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This study investigates the impact of incorporating an Inner Ring Groove (IRG) on the
leakagecharacteristics of dry gas seals, commonlyused in turbomachinery suchasgas
turbines and compressors. The primary objective is to enhance sealing performance
and reduce gas leakage, which is critical for improving the efficiency of these
machines. The research focuses on various groove shapes, including spiral grooves
for single-direction rotation and T-grooves and tree grooves for bi-directional
rotation. The experimental setup involved measuring air leakage rates across
different seal configurations, both with and without the IRG. The results indicated
that while the IRG increased leakage in spiral groove seals, it significantly reduced
leakage in T-groove and tree groove seals. Specifically, the IRG reduced leakage by
approximately 26% inT-groove seals and 15.8% in treegroove seals, compared to their
standard configurations. Additionally, the study employed Particle Image Velocimetry
(PIV) to visualize gas flow within the seal gaps. The visualization revealed that the IRG
altered the flow dynamics, particularly in T-groove seals, where it redirected the gas
flow from a radial to a circumferential direction, thereby reducing leakage. In contrast,
the IRG in spiral groove seals promoted radialflow, leading to increased leakage. These
findings suggest that the application of IRGs can be particularly effective in bi-
directional rotation seals, offering a potential design modification to enhance
sealing performance. The study concludes that while IRGs may not be suitable for
all groove types, their strategic application can lead to significant improvements in
leakage reduction and overall efficiency of dry gas seals.
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1 Introduction

Turbomachinery, such as gas turbines and compressors, are applied to various
applications including power plants and transporting systems. Consequently, there is a
pressing need to conserve energy and enhance the efficiency of these devices. One approach
to augmenting the mechanical efficiency of gas turbines is to increase the compressor’s
compression ratio. A critical aspect of this is preventing the air compressed by the
compressor from leaking into the atmosphere. It has been reported that a 1% reduction
in gas leakage from the shaft seal can lead to a 1.7% improvement in engine efficiency for
aircraft jet engine compressors (Wilcock et al., 1968). Recently, the supercritical carbon
dioxide (sCO2) turbomachinery is the one of the most expected application (Laxander et al.,
2019; Zhang et al., 2024; Yuan et al., 2024). As a result, many researcher and engineers are
focused on dry gas seals which is known for their minimal gas leakage compared to other
non-contact seals.
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The outline of a dry gas seal is shown in Figure 1 The dry gas seal
consists of four main components: a rotating ring, a stationary ring,
a spring, and a housing. The rotating ring, equipped with grooves,
spins at high velocity to create hydrodynamic pressure and form an
air film (Stahley, 2005; Zhang et al., 2024). The performance
characteristics of dry gas seals are significantly influenced by the
configuration of the hydrodynamic grooves (Chen et al., 1969; Green
and Barnsby, 2001; Etsion, 2005; Shahina et al., 2013; Chen, 2024),
prompting research into groove shape optimization to improve
some characteristics (Hashimoto and Ochiai, 2008; Wang and
Chen, 2009; Papadopoulos et al., 2011; Ochiai et al., 2014; Cong
et al., 2022; Ochiai and Sato, 2022c).

It is known that the optimized groove designs aimed at
minimizing air leakage exhibit superior sealing capabilities.
However, sometimes their complex configurations lead to high-
precision machining, potentially escalating production costs.
Nonetheless, form the one of the optimization results obtained
by the cell automaton proposed by the authors reveals a simple
ring-shaped groove within a complex structure (Ochiai et al., 2018).
This discovery led the author to hypothesize that applying the inner
ring groove to previously utilized groove shapes could effectively
suppress air leakage. Li et al. analyzed a dry gas seal with grooves in
which the spiral groove and the inner ring groove are in, and found
that the operation is stable at low speeds and high pressures, but the
lifting force is lower and air leakage is increased compared to spiral
groove seals (Li et al., 2013). However, there are no studies that apply
inner ring grooves to groove shapes in which the inner ring groove
and the spiral groove are independent, or to bi-rotating dry gas seals,
for example, T-groove shapes. Furthermore, there are no studies that
consider the visualization of air flowing through the seal surface
when an inner ring groove is applied.

