungrooved TKE
Grooved TKE

—

T T T T
300 350 400 450
WVelocity [m/s]

Turbulence Kinetic Energy [m™2/5"3]

T T T
500 550 /00

Figure 11: Comparison of the effect of
velocity on Turbulence Kinetic Energy
for conventional(ungrooved) and grooved
nozzles

Velocity
Valocity Contour X¥

Velocity
Groxved Nozzle Velooky Contour

P

0.045
00078

Figure 12: Grooved nozzle velocity con-
tours
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Figure 13- Conventional nozzle velocity
contours
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Figures (12 and 13) show the contours of velocity
increasing axially within the nozzles of the
grooved and conventional nozzle geometries
respectively. However, it is further observed in
Figure 12 that, due to the grooves on the wall
surface of the grooved nozzle, there is the
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Figure 14: Contours of grooved nozzle
Turbulence Kinetic Energy

Figures 14 and 15 show the TKE -contours
occurring within the grooved and conventional
nozzles respectively and it is observed that, TKE
for the grooved nozzle is much more pronounced
with a maximum energy 1.767 * 10*to 1.988 * 104
represented a orange contour between the last
nozzle groove and the nozzle exit area. The energy
range present within the grooved nozzle was
between 2.228+%10' to 1.988%10%. Present in the
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Figure 16: Contours of grooved nozzle
Turbulence Eddy Dissipation

Figures 16 and 17 are depictions of the contours
for the TED in occurring within the grooved and
conventional nozzle area geometries. The
dissipation energy observed in the grooved nozzle
was between 2.721 * 105 to 8.987 * 10® with the

formation of backward facing patterns which are
absent in the conventional nozzle. The “diamond”
patterns can be attributed to the interaction
between the geometry of the groove and the gas
flow within and out of them.

Tuibilence Kinstic Enedgy
Turt KE

H 36350003

7317002
3887e02

58200400
2 8.2

— —

Figure 15: Contours of conventional noz-
zle Turbulence Eddy Dissipation

conventional nozzle was an energy range between
5.829 * 10 to 3.272 * 103 with a greater energy
seen around the region nearest to the divergent
nozzle area. It is how ever noticed that, the
commencement of TKE was delayed within the
grooved nozzle whiles within the conventional
nozzle, the occurrence of TKE was much more
pronounced immediately aft the nozzle throat
area.
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Figure 17: Contours of conventional noz-
zle Turbulence Eddy Dissipation

greater part dominant around the latter nozzle
exit wall area.
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Table 5: Variable Range Information for Conventional and Grooved Rocket Nozzle

Parameter Min (Conv.) Max (Conv.) Min—Max (Grooved) Comments

U-Vel (ms™) 146 2070

152—1650

Reduced maximum axial velocity ensures
smoother flow acceleration and minimizes shock
formation risks.

V-Vel (ms™) 616 638

382-385

Narrower lateral velocity range indicates
improved flow stability and reduced side thrust
forces.

TKE (m?/s?) 3.910 33400

22.3-22100

Higher minimum and lower peak TKE promotes
efficient, stable turbulence without energy waste.

TED (m?/s?) 14400 164000

272000—449000

Lower TED peak values ensure more uniform
energy dissipation and smoother combustion
stability.

In Table 5 are the minimum and maximum
Variable Range summary values for the velocity,
TKE and TED respectively. It is observed that,
The grooved nozzle has a lower maximum TKE
and a greater maximum TED respectively. A
higher TED denotes that the system is capable of
dissipation TKE as they form or occur as
Compared to that of their ungrooved or
conventional counterpart. U-velocity for the
conventional nozzle showed lower minimum and
maximum velocities as compared with that of the
grooved nozzle, however the V-velocities for the
conventional nozzle showed higher values as
compared with the grooved V-velocity values.

U-Velocity (Axial): The grooved nozzle has a
slightly lower maximum axial velocity (1.65 x 103)
compared to the conventional nozzle (2.07 x 103),
indicating potential energy loss or flow resistance
due to groove structures.

V-Velocity (Lateral): Grooved nozzles exhibit
reduced lateral velocity fluctuations, with a

smaller range (-3.82 x 10* to 3.85 x 10*) than
conventional nozzles. This suggests a more stable
flow with less swirl or cross-stream mixing.

Turbulent Kinetic Energy (TKE): Although the
maximum TKE in grooved nozzles is lower, the
minimum is higher than in the conventional
nozzle. This may reflect a more uniform but less
intense turbulence field.

Turbulent Energy Dissipation (TED): The
grooved nozzle shows higher minimum TED (2.72
x 10°) and lower maximum TED (4.49 x 109),
indicating a more consistent rate of turbulence
dissipation, which may enhance controlled
mixing without extreme energy losses.

Overall Insight: Grooved nozzles provide a
potentially more stable and uniform turbulent
flow field, which could be beneficial in reducing
flow separation or structural vibrations, albeit at
the expense of slightly reduced flow velocities and
turbulence intensities.

VI.  TURBULENT KINETIC ENERGY (TKE)

Table 6: Comparison of TKE Across Studies

Source TKE (m?>/s?)

[15]
[16]
[17]
[18]

Grooved Nozzle (Present Study)

Conventional Nozzle (Present Study)

22.3
391
12.5
12.0

11.29

11.5
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The grooved nozzle shows the highest TKE,
indicating superior turbulence generation and
energy transfer. From Table 6, TKE in the
grooved nozzle is nearly double the highest

reported in literature. This confirms the superior
turbulence generation, which is essential for
vortex breakup, flame holding, and improved heat
transfer.

VII.  TURBULENT DISSIPATION ENERGY (TDE)

Table 7: Comparison of TED Across Studies

Source TDE (m?/s?)

[15]
[16]
[17]
[18]

Grooved Nozzle (Present Study)
Conventional Nozzle (Present Study)

272000
14400
0.015
0.041
0.013
0.013

TDE for the grooved nozzle is significantly higher,
ensuring effective breakdown of turbulent
structures and uniform energy distribution. Table
7 hence shows that TDE from the grooved nozzle
in orders of magnitude is higher than both
conventional and prior studies. This indicates
more energy is dissipated through turbulence,
leading to efficient mixing and reduced coherent
structures. It also enhances thermal energy
distribution downstream.

71 Observed Improved Grooved Divergent
Rocket Nozzle Performance

711 Enhanced Shear and Mixing (High TKE &
v-Momentum)

e The grooved nozzle shows a turbulent kinetic
energy (TKE) of 22.3 m?s3, significantly
greater than the conventional nozzle’s TKE of
3.91 m>s73.

e The v-momentum is 1442 kg-m/s compared to
just 78 kg-m/s for the conventional nozzle.

e These values indicate superior radial thrust
and turbulence—critical for fuel-air mixing,
energy distribution, and flame stability in
combustion systems such as rocket engines.

712 Greater Energy Dissipation (TDE)

e The grooved nozzle exhibits a total dissipation
energy (TDE) of 272000 m?s~3, much higher
than the conventional nozzle’s TDE of 14400
m2s73.

e This higher dissipation helps reduce large
turbulent structures, promoting finer-scale
mixing and more efficient combustion.

71.3 Directionally Efficient Flow

e Although the grooved nozzle has a lower
v-velocity (383 m/s) compared to the
conventional nozzle (616 m/s), it achieves
higher directional control through greater
radial momentum.

e This suggests the grooved design effectively
redirects flow energy into turbulence and
mixing, rather than just raw lateral velocity.

