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operating at high speeds of up to 2 million rpm. The use of porous media, while
effective, is limited in Indonesia, prompting the exploration of alternatives. The
perforated plate emerges as a promising solution, capable of inducing turbulence and
streamlining flow. This study evaluates the flow patterns of the perforated plate,
focusing on turbulence generation and combustion stability. Results indicate the
potential of the perforated plate to replace porous media with lower pressure loss. The
combination of the perforated plate produces the highest-pressure loss, increasing

Keywords: with Reynolds number, significantly contributing to combustion stability. The single
Ultra micro gas turbine; combustion perforated plate staggered scheme shows promising characteristics because its flow
chamber; porous media; perforated structure generates high turbulence intensity with low pressure loss, demonstrating
plate; flow characteristic practical applicability potential on a larger scale.

1. Introduction

The micro gas turbine holds a strategic value in addressing future energy demands, especially as
a tool that convert mechanical work to electricity [1]. Its exceptional capability to produce high power
output within a compact size renders it versatile for various applications [2,3]. Its adaptable nature
forintegration into portable devices and integrated systems has positioned it as a significant research
focus [3], including the development of hybrid systems [4-6]. The emergence of hybrid systems is
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propelled by the fact that the energy density of kerosene currently exceeds that of lithium-ion
batteries by a factor of 45 [6,7], necessitating combustion engines to bolster system efficiency. The
limited energy density of batteries further imposes restrictions on their applications, thereby
elevating the promise of micro gas turbines. Another pivotal aspect of micro gas turbine development
is its fuel flexibility [8-10], including a gas predominantly derived from waste [11]. It is within this
context that the strategic value of micro gas turbines becomes evident, accentuating the urgency for
their advancement.

The development of ultra-micro gas turbines has been carried out by various institutions, such as
MIT and the Korea Institute of Machinery and Materials. In general, the challenges faced are
manufacturing issues related to rotor dynamics at rotational speeds ranging from 400 to 2000
krpm[4]. Nevertheless, the development of ultra-micro gas turbines can still be pursued by
commencing from the combustion chamber as a non-rotating component. The challenges faced in
the design and development of ultra-micro gas turbine combustion chambers include maintaining
flame stability with low pressure drop [12] and low combustion efficiency [13]. This issue is addressed
through the implementation of porous media in the combustion chamber because porous media can
generate turbulence [14] and optimize heat utilization by raising the reactant temperature using heat
from the combustion zone through conduction and radiation mechanisms [12,13,15]. In his 2017
study, Turkeli [12] utilized porous media in the ultra-micro gas turbine combustion chamber fuelled
by liquid LPG. The results demonstrated enhanced combustion stability, efficiency, and a significant
reduction in pollutants. In his 2021 study, Lukas Badum [4] proposed the utilization of porous media
in the design of ultra-micro gas turbines for the combustion chamber. This recommendation is based
on the advantages of high energy density, a favourable turn-down ratio, and stable combustion.
Furthermore, Mohaddes conducted an investigation on the impact of porous media application in
the Brayton gas turbine cycle [16], concluding that porous media can significantly enhance the
thermal efficiency of the Brayton cycle in gas turbine engines. This improvement stems from the
more efficient and stable combustion occurring within the high thermal inertia porous medium.
Additionally, the implementation of porous media combustion can lead to a reduction in NOx and CO
emissions in gas turbine engines [16]. It is evident how porous media can offer solutions to the
challenges encountered in ultra-micro gas turbine combustion chambers.

Porous media manufacturing is a relatively recent development that has been typically
outsourced outside of Indonesia due to the critical consideration of porosity and its direct impact on
performance, as substantiated by existing research [15]. An alternative approach emergesin the form
of perforated plates, which not only promote turbulence generation [17], but also have a physical
capacity to facilitate heat conduction from the combustion zone to the reactant flow region.
Additionally, perforated plates offer advantages in terms of ease of production, making them a
feasible choice for Indonesia as a developing nation. Research focused on the formation of perforated
plates for gas turbine applications is essential to strike a balance between achieving adequate
turbulence and minimizing pressure drop. Turbulence significantly influences combustion stability
like swirler effect that can enhanced combustion [18], and maintaining control over pressure drop
within the combustion chamber is paramount to the overall performance of ultra-micro gas turbines.