In recent years, Particle Image Velocimetry (PIV) has been
applied to fluid lubrication to know the tribological
characteristics more specifically (Green et al., 2011; Li et al.,
2012; Emden et al., 2016; Richardson et al., 2019). This is a
promising method in the field of fluid film lubrication and its
applications. Despite the widespread use of Particle Image
Velocimetry (PIV) as a flow visualization technique, there have

been few instances of its application in Dry gas seals (Suzuki et al.,
2016; Ochiai et al., 2019). This is presumably due to the need to
capture flow moving at high speeds within extremely thin gaps.
However, as previously mentioned, with the recent advancements in
measurement equipment and methodologies, it is believed that the
application of PIV to fluid lubrication has become possible. Indeed,
the authors conducted the PIV analysis against the liquid type of
mechanical seals and clarified the effect of rotational direction on
leakage characteristics (Ochiai and Sato, 2022a) and the effect of
temperature it leads to thermal distortion of seal surfaces comparing
the three types of grooved seals (Ochiai and Sato, 2022b). Same as
optimization research, it is important to visualize and recognize the
actual gas flow between seal surfaces.

Under the background, this study conducted experiments to
measure air leakage by incorporating an inner ring groove (IRG)
into several types of groove shapes: the spiral groove, typically
used for single-direction rotation, and the T-groove and tree
groove, suitable for bi-directional rotation. Because the bi-
directional rotation type seals are usually inferior to single-
directional type seals. Moreover, by using the PIV analysis
method of gas lubrication film, comparison of the gas flow
vector of the spiral groove seal with T-groove seal was
conducted for understanding the mechanism of the inner ring
groove (IRG) on the sealing effects.

2 Test seals

To ascertain the impact of the inner ring groove, a comparative
analysis of six types of seals is conducted. This included three
conventional basic seals and seals equipped with newly proposed
inner ring grooves. The seal depicted in Figure 2A is a standard seal,
while the seal in (a-i) represents a common spiral groove seal
designed for single rotation. Conversely, the seals in (a-ii) and
(a-iii) are T-groove seals and Tree globe seals, respectively, both
designed for bi-directional rotation. Here, R1 denotes the outer
radius of the test seal, R2 signifies the inner radius of the test
seal, and RS represents the inner radius of the groove, which we
refer to as the seal radius.

In Figure 2B, a thin groove is incorporated on the inner
circumferential side of each seal shown in (a). This groove is
referred to as the “inner circumference ring groove” throughout
this paper. The term Hi, as shown in each figure, indicates the inner
radius of the inner circumferential ring groove. The dimensions of
each test seal are provided in Table 1.

3 Gas leakage measurement

3.1 Experimental apparatus for amount of
gas leakage

A schematic diagram of the experimental apparatus utilized in
this study is depicted in Figure 3A, while an external photograph is
presented in Figure 3B. A rotor is mounted at the base of this
apparatus. It is comprised of a direct drive with an integrated motor,
capable of high-speed rotation. The runout around the rotor is
constrained to within 5 μm.

FIGURE 1
Outline of a dry gas seal.
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The upper section of the rotor houses the test seal portion, as
illustrated in the magnified image in the figure. A gas film is
established between the rotor and the test seal surface. An eddy-
current displacement sensor is installed within the test seal to
gauge the thickness of the gas film. The accuracy of the

displacement sensor is 1 μm. A temperature sensor is also
incorporated, which is utilized to adjust for the temperature of
the eddy-current displacement sensor. The thickness of the gas
film can be modified by a micrometer located at the top of
the apparatus.

FIGURE 2
(A) Fundamental groove seals. (B) Groove seals with inner ring groove (IRG).

TABLE 1 Specifications of test seals.

Parameter Spiral groove T-groove Tree Groove

Number of grooves N 10 12

Outer radius R1, mm 32

Inner radius R2, mm 25.6

Sealing radius RS mm 27.5 28.3

Groove depth hg, µm 8

Inner circumferential groove radius Ri, mm 26.3

Inner circumferential groove width Big, µm 320

Inner circumferential groove depth hig, µm 8
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The test seal section is encased within a chamber, to which
compressed gas is supplied externally. The pressure within the
chamber can be assessed with the pressure gauge depicted in the
figure. The compressed gas within the chamber escapes to the
inner diameter side of the seal via the gas film formed between
the rotor and the test seal surface. The leaked gas travels the
interior of the sealed stator and is measured by the flowmeter
located in the middle. The test seal can be changed using the
attachment, the test seal was appropriately replaced with one of
a different groove shape, and the amount of gas leakage
was measured.