714 Balanced Axial Velocity

e The u-velocity for the grooved nozzle is 152
m/s, slightly higher than the conventional
nozzle’s 146 m/s.

e This indicates no compromise in axial thrust
while achieving significantly higher radial
mixing and turbulence.

The grooved nozzle offers clear advantages in
turbulent mixing, momentum control, and energy
dissipation. These qualities are critical for
applications requiring improved combustion
efficiency, flame stability, and heat transfer
performance. The performance metrics (TKE,
TDE, v-momentum) make a compelling case for
favoring the grooved nozzle design over
conventional configurations since the grooved
nozzle demonstrates superior performance in
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nearly all critical parameters when compared to
the conventional nozzle and referenced studies.
Its high TKE, exceptional radial momentum, and
elevated TDE establish it as the most effective
design for enhancing mixing, combustion
stability, and thermal efficiency. Therefore, the
grooved nozzle is highly recommended for
advanced propulsion and energy systems.

VIIl. - CONCLUSION

The comparative CFD analysis of grooved and
conventional rocket nozzles reveals that wall
grooving has a profound effect on turbulent flow
behavior. The grooved nozzle demonstrates
enhanced turbulence energy dissipation and more
uniform TKE distribution, resulting in better flow
stability and reduced risk of flow separation.
Although there is a modest reduction in
maximum axial velocity, the overall aerodynamic
performance benefits from improved radial
mixing and momentum control. These findings
underscore the potential of wall-surface
modifications, particularly grooving, as an
effective strategy for optimizing rocket nozzle
performance in high-speed propulsion
applications. Future work could explore groove
pattern optimization and three-dimensional
effects for further performance enhancement.

Limitations and Future Work

This study focuses on two-dimensional,
steady-state simulations using the standard k—e
turbulence model. While informative, this
approach may not capture three-dimensional or
transient effects such as swirl or pulsation. Future
research should include 3D simulations,
alternative turbulence models (e.g., k—@ SST or
LES), and experimental validation to further
substantiate the findings.

Data Availability Statement: Data are contained
within the article
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Polyphenol-Rich Collas-Co™: A Study on
Antioxidant Activity and Cellular Safety

Chanin Leksahakhun® & Laichheang Yort®

ABSTRACT

Polyphenols, known for their strong antioxidant
properties, combat oxidative stress, enhance cell
viability, and protect against free radical
damage. These bioactive compounds hold
immense potential for functional food and
cosmetic innovations, supporting overall health
and promoting skin resilience, offering exciting
opportunities in nutraceutical and cosmetic
product development. This study evaluates the
bioactive properties and potential applications of
Collas-Co™, a high-polyphenol ingredient with
promising antioxidant activity. The total
phenolic content (TPC) of Collas-Co™ was
determined to be 58.05 + 0.33 mg GAE/g. Its
antioxidant capacity, assessed via ORAC assay,
revealed a remarkably high scavenging activity
of 15,221 + 409 umol TE/100g. Furthermore, the
DPPH assay demonstrated superior radical
scavenging activity, with Collas-Co™ achieving
85.67% inhibition at 2.5 mg/mL, outperforming
gallic acid by approximately 15%. Cytotoxicity
studies using primary human dermal fibroblasts
indicated that Collas-Co™ exhibited
dose-dependent effects. At lower concentrations
(0.39 mg/mlL), it enhanced cell viability to
112.94%, suggesting potential protective or
stimulatory properties. Moderate concentrations
(0.78-6.25 mg/mL) showed tolerability, while
higher concentrations (>12.50 mg/mlL) resulted
in cytotoxicity, with an IC50 of 50.50 + 2.07
mg/mL. These findings highlight Collas-Co™ as
a potent antioxidant with moderate cytotoxicity,
suitable for functional foods and cosmetic
applications.

Keywords.: polyphenol, antioxidant, cytotoxicity,
cellular.
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I INTRODUCTION

The increasing global prevalence of oxidative
stress-related conditions, such as cardiovascular
diseases, neurodegenerative disorders, diabetes,
and certain cancers, highlights the critical need
for effective antioxidant strategies. Oxidative
stress results from an imbalance between reactive
oxygen species (ROS) production and the body's
ability to neutralize these harmful molecules,
leading to cellular damage, inflammation, and
aging [1]. Polyphenols, a class of naturally
occurring bioactive compounds, have garnered
significant attention due to their potent
antioxidant properties. These compounds act as
free radical scavengers, protect cellular structures,
and inhibit oxidative damage, making them
valuable in addressing chronic diseases and
promoting overall health [2-3].

Collas-Co™, a novel polyphenol-rich ingredient,
has demonstrated exceptional potential for health
applications due to its high total polyphenol
content (TPC). Polyphenols are not only
indicators of antioxidant potential but are also
associated with cellular protective mechanisms
that support skin health, delay aging, and mitigate

oxidative = damage. While TPC provides
preliminary insights into bioactivity,
comprehensive  evaluations of antioxidant

capacity and cellular safety are crucial to validate
its efficacy and safety for human applications.
Techniques such as the Oxygen Radical
Absorbance Capacity (ORAC) and DPPH radical
scavenging assays are widely regarded as robust
methods to assess the radical-scavenging ability of
antioxidants [4-5].
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Furthermore, cytotoxicity studies are essential to
determine the safety of polyphenol-rich
ingredients, particularly when intended for
nutraceuticals, functional foods, or cosmetics.
Fibroblasts, key cellular components of the skin,
play a crucial role in maintaining extracellular
matrix integrity and repairing oxidative damage.
Investigating the impact of Collas-Co™ on
fibroblast viability provides valuable insights into
its cytotoxicity profile, cellular safety, and
potential for regenerative applications. This is
particularly important as cellular health is directly
linked to skin vitality and anti-aging benefits [6].

This study focuses on evaluating the antioxidant
activity and cellular safety of Collas-Co™, with a
specific emphasis on its polyphenol-rich
composition and radical-scavenging efficacy.
Additionally, a comparative analysis with gallic
acid, a well-known antioxidant, highlights
Collas-Co™"’s relative effectiveness. The findings
aim to establish Collas-Co™ as a safe,
multifunctional ingredient suitable for addressing
oxidative stress, promoting cellular health, and
supporting its application in functional food,
nutraceutical, and cosmetic industries.

Il. MATERIALS AND METHODS
2.1 Materials

Collas-Co™ was procured from Beyond
Laboratory (Thailand) Co., Ltd., Bangkok,
Thailand, while all chemicals used in the analysis
were of analytical reagent (AR) grade.

2.2 Total Polyphenol Content Analysis

The total polyphenol content (TPC) was modified
according to Singleton [7].A 1000 ppm gallic acid
solution was prepared by dissolving 0.25 g of
gallic acid (Sigma—Aldrich, Seelze, Germany) in
1.5 mL of ethanol, followed by dilution to a final
volume of 250 mL with deionized water. From
this stock solution, standard solutions were
prepared at concentrations of 10, 25, 50, 100,
200, and 250 ppm. Separately, 25 g of sodium
carbonate (Sigma—Aldrich, Seelze, Germany) was
dissolved in 100 mL of warmed deionized water,
stirred until fully dissolved, filtered, and cooled to
room temperature. Additional sodium carbonate

was added incrementally to encourage
crystallization; if crystallization did not occur, the
solution was stored in a refrigerator for future
use. For the Collas-Co™ solution, 1.00 g of sample
was dissolved in 100 mL of boiling deionized
water with stirring for approximately 10 minutes.
The solution was filtered, and the residue was
re-extracted with an additional 100 mL of boiling
deionized water. The filtrates from both
extractions were combined and diluted to a final
volume of 250 mL in a volumetric flask.