Previous research has utilized perforated plates for various applications. Perforated plates have
been employed to generate turbulence intensity as demonstrated by Liu et al., [19]. Perforated plates
are utilized for stabilizing combustion by employing two perforated plates, where the stability effect
is observed through flame visualization and compared with experiments [20]. Research on perforated
plates highlights how their vertical placement induces permeability and turbulence effects,
conducted by Shahzad et al., [21] with these effects observed through DNS simulations. Perforated
plates are also utilized to mitigate acoustic modes in combustion, a study conducted by Zhou et al.,
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[22], and Gullaud and Nicoud [23]. The utilization of perforated plates for combustion stability and
performance enhancement is numerically, and experimentally investigated in a biomass-burning
reactor by Erdiwansyah et al.,, [24,25]. Flow observations on single perforated plates are also
conducted, where the primary aim is to minimize swirl [26], then observations on double perforated
plates are also employed with a formation of two perforated plates, where pressure loss is a major
parameter, conducted by La Rosa et al., [27] experimentally, and detailed discussions with numerical
simulations [28]. Multistage observations are also utilized in studying propane-air mixture
propagation to accelerate propagation speed or flame speed [29].

This study aims to investigate the formation of perforated plates and its correlation with pressure
reduction as a constraint within the context of ultra-micro gas turbines featuring a 5 cm burner
diameter. By doing so, this research introduces an alternative porous media material, where
perforated plates offer cost-effective manufacturing and precise flow analysis.

2. Methodology
2.1 Experimental Scheme for Validating CFD Simulation Results

The experiments were conducted with the aim of determining the pressure losses for five
structured porous media models subjected to five different air mass flow rates. Each structured
porous media (perforated plate) pattern was tested with varying mass flow rates, contingent upon
the resistance exerted by the perforated plate and limited by the capacity of the employed blower.
Five distinct data points were collected for each perforated plate pattern, which were considered
representative enough for validation purposes. The tested structured porous media model can be
seen in Table 1.

Table 1
The profiles of the structured porous media to be tested

Pattern srmn

Scheme Number 3 4
Thickness(mm) 1.77 1.77
n 62 62
FAR 0.13 0.13
Configuration DPP DPP

All patterns of structured porous media have hole diameters of 2 mm, representing the
manufacturing capability currently available in the Indonesian region. These structured porous media
are manufactured with a diameter of 44 mm. In Table 1, the term FAR is defined as the ratio between
the hole area and the total surface area of the structured porous media. The symbol 'n' represents
the number of holes of the structured porous media. There are two configurations of structured
porous media: the first one is Single Perforated Plate (SPP), and the second one is Double Perforated
Plate (DPP). These configurations are listed in Table 1 as numbers 3 and 4. Configuration DPP in
number 3 of Table 1 uses perforated plates with holes in the same position, while number 4
represents the same configuration as number 3, but with the downstream of structured porous
media rotated 25 degrees. The use of double configurations of perforated plates aims to observe the
influence of increased pressure loss resulting from the addition of perforated plates on turbulence
production. The experimental results will be compared with the pressure loss of regular porous
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media, specifically types sintered stainless steel R200, as shown in Figure 1, with a thickness of 2.76
mm. The structured and regular porous medias were stored in the testing chamber following the
scheme illustrated in Figure 2.

The testing scheme for measuring pressure loss of the porous medias is depicted in Figure 3. The
experiment is cold flow. The essence of this scheme is to provide air flow using a blower, measuring
air mass flow rate, and measuring pressure before passing through porous media using a transducer.

structured
porous media

Inlet air

(7%,
o

@ (b)
Fig. 2. (a) Experiment section test (b) Cutting draw
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Fig. 3. Cold flow experiment scheme

The blower utilized in the study had a power rating of 1.5 kilowatts and was controlled by an
inverter to vary the mass flow rate flowing into the porous media. Air mass flow rate measurements
were conducted using the mass flow rate equation (Eg. (1)). The velocity was measured using a
venturi tube, and the pressure difference in the venturi was measured using a Betz micromanometer.

m = pAv (1)

In Eq. (1), the mass flow rate is denoted by m, where p represents the density, A is the cross-
sectional area, and v is the air flow velocity. Subsequently, the pressure difference between the
upstream and downstream of the porous media was measured using a DPI (different pressure
indicator). Upstream pressure is measured at point A (before the porous media) and downstream
the ambient pressure represents downstream pressure. This pressure difference describes the
pressure loss after passing through a porous medium [30]. The DPI specifications outlined in Table 2.