3.2 Experimental method for amount of
gas leakage

In this experiment, the amount of air leakage was measured
under changing the air film thickness. Initially, air was supplied
from the compressor until the pressure within the chamber
reached 25 kPa. Subsequently, the height of the test seal can
be manipulated using a micrometer, thereby adjusting the
thickness of the air film to a predetermined value. The rotor
was then set in motion at a speed of 20,000 rpm, and the amount
of leakage was measured using a flow meter (M-500, Japan Star
Techno Co., Ltd.). The measurement range is 2.5–500 L/min and
the accuracy is 0.8% reading + 0.2% full scale. Using this
methodology, the thickness of the air film was systematically
reduced from 30 μm to 18 μm in increments of 2 μm, and at each
stage, 20 separate measurements of the leakage rate was
conducted. The thickness of the experiment is large compared
with actual dry gas seals, however the ratio of the groove depth hg
and gas film thickness h, hg/h, is 0.45–0.27 and the obtained
tendency from the experiment are applicable to actual
applications.

3.3 Experimental results in amount of
gas leakage

Initially, we examined the correlation between the leakage rate
and the gas film thickness for three types of seals, which are
fundamental shapes: the single-rotation spiral groove seal, the
T-groove seal, and the Tree groove seal, all of which are designed
for bi-directional rotation.

Figure 4 shows the experimental results of amount of gas
leakage. Each data plot signifies the average leakage rate
following 20 measurements, with the error bars indicating the
maximum and minimum measured values. A direct increase in
the seal clearance significantly impacts the leakage rate. Comparing
the three types of seals, it is evident that the single-rotation spiral

FIGURE 3
(A) Schematic diagram of experimental equipment. (B) Photo of experimental equipment.

FIGURE 4
Experimental results of leakage rate comparison for three types
of dry gas seals.
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groove seal exhibits the least leakage, followed by the tree groove
seal. In contrast, the T-groove seal has a considerably higher leakage
rate, indicating inferior sealing characteristics. However, since the
spiral groove seal cannot generate hydrodynamic pressure during
reverse rotation, both rotating grooves offer an advantage, and a bi-
directional rotation seal groove may be chosen depending on the
machine in use. Regarding the tree groove seal, when the film
thickness is substantial, the leakage volume is comparable to that
of the spiral groove seal, suggesting its superiority over the
T-groove seal.

Then, we compare the leakage quantities with and without
inner circumferential ring grooves (IRGs) are incorporated. The
results are depicted in Figure 5A, which illustrates the comparative
results for a spiral groove configuration. It has been confirmed that
the application of an inner ring groove (IRG) to the spiral groove
leads to increase of gas leakage. Specifically, when the inner ring
groove is present, the larger gas film thickness experiences an
increase of leakage rate. This enhancement of amount of gas
leakage is nearly identical for a measured wide range of gas film
thickness, averaging an increase of 9.3%. In addition, it is suggested
that the same tendency remains in thinner gas film same as actual
dry gas seals from tendency of this graph. This The underlying
rationale can be attributed to the following mechanism: primarily,
the leakage quantity originates from the pressure differential
across the inner and outer peripheries of the seal interface.
Moreover, the presence of a groove on the sealing surface
introduces dynamic pressure effects, which in turn generate a
pressure distribution impacting the leakage rate. Fundamentally,
within the spiral groove, the dynamic pressure induced by the
pumped-in flow effect—propelled by rotational motion—is
postulated to influence the gas leakage phenomenon.

Conversely, when the inner ring groove is integrated into the
T-groove, as illustrated in Figure 5B, a significant reduction in air
leakage is confirmed. Quantitatively, the incorporation of the inner
ring groove results in an average leakage decreases of approximately
26.0% relative to the fundamental groove configuration without the
inner ring groove (IRG). This finding underscores the effectiveness
of the inner ring groove in enhancing the sealing performance of
T-groove structures. It is quite close to the leakage rate of a
fundamental spiral groove seal and it is suggested that the same
tendency remains in thinner gas film.

The obtained results can be considered as follows: Within the
T-groove configuration, the feature of both rotations generate
negative pressure in conjunction with positive pressure to
counteract reverse rotation. However, due to the relatively weak
generation of positive pressure in the T-groove, the predominant
effect of bi-directional rotation is leads to gas flow into the seal
interface from the high-pressure outer periphery, resulting in
increased leakage with a standard T-groove seal. Conversely, it is
considered that the implementation of an inner ring groove (IRG)
induces a modification in the flow near the seal’s inner
circumference, thereby mitigating gas leakage into the seal. This
suggests that further research from alternative perspectives may
yield additional insights.