For the assay, 0.5 mL of each gallic acid standard,
sample solution, and a deionized water blank were
transferred to separate tubes. To each tube, 4.3
mL of deionized water, 0.2 mL of Folin-
Ciocalteu’s phenol reagent, and 0.5 mL of
saturated sodium carbonate were added
sequentially. The mixture was vortexed, followed
by the addition of another 4.3 mL of deionized
water, and vortexed again. The tubes were
incubated in the dark at room temperature for 45
minutes, and the absorbance was measured at 765
nm to determine phenolic content. TPC was
calculated using the equation of the standard
curve: y = 0.0048x + 0.0111, with a coefficient of
determination (R2 = 0.9986). Results were
expressed as mg GAE/g (milligrams of gallic acid
equivalents per gram).

2.3 Antioxidant Activities Analysis

231 Oxygen Radical
(ORAC)

Absorbance Capacity

The ORAC value was measured following the
procedure outlined by Kuti [8], with slight
modifications. The reaction mixture consisted of
1.7 mL of 75 mM phosphate buffer (pH 7.0), 100
uL of R-phycoerythrin (R-PE, 3.4 mg/L), 100 pL
of 320 mM 2,2"-azobis(2-amidinopropane)
dihydrochloride (AAPH), and 100 pL of the
extract. Phosphate buffer served as the blank, and
Trolox was used as the standard. The total volume
of the mixture was 2 mlL, placed in a 10 mm
fluorometer cuvette, and preincubated at 37 °C for
15 minutes. The reaction was initiated by adding
AAPH, and fluorescence was recorded every 5
minutes at 570 nm (emission) and 540 nm
(excitation) using a fluorometer (Sequoia-Turner
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model 450, USA), until fluorescence decreased to
less than 5% of the initial value. Each sample was
tested in triplicate.

The ORAC values, expressed as Trolox equivalents
(TE) per 100 gram, were calculated based on the
area under the fluorescence decay curve. ORAC
was determined wusing the standard curve
equation C= K x A, where K = 203.65 u/mL, A =
absorbance, and the coefficient of determination
was R2 = 0.9993.

2.3.2 DPPH Radical Scavenging Activity

DPPH radical scavenging assay was conducted
following the procedure outlined by Sadeer
&Siddeega [9-10]. The DPPH (2,2-diphenyl-
1-picrylhydrazyl) radical scavenging assay was
conducted to assess the antioxidant activity of
Collas-Co™ and the standard gallic acid. A 0.1
mM DPPH solution was prepared in methanol,
while test samples (Collas-Co™) were diluted to
final concentrations of 1.0, 0.5, 0.25, 0.125, 0.063,
0.031, 0.016, and 0.008 mg/mL using 0.5 M
acetic acid. Similarly, gallic acid was prepared at
concentrations ranging from 10 to 0.078 mg/mL
in methanol. In a 96-well plate, 100 puL of DPPH
solution was added to each well, followed by 100
uL of the sample or standard solution. Methanol
and DPPH alone served as control (Ao) and blank
(A2), respectively. The plate was incubated at
room temperature for 20 minutes in the dark to
allow the reaction between the antioxidants and
DPPH radicals. Absorbance was measured at 517
nm using a microplate reader. The percentage of
DPPH radical inhibition was calculated using the
formula: Inhibition (%) = [1-(4,-A,)/A,] x100

where

A, = absorbance of control (without of sample)
A, = absorbance of test (Sample+DPPH)
A, = absorbance of DPPH

The IC,, value, indicating the concentration
required to inhibit 50% of DPPH radicals, was
determined from the dose-response curve plotting
inhibition percentage against concentration. This
approach effectively quantified the antioxidant
potential of the samples.

2.4 Cytotoxicity Test On Primary Human Dermal
Fibroblast By WST-1 Assay

2.4.1 Cell Cultivation

Human dermal fibroblast cells (HDFn) were
cultured in Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 10% Fetal Bovine
Serum (FBS) and 1% Antibiotic/Antimycotic
solution. Cells were seeded at an initial density of
2x105 cells per well in a 96-well culture plate and
incubated at 37°C in a CO: incubator with 5% CO.
for 24 hours. After incubation, cell growth and
morphology were observed under an inverted
microscope to ensure optimal conditions for
subsequent testing or assays.

2.4.2 Cytotoxicity Test

Cytotoxicity test assay was conducted following
the procedure outlined by Kamiloglu& Yin [11-12].
Sample solutions were incubated with cells in a
96-well culture plate, with the test sample
Collas-Co™ applied at various concentrations.
The negative control group consisted of cell
culture media (DMEM), while the positive control
group used 0.10% sodium dodecyl sulfate (SDS).
Cells were incubated at 37°C with 5% CO: in a cell
culture incubator for 24 hours.

After incubation, the cells were washed with
phosphate-buffered saline (PBS), and 10 uL of
WST-1 solution was added to 100 puL of DMEM in
each well. The plates were re-incubated under the
same conditions for an additional 30 minutes,
after which absorbance was measured at a
wavelength of 450 nm. The resulting color
intensity correlated with the number of viable
cells.

The absorbance values (OD) were used to
calculate the percentage of cell viability using the
equation:

Cell viability (%) = (Absorbance (OD) of cells in
the test group x 100)/Absorbance (OD) of cells in
the negative control group)

This method provided a quantitative assessment
of cell wviability under different treatment
conditions.
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[ll.  RESULT AND DISCUSSION
3.1 Total Polyphenol Content

The total phenolic content (TPC) of Collas-Co™ is
summarized in Table 1. The TPC of Collas-Co™
was determined to be 58.05 + 0.33 mg GAE/g.
This value indicates that Collas-Co™ contains
significantly higher TPC compared to medium
and dark roasted coffee from Colombia, which
contain 24.28 mg GAE/g and 21.41 mg GAE/g,
respectively, as well as strawberry, which contains
22.37 mg GAE/g [13-14].

Although the relatively high TPC of Collas-Co™
suggests the presence of active compounds, this
measure alone provides only preliminary insights
into its biochemical potential. Phenolic content is
a useful indicator of bioactive components;
however, further investigation into its antioxidant
activity is crucial to assess the functional benefits
of Collas-Co™. Antioxidant activity, such as that
measured through ORAC and DPPH provides a
more comprehensive understanding of the
compound's potential to neutralize oxidative
stress and its applicability in various
health-promoting contexts.

Table 1. Total polyphenol content and ORAC scavenging activity of Collas-Co™

Total Polyphenol Content (mg

ORAC Scavenging Activity (umol

GAE/g)
Collas-Co™

58.05 + 0.33

TE/100g)
15221 + 409

* GAE: Galic acid equivalent, TE: Trolox equivalent

3.2 Antioxidant Activities

321
(Orac)

The Oxygen Radical Absorbance Capacity (ORAC)
assay is a widely used method to evaluate the
antioxidant capacity of foods and other
substances. This assay measures the scavenging
activity of antioxidants against free radicals,
particularly peroxyl radicals, by assessing the
inhibition of oxidation of a fluorescent probe such
as fluorescein. The ORAC method provides insight
into the radical scavenging potential of
compounds, using parameters such as the area
under the fluorescein decay curve (AUC) and lag
time to quantify antioxidant capacity effectively
[15]. Furthermore, the proper selection of
calibrator compounds is critical to ensure
unbiased estimation of antioxidant activity, as
highlighted by Carvalho [15].