Table 2

DPI specification

Range 0.25 to 200 in.H20 (62.21 to 49768 Pa)

Compensated temperature range 20°F to 120°F (-7 to 490C)

Temperature effect 0.004% per °F above the compensated range

Repeatability 0.01% of span (range 0/1 in.H20 or higher)
0.02% of span (range under 1.0 in.H20)

Sensitivity 0.002% of span

Under/Over pressure capability -15 to 50 psi

The specifications data mentioned in Table 2 were used to calculate the uncertainty of the DPI
measurements. Measurement uncertainty was assessed using Eq. (2).

Uuq = /ué + X2, (2)

The DPI uncertainty (uy) is a function of both zero uncertainty and the sum of all elemental
instrumentation uncertainties. The zero uncertainty (u,) itself is half the resolution of the DPI device.
Instrumentation uncertainty (u;) is the sum of elemental errors, where in this case, the elemental
errors include repeatability error (€,.) and sensitivity error (&), as described in Eq. (3)."

u; = FSO.,[éZ + &2 (3)
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€rR = Teo (4)
~ _ €Kmax

€s = "peo (5)

The repeatability error and sensitivity are defined by Eq. (4) and Eq. (5), where FSO (Full Scale
Output Maximum) represents the highest-pressure measurement value achievable by the DPI,
specifically 200 inch. H20 or equivalent to 49,768 Pa. The symbol S, defined here indicates sensitivity,
and the span in this specification is the highest value minus the lowest value detectable by the DPI.
In this case, the minimum is 0.25 inch.H,0. Sensitivity in the specification data is defined as ey 4 In
Eq. (5). The measurement uncertainty (u,;) of this DPI, based on the specifications outlined in Table
1 and Eq. (2) to Eq. (5), is 10 Pa.

2.2 Computational Fluid Dynamics Simulation Scheme for Experimental Results Validation

The first thing to be considered in CFD simulation of the flow around a perforated plate is the
number of cells. The parameter targeted in this simulation is pressure loss, so the magnitude of the
pressure loss generated by the simulation must be independent of the grid count. The grid count was
selected by an independent grid test. The second aspect that important in CFD simulation is the
turbulence model. The turbulence model utilized should represent the existing phenomena. The
choice of the turbulence model is based on the observed phenomena and is reinforced by research
conducted by others.

The results of the grid independence test can be observed in Figure 4, demonstrating that the
grid count does not affect the magnitude of the pressure loss. Based on Figure 4, the number of cells
taken as the standard to ensure independence from the cell count is more than 881,900 cells for a
single perforated plate and 851.880 cells for the double perforated plate scheme (based on Figure
4). The results of the 3D model meshing process can be seen in Figure 5 for SPP and DPP scheme.

17 21

20

(
)

Total Pressure Loss (Pa

0 200,000 400,000 600,000 800,000 1,000,000 1,200,000

Number of Cells 218860 428000 851880 1149000

Number of Cells

(a) (b)
Fig. 4. Result of Grid Independence Test for (a) SPP and (b) DPP

The choice of the turbulence model for this simulation is based on considerations of near-wall
phenomena and the dominant occurrence of separation [17]. The turbulence model that fits this
phenomenon is k-omega SST. The material utilized in this simulation is air with a constant density
1.225 kg/m3 and viscosity 1.7894x10 kg/(m.s). The convergence criterion applied in the analysis is
set at 107.
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(b)
Fig. 5. Meshing structure of (a) single perforated plate (b) double perforated plate

The boundary conditions at the inlet comprise a mass flow inlet with a turbulent intensity of 5%
and a turbulent viscosity ratio of 10. The mass flow inlet applied for each scheme depends on
experimental outcomes; Table 3 illustrates five mass flow rates for each scheme.