Finally, we compared the results of the air leakage measurement
experiment when the inner circumferential ring groove was
integrated into the tree groove—a groove configuration designed
for bi-directional rotation. As depicted in Figure 5C, a significant
reduction in leakage is observed with the inner circumferential ring
groove compared to the standard tree groove, with an average
decrease of approximately 15.8%. Seals featuring tree grooves
with IRG not only demonstrated the average leakage rate
reduction but also maintained this low rate even at a gas film
thickness of h = 30 μm, which is the largest among measured
film thickness. Moreover, for a wide measured range of gas film
thickness, tree groove with IRG remains most low leakage. However,
this advantage might not be remained in thinner area except the
measured area. On the other hand, it is suggested that the effect of
IRG on tree groove remains in thinner gas film same as
T-groove seal.

These findings conclusively demonstrate that the inner ring
groove (IRG) contributes to air leakage reduction when applied
to a groove designed for dual rotation, thereby enhancing the
sealing performance to equal or exceed that of spiral grooves
intended for typical single-direction rotation. Then, we
specifically investigated the impact of the inner
circumferential ring groove (IRG) in isolation. To this end, we
measured the leakage rates of a plain seal without any grooves
and a seal equipped solely with the IRG. Throughout these
experiments, the gas film thickness was maintained at h =
18μm, while the chamber pressure varied from 5 kPa to
35 kPa. The results, as illustrated in Figure 6, indicate that the

FIGURE 5
(A) Spiral groove seal. (B) T groove seal. (C) Tree groove seal.

Frontiers in Mechanical Engineering frontiersin.org05

Ochiai and Ohya 10.3389/fmech.2024.1488803

https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fmech.2024.1488803


gas leakage rate increases with increasing chamber pressure.
Notably, at all tested pressures, the seal with the inner ring
groove exhibited higher leakage than the plain seal. With the
inner ring groove (IRG) alone, it promotes radial flow and
gas leakage.

4 Visualization of flow in dry gas seals

To elucidate the reasons behind these intriguing findings, we
tried to visualize the gas flowing in the seal clearance.

4.1 Experimental apparatus for flow
visualization and test method

Figure 7A illustrates a schematic diagram of the visualization
apparatus, while Figure 7B presents a photograph of the external
appearance of the same device. In this experiment, we visualized the
airflow through the seal clearance during rotor operation. Initially, we
established the zero point of the eddy current displacement transducer
by bringing it into contact with the test seal and the rotor in a stationary
state. Subsequently, the test seal was secured within an acrylic case,
which was then pressurized to 5 kPa.We regulated the rotor’s rotational
speed to 3,000 rpm at a clearance of 80 μm, and directed a 2 W sheet
laser into the gap between the test seal and the rotor. Following this,
tracer particles were introduced into the acrylic case, and a high-speed
camera positioned atop the case captured the gas flow through the seal
gap as shown in Figure 8. A total of 2,000 frames—equivalent to three
full rotations of the rotor—were recorded and analysed using Particle
Image Velocimetry (PIV). For this phase of the study, a spiral groove
seal was chosen to represent single-direction rotation seals, and a

FIGURE 6
Effect of inner ring groove on Leakage rate in plane seal.

FIGURE 7
Outline of the experimental equipment for visualization (A) External photo of experimental equipment. (B) Schematic diagram of
experimental equipment.
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T-groove seal was selected for bi-directional rotation seals. The
experiment aimed to compare the influence of the Inner Ring
Groove (IRG) on air leakage around the inner circumference.

4.2 Visualization results

The gas flow visualization results of the four types of test seals are
shown in Figure 9. Firstly, from the visualization results of velocity

vector in Figure 9 (a-i), it is primarily observed that the flow is in the
diagonal direction on the spiral groove seal. This is due to the combined
effect of the radial flow, which is caused by the pressure difference from
the outer periphery to the inner periphery, and the hydrodynamic
pressure effect of the groove due to rotation. Outside of the spiral
groove, which is observed obliquely lower area in the figure, the
circumferential gas flow is dominant. However, the flow varies to
follow the groove as it approaches the groove. Conversely, in the
flow that enters the groove, the direction of the flow slightly shifts

FIGURE 8
Visualization results.

FIGURE 9
Experimental results of PIV comparison with and without IRG.
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inward, and thisflowdirection is generallymaintained even after exiting
the groove. The velocitymagnitude increases slightly with the inner flow
exiting the groove.

Additionally, a warm color vector is observed near the tip of the
spiral groove, indicating that the flow near the tip has the highest
velocity. It is evident how the flow is accelerated within the groove.
The gas that exits the tip of the groove appears to flow slightly in the
radial direction and exits the interior of the sealing surface while
maintaining a relatively high velocity. Generally, the amount of
leakage in this vicinity is large, but in other larger areas, the flow is
slow in the diagonal direction, suggesting that leakage can be
suppressed. In this image, the flow that passes through the
interior have not been able to confirm, but it is considered that
the above interpretation generally accurate.