Oxygen Radical Absorbance Capacity

For Collas-Co™, the ORAC scavenging activity
was determined to be 15,221 + 409 umol TE/100g
(Table 1). This value represents a remarkably high
antioxidant activity when compared to several
well-known antioxidant-rich foods, including
elderberries (10,655 umol TE/100g), red apple
(7,781 umol TE/100g), pomegranate (5,923 pumol
TE/100g), and plum (5,700 umol TE/100g) [16].

These findings highlight the significant potential
of Collas-Co™ to combat oxidative stress through
its high radical scavenging capacity. This
exceptional antioxidant performance suggests its
promising application in nutraceuticals and
functional foods, where oxidative stress inhibition
is essential for health benefits. Further studies
exploring the specific bioactive compounds
responsible for this activity could provide a deeper
understanding of its mechanism and potential
health applications.

322 DPPH Radical Scavenging Activity

The DPPH (2,2-diphenyl-1-picrylhydrazyl) assay
is a commonly used method to evaluate
antioxidant capacity [5]. It measures the ability of
antioxidants to neutralize the stable DPPH
radical, which has a deep violet color. When
antioxidants donate electrons or hydrogen atoms,
the DPPH radical is reduced to a pale-yellow or
colorless compound, resulting in a measurable
decrease in absorbance at 517 nm. This assay is
valued for its simplicity, speed, and
cost-effectiveness, making it widely used for
screening antioxidant properties in natural
products, foods, and supplements.

The DPPH radical scavenging activity of Gallic
acid and Collas-Co™ is presented in Fig. 1. Gallic
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acid exhibits moderate scavenging activity at
lower concentrations, which increases steadily
with  higher concentrations. In contrast,

the highest concentration (2.5 mg/mL),
Collas-Co™ achieves a superior DPPH radical
scavenging activity of 85.67%, outperforming

Collas-Co™ shows relatively lower scavenging Gallic acid, which achieves 70.66%, by
activity at lower concentrations but surpasses approximately 15%.
Gallic acid at higher concentrations. Notably, at
® Gallicacid m Collas-Co™
100
90
&
% 80
g 70
g 60
8 50
3 40
Z 30
a
o 20
®
0
0.16 0.31 0.63 1.25 25

Concentration (mg/ml)

Fig. 1. DPPH radical scavenging activity of gallic acid and Collas-Co™

The IC50 value, a critical parameter for assessing
the potency of a compound in inhibiting a specific
biological or chemical process [17], is shown in
Fig. 2 for the DPPH radical scavenging activity of
Collas-Co™ and Gallic acid. The IC,, of
Collas-Co™ is lower than that of Gallic acid,
indicating that Collas-Co™ 1is approximately
21.8% more effective in achieving 50% inhibition
of DPPH radical activity.

Although Gallic acid demonstrates higher radical
scavenging activity at lower concentrations (as
shown in Fig. 1), Collas-Co™ surpasses it in
overall potency by requiring a lower concentration
to reach the critical threshold of 50% inhibition.
This highlights Collas-Co™ as a more efficient
scavenger at moderate to high concentrations.
This result suggests that Collas-Co™ is better
suited for applications requiring high efficacy at
lower doses, making it ideal for products with
concentration constraints. In contrast, Gallic acid
remains a reliable and effective antioxidant option
for formulations where higher concentrations are
feasible and practical [18].
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Fig. 2: Inhibition DPPH of gallic acid and Collas-Co™

3.3 Cytotoxicity Screening of Collas-Co™ on
Primary Human Dermal Fibroblast

Fig. 3 presents an image of cultured human
fibroblast cells observed under an inverted
microscope. The inverted microscope offers a
clear visualization of cell structures, allowing
detailed assessment of cell health and morphology
during experimental studies. Fibroblast cells
exhibit a characteristic spindle shape with
elongated, stretched-out bodies and occasional
branching processes.

In the image, the cells grow in a monolayer
formation, aligning parallel to one another, a
hallmark of fibroblast behavior in vitro after 24

hours of culture. The parallel alignment and
density of the cells suggest a confluent or
semi-confluent layer, indicative of active growth
and division under well-maintained -culture
conditions. The observed morphology and
arrangement confirm that the fibroblast cells are
healthy and thriving in optimal -culture
conditions, ensuring reliability for further
experimental applications. This observation aligns
with findings by D'Urso [6] in this study, which
highlights the importance of mechanical and

physical factors in maintaining fibroblast
morphology and function under in vitro
conditions.

Fig. 3: Primary human Dermal Fibroblasts normal after aging for 24 hours
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The cell viability of fibroblasts after 24 hours of
exposure to various concentrations of Collas-Co™
and SDS is summarized in Table 2. Untreated
fibroblasts in the control group maintained 100%
viability, providing a baseline for comparison.
Exposure to 0.1% Sodium Dodecyl Sulfate (SDS),
a known cytotoxic agent, drastically reduced cell
viability to 45.05 + 2.29%, confirming its harmful
effects. In contrast, Collas-Co™ showed a
dose-dependent impact on fibroblast viability. At
a low concentration of 0.39 mg/mL, cell viability
increased to 112.94 + 2.20%, indicating a
protective or stimulatory effect. Moderate
concentrations (0.78-6.25 mg/mL) led to a
gradual decline in viability, although cells
remained viable, suggesting tolerability within
this range. At higher concentrations (12.50—50.00
mg/mL), cell viability significantly decreased,

reaching 50.63 + 1.68% at the highest
concentration,  highlighting  dose-dependent
cytotoxicity.

The ICso value for Collas-Co™, calculated as 50.50
+ 2.07 mg/mL, indicates the concentration
required to reduce cell viability by 50%. This
relatively high ICso reflects moderate cytotoxicity,
with stimulatory effects at lower concentrations
and tolerability at moderate doses. The ICso value,
a critical parameter for assessing the potency of
compounds, represents the concentration needed
to inhibit 50% of cell growth, with lower values
indicating higher cytotoxicity. For comparison, a
study revealed that the triple antibiotic paste
(TAP)—cysteamine combination exhibited the
lowest cytotoxicity (highest ICso of 12.86%),
indicating greater safety compared to other
combinations such as chlorhexidine—cysteamine,
which demonstrated the highest cytotoxicity with
the lowest ICso of 0.12% [19].