Table 3
Sets the mass flow for each scheme

Massflow (g/s)
Scheme 1 SPP  Scheme 2 SPP  Scheme 3 DPP  Scheme 4 DPP

0.77 1 0.7 0.754
1.2 1.5 1.13 1.156
1.6 2 1.56 1.556
2 2.52 1.97 1.966
2.4 3 2.38 2.363

In addition to simulating the scenarios that will be validated based on experiments, this CFD
simulation was also conducted to explore and understand how the patterns of structured porous
media (perforated plate) geometry can replace regular porous media by considering pressure loss
and turbulent intensity as parameters. Variations were made by combining structured porous media
with a thickness of 1.77 mm, ranging from 1 to 3 layers of perforated plates, along with the spacing
between the perforated plates.

3. Result

The CFD results obtained using the k-omega SST turbulence model and experiments for all
patterns exhibit consistency, wherein the CFD results are consistently greater than the experimental
results, as indicated in all Figure 6. The pressure loss difference increases with the rise in mass flow

rates, and this phenomenon applies not only to Single Perforated Plates (SPP) but also to Double
Perforated Plates (DPP).
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Fig. 6. Pressure loss v massflow of each scheme for CFD and experiment results

Figure 6 illustrates the consistency where the pressure loss results from CFD are greater than the
experimental results. The experimental results and CFD simulations of all schemes are similar, namely
the CFD results are greater than the experimental results. To assess the consistency of the outcomes,
a comparison is made between the schemes in terms of both CFD and experimental data. The
patterns between experiments and CFD are also consistent, meaning each pattern has the same
sequence for its pressure loss values, as shown in Figure 7. The Double Perforated Plate (DPP) pattern
for scheme 5 has the highest-pressure loss for both CFD and experiments, while the staggered Single
Perforated Plate (SPP) pattern has the smallest pressure loss. If we observe the pressure loss, as
indicated by both CFD simulations and experiments, both can be approximated by a quadratic
relationship with respect to mass flow rates.
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Fig. 7. Comparison of pressure loss for CFD and experiment for each scheme

The relationship between speed and pressure loss is quadratic [31], and mass flow is directly
proportional to speed. This is in line with the results of experiments and CFD simulations that have
been carried out. This relationship can also be further explored by presenting the data in non-
dimensional form, namely the hole diameter-based Reynolds number (Rey) defined in Eq. (6), and

the Euler number (Ap/pU2> Rey, where Ap, p, U, are pressure loss, air density, and mean velocity
0

through perforated plate hole respectively. The relationship between these two-dimensional
numbers is described in Eq. (7) where a, 8 are constant [31]. The symbols p, u represent the density
and viscosity of air respectively. Eq. (7) can also be a tool for determine the occurrence of turbulence.

UoD
Rey = % (6)

<Ap /pug) Re, = a + BRe, )

Figure 8 shows the experimental data when presented in the form of defined Euler numbers and
Reynolds numbers.
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Fig. 8. Euler Number v Re,, for experiment results for all scheme
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All experimental results carried out can be said to be correct because the relationship between
the Euler number and Rey is linear. Then, if you take a and 8 values and summarize them in table 4.
Perforated plate with double scheme with scheme 4 (Inline DPP 25 deg) has the largest beta value,
which means that every increase in the hole Reynolds number will be followed by a greater increase
in pressure loss compared to the others. This corresponds to the natural conditions under which this
scheme produces the greatest pressure loss.

Table 4

Values of a dan 8 for every scheme

Scheme Porosity (¢) Beta (B) Alfa (o)
Inline SPP 14% 0.3888 65.125
Staggered SPP 15% 0.4155 41.043
Inline DPP O deg 14% 0.4807 7.7843
Inline DPP 25 deg 14% 0.7952 2.1779

Furthermore, the results of this experiment are used to compare the pressure loss that occurs in
a perforated plate with a porous media. The porous media applied in this research is sintered
stainless steel R200 with a porosity level of 49-54%. This comparison was carried out to investigate
the potential of perforated plates in terms of pressure loss. The focus of the comparison is focused
on the perforated plate pattern with a double inline scheme which has undergone a rotation of 25
degrees. This rotation is significant because the scheme shows the highest-pressure loss compared
to other schemes. Thus, a comparison between the pattern of the perforated plate in the rotation
scheme and the sintered porous medium of R200 stainless steel can be found in detail in Figure 9.