Indeed, in the T-groove seal with the basic shape depicted in
Figure 9 (b-i), the gas flow significantly differs from that of the spiral
groove. Initially, on the outer circumference of the seal, the diagonal
flow has already been observed around the outer periphery, and
additionally the flow direction is closer in the radial direction
compared to the spiral groove. It is noted that the gas flow entering
the T-groove slightly alters its direction within the groove. However,
upon exiting the groove, it is strongly redirected in the radial direction
again and exits inward at a high speed. In comparison to the spiral
groove, the warm color area on the inner circumference of the seal is
also broader, which is considered contributing to the increase in the
amount of leakage.

Then, the impact of the inner circumferential ring groove
(IRG) is considered based on the visualization results depicted in
Figure 9 (a-ii) and (b-11). Initially, for the spiral groove seal with
an IRG as shown in Figure 9 (a-ii), the cold color velocity vector is
diminished across the entire sealing surface, and the flow is
generally faster. The most characteristic feature is that the gas
flow, after traversing the inner circumferential side of the spiral
groove, undergoes a strong change in the radial direction and
accelerates such that it is drawn into the IRG. In the absence of an
IRG, it was possible to suppress the flow to a slow, diagonal
direction due to the effect of the spiral groove. However, the
installation of an IRG altered the flow direction, which further
increased the speed. The flow itself through the inner groove
cannot be captured, but it is believed that significant amount of
gas is leaking internally due to this flow.

On the other hand, in the double-rotating T-groove, the flow is
slightly more intense in the radial direction inside the T-groove due to
the influence of the IRG. However, the gas flow that exits the T-groove
inward is slightly decelerated, and its direction is also more
circumferential compared to the case without an IRG. In the case of
the T-groove, the IRG guides the gas flow in the direction of rotation,
which is also contribute to the reduction of gas leakage. As depicted in
Figure 5 in Chapter 3, it is interesting to note that the flow of the spiral
groove without an IRG and the T-groove with an IRG tend to be
generally similar.

As described above, from a visualization perspective, we have
examined why the Inner Ring Groove (IRG) effect was observed in
the T-groove for both rotations, while the IRG was not effective in the
spiral groove seal for single rotation. Although the tree groove was not
implemented in this instance, the effect of the IRG on the flow is
fundamentally considered to be equivalent to that of the T-groove.

5 Conclusion

In this study, we experimentally compared the amount of
leakage when a simple ring-shaped groove (IRG) was applied to
the spiral groove, which is a usual single-rotation seal for dry gas
seals, and the T-groove and tree groove for both rotations. In
addition, in spiral groove seals and T-groove seals with and
without IRG, the gas flow in the seal gap was visualized, and the
relationship with the leakage amount was considered. The
conclusions reached are as follows.

As a result of comparing the leakage amount of the spiral groove
seal for single rotation, the T-groove seal for both rotation, and the
tree groove seal, it was confirmed that the spiral groove seal has the
lowest gas leakage amount within the experimental range.

When the Inner Ring Groove (IRG) was applied to the spiral
groove seal, an increase in the amount of gas leakage was observed.
This suggests that the application of an IRG to the spiral groove seal
may not be effective in reducing gas leakage.

In the case of the T-groove seal and the tree groove seal,
which are both double-rotating grooves, the application of the
Inner Ring Groove (IRG) resulted in a significant reduction in the
amount of leakage. The leakage rate of the T-groove seal was
found to be equivalent to that of the spiral groove seal without an
IRG. Interestingly, the leakage rate of the tree groove seal with an
IRG was even lower than that of the spiral groove seal. This
suggests that the application of an IRG can be particularly
effective in double-rotating groove seals.

Based on the visualization of the gas flow within the seal gap, in
the spiral groove seal for single rotation, the influence of the Inner
Ring Groove (IRG) promoted the flow towards the inner side of the
seal surface, leading to an increase in leakage.

In contrast, in the T-groove seal, the influence of the IRG
changed the gas flow from the radial direction to the rotational
direction, and the speed also decreased. This is thought to have led to
a reduction in leakage. These findings provide valuable insights into
the design modifications of the addition of an IRG.

These conclusions are applied under our test conditions
which are relatively large gas film thickness. However, there is
possible to obtain the same tendency in the actual dry gas seals. It
is expected to be examined under the actual conditions, for
instance in industries.
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