Table 2: Cell viability of fibroblast after aging for 24 hours

Sample Concentration % Cell viability
Control - 100.00 + 0.00
SDS 0.1% 45.05 + 2.29

Collas-Co™ 0.39 112.94 + 2.20
(mg/ml) 0.78 08.85 + 2.62

1.56 03.31+2.42

3.13 83.19 £ 2.70

6.25 75.56 £ 1.64

12.50 69.49 £ 2.77

25.00 61.38 £ 0.24

50.00 50.63 + 1.68

IC;, (mg/ml) 50.50 + 2.07

* SDS: Sodium Dodecyl Sulfate use for positive control

V. CONCLUSION

The study on Collas-Co™ reveals several
significant findings regarding its bioactive
properties and potential applications. First, it
demonstrates a remarkably high total polyphenol
content (TPC) and antioxidant activity, surpassing
various foods renowned for their health benefits.
This highlights its capability to combat oxidative
stress effectively. Second, the DPPH assay
confirms that Collas-Co™ has superior radical
scavenging activity at higher concentrations

compared to gallic acid, emphasizing its efficacy
in antioxidant applications. Third, cytotoxicity
testing on fibroblast cells shows that Collas-Co™
enhances cell viability at lower concentrations and
exhibits tolerable effects at moderate doses,
suggesting potential for safe use in nutraceuticals
or cosmetic formulations. Additionally, its IC50
value indicates moderate cytotoxicity, with
stimulatory effects at appropriate dosages.
Overall, Collas-Co™ demonstrates significant
promise as an ingredient in health-promoting
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ABSTRACT

Background: Exhibitions are an activity that is
often attended by many companies around the
world because of its benefits as a promotional
event. Companies can build the image of their
company and products and interact directly with
buyers through an exhibition. With recent
advances in technology, virtual exhibitions have
begun being created as an alternative to
conventional face-to-face exhibitions. This
presents an opportunity to implement other
technologies within these new type of exhibition,
namely generative artificial intelligence.

Methods: This research involved the use of the
Unity game engine to create a virtual
environment resembling an exhibition space.
Within this environment users can navigate their
surroundings and view the products displayed at
the exhibition. Generative artificial intelligence
was then implemented to generate content based
on the products available in the exhibition. A
head mounted display and virtual reality
controllers were used to view and control the
application. Participants were instructed to test
the application. Once done, they then filled out a
user acceptance test in order to evaluate their
experience of using the application and how the
use of generative artificial intelligence impacted
that experience.

Results: Five participants tested and evaluated
the application. The implementation of
generative artificial intelligence had a positive
impact on the quality of the information provided
by the application. In addition, it did not impact
the immersion of the experience.

Conclusions: Generative artificial intelligence
can be used in a virtual exhibition setting to
dynamically  generate content regarding
available products.

(© 2025 Great Britain Journals Press

Keywords. generative artificial intelligence, unity,
virtual exhibitions, virtual reality.
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l. INTRODUCTION

Exhibition activities are a promotional event that
is often followed by many companies and visited
by many visitors all over the world. This activity is
where companies can display products and
services offered directly to exhibition visitors.
There have been many exhibitions that have been
held and new exhibitions continue to be held until
now. There are several factors behind why many
companies are willing to participate in
exhibitions. Exhibitions provide opportunities for
companies to build and improve the image of the
company and products with consumers [1]. In
addition, exhibitions provide an opportunity for
companies to meet and interact directly with
visitors in promoting them. Visitors can also
interact with the products they are interested in
and ask about the products [2].

However, there are some drawbacks experienced
by companies and visitors when participating in
exhibition activities. For companies, participating
in exhibitions is something that requires
significant expenditure. Capital will need to be
spent to pay for things like exhibition employee
salaries, venue rental prices, exhibition stand
construction, and other promotional materials
[3]. All of these costs make exhibition activities
one of the largest expenses in many companies'
promotional strategies [4]. Large exhibitions are
also often crowded and crowded, which can make
the experience confusing for both companies and
visitors [5]. And, visitors will be limited in which
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exhibitions they can attend due to factors such as
exhibition capacity, exhibition location, and
exhibition operating hours.

Seeing the drawbacks of conventional exhibitions,
the idea came up to build a virtual exhibition
system using virtual reality technology. This
system can bring a number of advantages for
companies compared to conventional exhibitions.
The costs spent will be cheaper [6]. This is
because building stands or paying exhibition staff
is no longer required. The benefits received for the
costs incurred will also be valid for a longer period
of time. They will not be limited to just a few days
as with conventional exhibition periods. Products
and services can also be updated according to
company needs. In addition, a virtual exhibition
can be offered throughout the world in countries
that are initially difficult to reach using
conventional exhibitions [6].

The use of virtual reality and artificial intelligence
technology will also enhance the virtual exhibition
experience with its own advantages. Virtual reality
does this by allowing users to interact with the
information in the application more naturally [7].
The use of virtual reality can create an experience
as if the user is visiting a real exhibition. Artificial
intelligence can be used to generate high-quality
content [8]. This can be used to help fill the
application content and provide the information
that users want.

However, virtual exhibitions have their own
drawbacks. Companies that participate in virtual
exhibitions find it difficult to measure the
effectiveness of their marketing activities.
Companies also find that interaction with visitors
is more difficult to do in a virtual exhibition. It
was found that direct interaction and follow-up
contact with visitors is not as easy as compared to
conventional exhibitions. And, the experience of
visitors to virtual exhibitions also depends on the
quality of the technology used such as hardware
or visitor bandwidth [6]. Although virtual
exhibitions have several drawbacks, the creation
of a virtual exhibition system will give companies
and visitors additional choices in how to
participate in exhibition activities. These

additional choices can help facilitate participants
based on their individual needs.

Similar research regarding virtual exhibitions has
been carried out previously by a research paper
titled "Evaluation of virtual tour in an online
museum: Exhibition of Architecture of the
Forbidden City" [9]. In it, a virtual tour of an
online museum exhibition was constructed where
users can move to pre-determined locations using
movement buttons. User evaluation done in this
research found that although the application was
able to create a good sense of reality, the
interactivity and methods of navigation in the
application were found to be lacking. Another
research paper titled “Efficacy of Virtual Reality in
Painting Art Exhibitions Appreciation” created a
virtual art gallery using virtual reality technology
which was then also evaluated by user testing
[10]. This research found that the use of virtual
reality can be suitable for creating virtual art
exhibitions. One more research paper titled
“Virtual Reality Exhibition Platform” created
virtual environments to represent a virtual

exhibition =~ which was done with the
implementation of virtual reality [11].
However, the research papers previously

mentioned are lacking in some areas. The first
research paper did not implement virtual reality
technologies in its virtual exhibition. There is also
a difference in the type of exhibitions being made.
The first research paper created a virtual museum
tour whilke the second created a virtual art
gallery. These are different from the type of
exhbition that this reasearch paper would like to
explore, namely the ones in which companies can
market their products and services. The third
research paper successfully created this type of
exhibition. However, it did not conduct any user
testing and evaluation to see the efficacy and
levels of user satisfaction of the application.

As such, this research aims to design and build a
virtual exhibition system which uses virtual reality
and artificial intelligence technology. This
research also aims to measure the level of user
satisfaction towards the virtual exhibition
application. This paper will first discuss a
literature review regarding topics related to the
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research. The methodlogy of the research and how
it was carried out will then be laid out. The results
and findings of this research will be discussed
next followed by conclusions that can be taken
from this research.

[l. LITERATURE REVIEW
2.1 Virtual Exhibitions

Virtual exhibitions are often referred to as digital
exhibitions, online exhibitions, online galleries,
exhibitions in cyberspace. By using virtual
exhibitions, exhibitors can develop the material
presented in a broader and more lasting manner
to attract the interest of exhibition visitors. In
addition, the use of virtual exhibitions can save
production costs, such as saving on insurance,
shipping and installation costs [12]. And, virtual
exhibitions can reach more people than
conventional exhibitions. This is because everyone
can access the information they need, as long as
they have a computer or another device. Virtual
exhibitions are also not limited by exhibition
opening or closing times and can be available 24
hours unlike conventional exhibitions [13].