2000
1800 A
1600
1400
1200

1000

Pressure loss (Pa)

0 x® b 3 *
0.6 0.8 1 1.2 1.4 1.6 1.8 2

air massflow (g/s)

APMR200 - Exp X DPP Inline 25 deg
Fig. 9. Differences in pressure loss values between sintered
stainless steel R200 porous media and DPP-inline 25 schemes

The pressure loss values of the sintered stainless steel porous media are significantly greater
compared to the DPP-inline 25 scheme, and they increase further with the higher mass flow rates. It
is evident from this observation how the perforated plate demonstrates a potential for lower
pressure loss.

Seeing the potential for small pressure loss, now how the perforated plate produces turbulent
flow. When the combustion chamber is only a shell tube without a perforated plate, the Reynolds
number is 547 with a diameter of 44 mm as a reference for the highest mass flow, namely 1.9 g/s,
then the category is laminar [31]. When a perforated plate is employed, its presence induces
turbulent flow. Turbulent flow is advantageous for combustion chambers [32]. Stability can be
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achieved at lower speeds and equivalence ratio values [33]. When the Euler number and Re, plot
exhibits a slope, as illustrated in Figure 8, it signifies that the flow has transitioned to turbulence [31].
The next aspect to be observed is the turbulent intensity, aiming to understand how the
perforated plate transforms the flow into turbulence. The point of interest here is whether
generating turbulent intensity requires high pressure loss. The development of turbulent intensity
for each scheme is presented in Figure 10, with data representation utilizing non-dimensional
parameters, namely the distance from the perforated plate divided by the hole diameter [19].

)

........................
........

Turbulent Intensity (%

....................................................................

Fig. 10. Development of turbulent intensity in downstream of the perforated plate

It can be seen from Figure 10 that the pressure loss is not proportional to the intensity formed.
The perforated plate scheme with a staggered single perforated plate pattern has the highest
turbulent intensity. This shows that the staggered pattern produces better turbulent intensity than
the inline pattern, even though the resulting pressure loss is small.

Next, based on the simulation results of turbulent intensity plots, it is essential to scrutinize the
flow structure in more detail, particularly in two cases: staggered, which exhibits high turbulent
intensity, and the scheme of a double perforated plate rotated by 25 degrees. The first aspect to be
observed is the flow pattern depicted by velocity vectors.

Figure 11 depicts the velocity vectors in each scheme for the highest hole Reynolds number Re,,
1507 for SPP staggered and 1340 for DPP inline 25 deg. In this region, there is a recirculation zone
and a potential core or jet area [34]. This recirculation zone subsequently becomes a fundamental
consideration to support stability in the ultra-micro gas turbine combustion chamber [35].
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Fig. 11. Development of turbulent intensity in downstream of the
perforated plate

4. Conclusions

Perforated plates have the potential to replace porous media by offering much smaller pressure
losses with a much smaller rate of increase as the air mass flow rate increases. This shows that the
combination of perforated plates has the potential to replace porous media in creating combustion
stability.

The combination of perforated plates produces the highest pressure loss with a slope level of
0.7952, meaning that for every increase in the Reynolds number, the resulting pressure loss is 0.7952
Pa. The single perforated plate staggered scheme has a slope of 0.4155, the flow structure in the
perforated plate actually produces large turbulent intensity with small pressure loss based on CFD
simulations with different levels of pressure loss compared to experiments of 79 Pa at Re, 1507 with
experimental results.

The subsequent research will be conducted using combustion methods to examine the intensity
of turbulence, with a specific focus on combustion quality and stability. The study will employ two
primary approaches: experimental analysis to observe phenomena empirically and Computational
Fluid Dynamics (CFD) simulations to analyze how flow structures influence combustion stability. The
findings from this research will serve as a foundation for designing the implementation of a
perforated plate in the combustion chamber of an ultra-micro gas turbine.
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