In the current era, conventional exhibitions that
are usually held by museums, libraries and other
cultural organizations have now begun to switch
to virtual exhibitions. This is because there are
many benefits that can be obtained, such as
convenience and cost savings. Virtual exhibitions
can also be carried out via online video,
streaming, social media, or via online chat. Each
virtual exhibition method has its own advantages
and disadvantages [14].

22 Virtual Reality

Virtual reality is a technology that implements a
virtual 3D environment that users can navigate
and interact with [15]. The nature of virtual reality
makes it different compared to other forms of
digital media. Users are more involved in the
virtual reality experience and can interact with
information more naturally in the virtual world
[7]. This is because virtual reality can provide an
experience that feels more real [16]. Several
different types of hardware are required to be able
to use virtual reality. This includes stereoscopic

displays, input devices, motion tracking hardware,
and desktop/mobile platforms [17].

Virtual reality is often used by developers in
various fields such as education, health and
entertainment [18]. The adoption of virtual reality
technology occurs because of a number of benefits
obtained from its use. For example, the use of
virtual reality can have a positive impact on
students' ability to absorb learning materials [19].
The main advantage that virtual reality has is the
freedom it gives users in the way they interact and
navigate their virtual environment. This helps
create a more realistic and natural experience for
users [20].

23 Non-Player Character

A non-player character is an interactive agent that
is not controlled by the user. Instead, they are
controlled by the AI system in the application or
system where they are implemented. The behavior
and actions of a non-player character can be
determined rigidly or created dynamically as the
application progresses based on the design and
algorithms used[21]. There are several functions
that can be fulfilled using non-player characters.
They can be used to teach users about features or
mechanics in a game or application. They can act
as allies who can help the user or enemies who
will fight the user. They can also be neutral
characters in virtual environments that can help
contribute to atmosphere and realism [22].

A non-player character is an interactive agent that
is not controlled by the user. Instead, they are
controlled by the AI system in the application or
system where they are implemented. The behavior
and actions of a non-player character can be
determined rigidly or created dynamically as the
application progresses based on the design and
algorithms used[21]. There are several functions
that can be fulfilled using non-player characters.
They can be used to teach users about features or
mechanics in a game or application. They can act
as allies who can help the user or enemies who
will fight the user. They can also be neutral
characters in virtual environments that can help
contribute to atmosphere and realism [22].
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One popular way that is often used to control
non-player characters is to use finite state
machines [23]. In a finite state machine,
non-player characters will have several
predetermined actions or behaviors that are
represented as a state. The non-player character
will then transition from one state to another
when an input is received or a condition is met.
Another way to implement non-player characters
is to use behavior trees. A behavior tree consists of
nodes that are connected in one direction to each
other. Behavior trees start their execution from
the root node which acts as the first node. After
that there are several different nodes that can be
used to model the desired behavior such as
fallback, sequence, parallel, decorator, action, and
condition nodes [24].

24. Generative Artificial Intelligence

Generative artificial intelligence refers to artificial
intelligence systems that have the ability to create
new pieces of media through the use of generative
models [25]. Generative artificial intelligence is a
section of AI that has been gaining widespread
use over recent years. One example of its use is
the implementation of generative artificial
intelligence in natural language processing. With
this generative artificial intelligence can be used
to process, interpret, as well as generate text [26].
Another way generative artificial intelligence is
commonly used is in the creation of images.
Text-to image generative models have made it
possible to create images by entering a text
prompt describing what image should be
generated [27].

There are many different types of generative
artificial intelligence that have been developed.
One popular example of these different types are
generative adversarial networks. Generative
adversarial networks involve two competing
neural networks, a generator and a discriminator.
The generator is used to generate new samples
while the discriminator judge samples to
determine whether they are real or fake. These
networks compete with each other in order to
keep improving the samples generated by the
generator until eventually it can no longer be

distinguished from real the

discriminator [28].

samples by

. METHOD

In this research, virtual reality and artificial
intelligence technologies were used to create a
virtual exhibition application. The initial stage in
creating this application was conducting a
literature review to gather information on subjects
related to the study. Virtual reality, non-player
characters, virtual exhibitions, and generative
artificial intelligence were among the subjects
covered in the literature review. The information
gathered was then utilized to guide the research.

Flowcharts were then used to design the
application. The primary purpose of flowcharts
was to define the functionality of the application
and its features, as well as the methods in which
users would interact with them. The application
was designed with the use of six flowcharts. These
include flowcharts for the main application, main
gate, choice category, car search, non-player
character, and chatbot features within the
application.

The main application flowchart explains the flow
the application operates and how the user will
interact with the application. It describes which
features of the application that the user can
engage with and in what sequence including the
main gate, choose category and car search
features. The main application flowchart can be
seen in figure 1.
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Figure 1: Main Application Flowchart

What the user can accomplish in the application's
main gate area is explained in the main gate
flowchart. The primary function of the main gate
is to allow visitors to select the exhibition they
wish to view. Following the selection of an
exhibition, the application will determine whether
or not it is open for visits. The credits section is an
additional part of the main gate where list of all
the resources used to create the application is
displayed for users to view. Figure 2 shows the
flowchart for the main gate.
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Figure 2: Main Gate Flowchart

For the category selection function, the choose
category flowchart was created. Users can alter
the products on display in the exhibition hall here.
There will be a variety of products linked to each
category, which in this case are countries. The
exhibition hall will use the display stands to
showcase its items after a category has been
chosen. Depending on how many display stands
there are at the show, the products in a category
will be divided into separate halls. For instance, a
category with 13 products will be divided into two
halls: one for the first eight products and another
for the last five. After then, users can switch
between the halls in a category by pressing the
previous and next buttons. The choose category
flowchart can be seen in figure 3.
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Figure 3: Choose Category Flowchart

The car search flowchart was used to design how
players can search for a specific product within
the application. Users can use two distinct
dropdown lists to look for a specific product. The
brand to which the product belongs is chosen
from the first list. Selecting a brand from this list
will change the second dropdown list's contents to
include all of the chosen brand's products. After
that, users can view the product by choosing it

from the second selection. Figure 4 shows the
flowchart for the car search.
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Figure 4: Car Search Flowchart

The purpose of the non-player character flowchart
was to map out how non-player characters would
behave within the application. It primarily relates
to how they move through the virtual
environment. The virtual environment contains
pre-established checkpoints within it. After
selecting one of these waypoints at random, the

non-player character can begin moving in its
direction. The non-player character's distance
from its goal will be continuously measured. The
non-player character will select a new one at
random after reaching its destination if the
distance is low enough. Figure 5 shows the
flowchart for the non-player character.
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Figure 5: Non-Player Character Flowchart

The Gemini API flowchart was made to represent
how the Google Gemini API will be used in the
application. The application will first receive a
prompt from the user. The response text is then
changed to “Running Chat Request” to inform the
user that their prompt is being processed. An API
call is made using the prompt and the application
will wait for the result of the API call. The
response string variable is also created with an

empty value. The application will then check
whether the result of the API call was successful
or not. If the API call was successful, the response
variable is assigned the value of the API call
result. If the API call was unsuccessful, the
response variable is assigned the value “An error
occurred.”. The response text is then replaced
with the value of the response variable. The
flowchart can be seen in figure 6.

responseText = "Running

Get Prompt Chat Request.”

.| SendAPI request N Wait for API

using prompt call result

response = API call AP call
[E—as
result successful?
HNo
h 4 h 4
responseText= | response = "There
response B Was an error.”

String response ="

F

Figure 6: Gemini API Flowchart

Application development was later carried out
using the Unity game engine. Development
involves implementing the designs that have been
made. Various Unity packages were used in the
making of the application. The Unity XR Toolkit
package was used to create the movement system
allowing players to walk, turn and teleport. It was
also used to create the interaction system which
allowed players to interact with objects and UI
using the virtual reality controllers. Other
packages such as Probuilder and Terrain Tools

were used to create the virtual environment of the
application.

The application that was developed took the form
of a 3D virtual environment. Users can navigate
this virtual space and interact with the objects
within it. The application required the use of
virtual reality hardware in order to be used. The
Oculus Rift headset and controllers were used for
development and testing purposes in this
research. The virtual reality headset was used in
order to display the application to users and to
rotate the in-game first-person camera. The
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controllers on the other hand were used by users
to navigate and move around in the virtual
environment of the application.

Evaluation was carried out by having users try the
application directly using virtual reality hardware
such as headsets and controllers. A brief
explanation was be given regarding the
application and how to use the hardware. Users
will then use the application and try all the
features on it. Documentation of the testing
process carried out by users can be seen in figure
6. After users have finished trying the application,
they will fill out a questionnaire to provide their
level of satisfaction with the application. Testing
and evaluation was carried out by a total of 5
users.

V. RESULTS AND DISCUSSION
4.1. Development Results

This research has succeeded in building a virtual
exhibition system using virtual technology.
Application development was carried out using
the Unity game engine. The application created
has several main features, namely a movement

and interaction system, exhibition features, an
audio system, and non-player characters.

The movement and interaction system is how
users can interact with the virtual world that has
been created in the application. The movement
system in the application is what allows users to
traverse the virtual environment. Meanwhile, the
interaction system facilitates users in interacting,
influencing and obtaining information from the
application. Because the application is built based
on virtual reality technology, users will use a
special controller as the main way to enter input
into the application.

There are several different methods that can be
used to move within the application. The
left-hand controller functions to move forwards
and backwards. To rotate left and right, users can
use the right-hand controller or the virtual reality
headset. Apart from that, the right-hand
controller can also be used to teleport where users
can adjust their position and rotation instantly.
Figure 7 shows the use of the teleportation system
in the application.

Virtual Reality Exp

Figure 7: The Teleportation Feature

There are also several ways in which users can
interact with objects in the application.
Interaction is mainly carried out using the left and
right controllers which act as the user's hands.
The desired interaction with an object can be done
directly, such as holding the object in a user’s
hand. Users can also use a ray coming out of their
hands to interact with objects and the UI. This can
be seen in Figure 8. Interaction with objects uses

the grip button on the controller while interaction
with the UT uses trigger button.
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Figure 8: Interacting with Objects using a Ray

The exhibition features discussed are features that
can be used by users in virtual exhibitions on the
application. The features created are the result of
implementing the designs produced at the design
stage. They cover how a user can use the
application as a virtual exhibition. Included in this
is how users can select the exhibition they want,
view the desired product, and view information
about a product.

The exhibition selection feature is a way for users
to select the exhibitions they want to visit. This is

Housing Expo

Expo Wip

done at the main gate section of the exhibition
building. The selection is made by taking an object
that represents an exhibition and placing it on the
selection table. If the selected exhibition can be
visited then the button next to the entrance will
turn green. If the exhibition cannot be visited then
the button will turn red and an error message will
appear once the button is pressed. This can be
seen in Figure 9. Only the car exhibition can be
visited at this time.

Figure 9: Choosing an Exhibition that is Not Available

The product selection feature is how users can
search for the products they want at the
exhibition. Users can do this by changing the
contents of the exhibition space. The products at
the exhibition are divided into several categories
that users can choose from. Each category will
then have several rooms that can be selected to
change the contents of the exhibition space. In the

car exhibition, the cars are divided based on their
country of origin. After selecting a category, users

can select the room or hall they want to view.
With this, the contents of the exhibition room will

change to show the cars in the selected hall. The
category selection table can be seen in figure 10.
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Figure 10: Category Selection Table

Selection can also be done individually with the
product search feature which can be seen in figure
11. With this, users can search for products more
specifically. In the car exhibition, the search
feature functions by using a dropdown list
containing all car brands in the application. Users

mMercedes

can then select a desired brand. This action will
add all products from that brand to the second
dropdown list. Users can then select the products
they want from the second dropdown list to make
them appear.

Toyola

Figure 11: Product Search Feature

Then there is the feature in the exhibition that
function to provide information about a product.
This feature facilitates wusers in finding
information about the products they are
interested in. At the car exhibition, information
about a car is shown on a screen on the stand

occupied by the car. The screen shows
information about the car such as its name,
dimensions, price, etc. Users can press buttons at
the bottom of the panel to change the information
displayed. The information screen display can be
seen in figure 12.

Description

Figure 12: Product Information Feature
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An audio system was developed in the application
to make the application produce sound when
used. The sound in the application comes from
objects in the environment. Sounds can be played
when the user interacts with an object. For
example, there will be a sound when the user
picks up and releases an object. There are also
sounds that play continuously such as the music
in an exhibition hall.

The application uses two different types of audio,
namely 2D audio and 3D audio. 2D audio is audio
that is always played at the same volume. An
example of using 2D audio in an application is for
UI such as buttons and dropdown lists. 3D audio
is audio that is played at a dynamic volume. The
volume of 3D audio depends on the distance
between the sound source and the user's position
in the environment. 3D audio is used for things
like the music in the exhibition hall and the sound
of footsteps belonging to non-player characters.

The non-player character or NPC feature in the
application refers to characters who are controlled
by the user. These characters are controlled by the
application that will give instructions to regulate

their behavior. With this, the movements of
non-player  characters are carried out
independently without input from the user.
Non-player characters are used in the app as a
way to simulate the presence of other visitors at
the exhibition.

Navigation by non-player characters is carried out
using the AI navigation system provided by Unity.
In this system, a NavMesh is used to mark areas
that can be traveled by non-player characters. The
shape of NavMesh can be modified using other
components such as NavMeshObstacle and
NavMeshVolumeModifier. The non-player
character can then plan a path to a destination
located in the NavMesh. Several destination
points are spread across the exhibition room and
are chosen by non-player characters at random.
All this can be seen in figure 13 where the blue
area is the NavMesh and the yellow dots are the
destination points. Once selected, the non-player
character will start walking towards that point. A
new point will then be selected once the
non-player character successfully reaches their
destination.

Figure 13 Navigation System for Non-Player Characters

In addition, there are other non-playable
characters in the form of guards and salespeople.
These non-playable characters serve to provide
the users with information. The guard characters’
function is to provide the user with information
regarding the application. There are two guards
within the application. The first guard is located
in the main gate room. Users can ask the first
guard questions about how to use the application
such as how to interact with objects or teleport.
The second guard is located in the exhibition
room. Users can ask the second guard questions

about exhibition features such as the car search
feature or interaction with cars. Then there are
the salespeople non-playable characters. The
salesperson character is located at each car stand
that has a product on display. The salesperson is
used to ask questions about the cars on the stand.
The salesperson starts with the user making a
selection using the grip button on their controller.
The salesperson will then check if the user also
presses the trigger button while the grip button is
being held to activate. If not, the salesperson will
run the text to speech feature. If the trigger button
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is also pressed, the salesperson will display the
chat panel if it is not already displayed and close it
if it is already displayed. In the chat panel, the
user can use the AI Chatbot feature to ask the
salesperson questions about the cars displayed on
the stand. Figure 14 shows a salesperson character
within the application.

In addition, there are other non-playable
characters in the form of guards and salespeople.
These non-playable characters serve to provide
the users with information. The guard characters’
function is to provide the user with information
regarding the application. There are two guards
within the application. The first guard is located
in the main gate room. Users can ask the first
guard questions about how to use the application
such as how to interact with objects or teleport.
The second guard is located in the exhibition
room. Users can ask the second guard questions
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- Gy

about exhibition features such as the car search
feature or interaction with cars. Then there are
the salespeople non-playable characters. The
salesperson character is located at each car stand
that has a product on display. The salesperson is
used to ask questions about the cars on the stand.
The salesperson starts with the user making a
selection using the grip button on their controller.
The salesperson will then check if the user also
presses the trigger button while the grip button is
being held to activate. If not, the salesperson will
run the text to speech feature. If the trigger button
is also pressed, the salesperson will display the
chat panel if it is not already displayed and close it
if it is already displayed. In the chat panel, the
user can use the AI Chatbot feature to ask the
salesperson questions about the cars displayed on
the stand. Figure 14 shows a salesperson character
within the application.
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Figure 14 Salesperson Non-Playable Character

An AI Chatbot feature is developed using the
Google Gemini API. The resulting AI Chatbot is a
table where users can type the desired prompt and
get an answer based on what is entered. The Al
Chatbot display can be seen in Figure 15. To enter
a prompt, the user first needs to select the input
column using the virtual reality controller being
used. After that, the user can type the desired
prompt using the virtual keyboard provided on
the AI Chatbot. When the user presses the Enter
key, the typed prompt will be sent to the Google
Gemini API. Google Gemini will then generate a
response using the prompt provided by the user.
This response will be sent back to the application
and displayed by the AI Chatbot table.

The Google Gemini API is also used to display
information about the cars at the exhibition. Each

car is stored in the application as a scriptable
object. This scriptable object contains data about
a car such as the name, make and 3D model of the
car. This data is used to send a prompt about the
car to the Google Gemini API. The application will
prompt about the description and features for
each car. The text generated by Google Gemini
will then be displayed on each car stand.
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Figure 15 AT Chatbot Feature

4.2. Analysis of Evaluation Results by users will be added up based on their
respective value weights. The final score is then
calculated by adding up the means of each answer
and dividing it by the number of answers in the
questionnaire. The results of the user evaluation
can be seen in table 1.

Evaluation results from the questionairre that was
filled out by users were analised by calculating the
mean values. The mean of the answers given by
users is calculated by dividing the total score of all
answers by the number of answers. To calculate
the total score for an answer, all the values given

The total score is calculated using the following formula:
TotalScore = (answerlAmount * 1) + (answer2Amount * 2) + (answer3Amount * 3)
+ (answer4Amount * 4) + (answer5Amount * 5)

The mean is calculated using the following formula:

Total Score
Number of Respondents

Mean =

The final score is calculated using the following formula:

London Journal of Engineering Research

XMean
Number of Questions

Final Score =

Table 1: User Evaluation Results

Number of Responses

Questions Mean
1 I T
Is the visual quality of the application good? 0] o o 2 3 88%
Is the quality of the movement system in the application o o o 1 4 06%
good?
Are the interactions with objects and UI in the application
0 0 1 3 1 80%
good?
Is the audio quality of the application good? o) o 1 3 1 88%
Is the quality of the content in the application good? 0] 0O 0O O 5 100%
Is the information provided on products informative? 0 O O O 5 100%
Is the application intuitive and easy to use? 0] o 1 2 2 84%
Is the experience of using the application immersive? 0 o o 2 3 92%
As a whole, are you satisfied with the application? 0 O 0 1 4 96%
Final Score 91.6%
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With this, it can be interpreted that the virtual
exhibition that was made had been received well
by those who tried it. This is supported by a high
final score of 91.6%. Users gave the highest score
to the quality of the content and product
information in the application with an average
score of 100%. Meanwhile, the lowest score was
given to the audio quality and user interaction
with the objects and UT in the application. It can
be concluded that the quality of the content in the
form of exhibition products and the
implementation of the Google Gemini API to
display product information is quite good.
However, the quality of the interaction system, Ul
display, and audio can still be improved.

The results of this research differes from those of
the virtual museum tour that had been previously
discussed. The application that has been made
performs better in terms of interactivity and
immersion. This could come down to the less
restricitve methods of navigation used as well as
the use of virtual reality technology. With these
results it can be said that this research has done
well in creating a well-functioning virtual
exhibition application which implements virtual
reality technology and in measuring user
satisfaction towards the application. The study is
limited however in the users that were collected
for evaluation purposes. Only 5 users were able to
be found for this research. And, there is a lack of
diversity in the types of users with them all being
university students within the same age group.

This research aimed to design and build a virtual
exhibition system using virtual reality and
artificial intelligence technology and to measure
the level of user satisfaction towards the virtual
exhibition application. With the carrying out of
this research, user sentiments towards attending
virtual exhibitions wusing virtual reality and
artificial intelligence can be examined. Judging by
the results, it would appear that users are open
and willing to the idea. There are still questions to
be held about the viability of hosting virtual
exhibitions in this manner as this research only
focused on the visitor side of things. How
companies and brands feel about participating in
these virtual exhibitions and whether the

exhibitions can perform as well as conventional
exhibitions still remain unanswered.

V. CONCLUSION

This research has been successful in designing
building a virtual exhibition system using virtual
reality and artificial intelligence technology. After
testing with 5 users using the user acceptance test
method and Likert scale, the user satisfaction
level was found to be 91.6%, which shows that
users are very satisfied with the application that
was built. Based on this value, it can be
interpreted that users generally accept that the
system has been created well. These results
support the feasibility of using the virtual
exhibition system based on virtual reality
technology that has been produced. This provides
justification to any interested in carrying out such
exhibitions. The virtual exhibition that was
produced also performed better in terms of
immersion and navigation compared to other
exhibitions which do not use virtual reality and
artificial intelligence. This suggests that the
implementation of virtual reality technologies
played a role in enhancing the user experience
and that it could perhaps be applied to enhance
other virtual experiences. To further test the
viability of virtual exhibitions using virtual reality,
more research can be done regarding their
performance for the businesses who decide to take
part in them.This research has been successful in
designing building a virtual exhibition system
using virtual reality and artificial intelligence
technology. After testing with 5 users using the
user acceptance test method and Likert scale, the
user satisfaction level was found to be 91.6%,
which shows that users are very satisfied with the
application that was built. Based on this value, it
can be interpreted that users generally accept that
the system has been created well. These results
support the feasibility of using the virtual
exhibition system based on virtual reality
technology that has been produced. This provides
justification to any interested in carrying out such
exhibitions. The virtual exhibition that was
produced also performed better in terms of
immersion and navigation compared to other
exhibitions which do not use virtual reality and
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artificial intelligence. This suggests that the
implementation of virtual reality technologies
played a role in enhancing the user experience
and that it could perhaps be applied to enhance
other virtual experiences. To further test the
viability of virtual exhibitions using virtual reality,
more research can be done regarding their
performance for the businesses who decide to take
part in them.
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