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ABSTRACT 

Supercritical carbon dioxide (sCO2) power cycles outperform conventional water-based/ air-
breathing, direct-fired, open Brayton cycles or indirect-fired, closed Rankine cycles as far as the 
efficiency and equipment footprint are concerned. sCO2 power cycles have promising potential to 
be used in concentrated solar power, fossil fuel power plants, geothermal electricity, nuclear power, 
and ship propulsion. Technology readiness must be proven on a scale of 10 – 600 MWe and at 
temperatures and pressures of 350–700°C and 20 – 35 MPa for nuclear industries, respectively, 
to realize the full potential of sCO2 power cycles. One of the critical issues at the component 
level is the lack of effective shaft seals at sCO2 operation conditions. While conventional 
seals are currently limited in some way by their inability to handle such high pressure and 
temperature, only a few non-conventional ones can survive sCO2 conditions. To offer a potential 
solution, we propose an elastohydrodynamic (EHD) scalable high-temperature, high-pressure 
shaft end seal that leverages the proven elastohydrodynamic lubrication theory. The 
distinctive mechanism of such an EHD seal provides a self-regulated constriction effect to 
restrict the flow without significant material contact, thereby minimizing leakage and wear. One 
of the prominent features of the EHD seal is that it provides tighter sealing at increased 
pressures, sustaining a continuous fluid film between itself and the rotor. In this study, the 
working mechanism of the EHD seal was proven experimentally on a 2-in static rotor test rig. 
Tests were carried out using nitrogen as the working fluid at the room temperature to avoid 
complexity. The test seal was made of PEEK which had an elastic modulus of 3.65 GPa and a 
tensile strength of 96.53 MPa. The static shaft was made of stainless steel with a diameter of 
2 in. The trials were run with a maximum inlet pressure of 15 MPa and an initial clearance 
of 41 µm. The throttling effect of the EHD seal was clearly demonstrated in these early 
trials. These preliminary findings suggest that the proposed EHD seal design can potentially be 
applied to sCO2 turbomachinery. 

Keywords: Seal; EHD seal; leakage; sCO2; supercritical carbon dioxide; power generation 

INTRODUCTION 

Power generation has been and remains a focal point of economic, environmental, 
sociological, and ethical discourse in the field of engineering. In recent times, there has been a 
notable increase in the adoption of the sCO2-based power cycle due to its favorable environmental 
attributes and cost-effectiveness  [1]. In light of the continuously expanding global population and 
its corresponding electricity requirements, the closed-loop CO2 power cycle is emerging as a 
promising and dependable alternative compared to other clean energy options [2]. Utilizing 
supercritical CO2 as a working fluid offers significant advantages compared to conventional power 
generation approaches [3]–[8]. Its ability to maintain liquid density in the gaseous state, allows for 
a more cost-effective power cycle, better power density, and higher performance [9]. 

The existing seal and shaft solutions provide a higher level of compatibility with typical 
applications [10]–[11]. However, when it comes to sCO2 operating conditions, the current sealing 
technology fails one way or another [12]–[14]. Despite considerable efforts to use the existing 
seals in sCO2 power generation techniques, they require modifications from their conventional 
design [15]–[16]. In this list, dry gas and labyrinth seals have been the most popular ones [17]. 
Other important sealing technologies include brush seal, halo seal, shaft end seal etc. [18]–[23]. 
Among these, the labyrinth seal is considered more competitive because of its simple design than 
the dry gas seal [24]–[25]. The efficiency of each seal varies based on operational conditions and 
application, embracing both advantages and disadvantages. Yet, the non-contact seal has more 
significant requirements than the contact seal [26].  
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Several other sophisticated seal configurations have been developed and implemented, such 
as the film-riding seal, annular seal, hole-pattern seals, leaf seals, drum seals, hydrodynamic 
seals, and so on, specifically in the context of sCO2 applications [27]–[34]. To date, traditional 
seals have encountered limitations in effectively managing the pressure and temperature of 
supercritical carbon dioxide (sCO2) in various manners [26], [35]–[39]. That is why a worldwide 
effort exists to advance the development of efficient sealing methods for sCO2 turbomachinery 
[40]–[46]. 

Wang et al. [47] investigated the relation between the leakage rate and the heat transfer 
properties of a labyrinth seal for varying shaft speeds and seal geometries. They ran a numerical 
analysis to identify the effect of rotation and varying geometrical parameters on the seal's 
performance. Although promising, they must still address their study's scalability and high 
operating condition issues. Untaroiu et al. [48] also conducted a computational analysis of a 
labyrinth seal's varying swirl break geometry properties. Based on their parametric sensitivity 
study, it has little effect on the overall efficiency of the seal. 

Yuan et al. [49] studied the impact of dynamic groove types on the thermal characteristics 
and cooling effects on the sCO2 dry gas seals in the industrial setting. They illustrated an external 
direct flush cooling method and showed a temperature reduction of 42.3%. By implementing sCO2 
real gas properties and solving 3D RANS equations, they successfully demonstrated the effect of 
the thermal characteristics of dynamic dry gas seals under varying coolant mass flow ratios. 

Wang et al. [50] numerically investigated the steady performance of compliant foil seals at 
different operating parameters and pressure distribution. They analyzed a T-shaped seal groove 
and implemented the finite difference method to obtain the performance. Their study showed that 
the inlet pressure significantly influences the overall seal efficiency. It also addresses that to 
achieve damping and stiffness stability, the T-shaped groove needs to be optimized. 

Elastohydrodynamic (EHD) characteristic analysis has been carried out in different studies as 
it plays a key role in the overall performance of the sealing technology. Nikas et al. [51]–[53] 
conducted a computational study on an elastomeric rectangular seal, focusing on EHD lubrication 
mechanics. The individual showcased a method for addressing these concerns without relying on 
pre-established compliance matrices or predetermined contact pressure. A separate investigation 
showcased the application of the Mooney-Rivlin rubber elasticity model to resolve EHD concerns. 
In this case, he formulated certain assumptions and implemented suitable modifications while 
considering the effects of temperature stressors. He then computed the numerical outcomes 
under various standard operating settings. Later, Stupkiewicz et al. [54] also studied a finite 
element analysis of various seals' deformation by coupling the fluid-solid interaction in EHD 
lubrication physics. 

The elastic deformation of a sleeve seal enhances the sealing process's effectiveness and 
efficiency. Sleeve seals are the designated classification for high-pressure conformal EHD seals. 
Wong et al. [55] conducted a comprehensive investigation on the performance of high-pressure 
sleeve seals for reciprocating pumps using elastohydrodynamic (EHD) analysis. Estimating the 
leakage rate was also conducted to assess the influence of structural and operational factors. 
Their findings also provided insights into the impact of frictional force and stiffness on the 
performance of high-pressure sleeve seals. Additionally, the researchers proposed the 
implementation of the all-metal viscoelastic seal, an innovative sealing mechanism designed to 
withstand high-pressure conditions. They conducted an EHD lubrication analysis to evaluate the 
proposed high-pressure seal. The computation considered the deformation of the cylinder and 
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plunger and the relationship between the pressure-viscosity and density of the working fluid. 
Based on their research, the proposed seal is recommended to function consistently.  

As a potentially viable sealing solution for sCO2 turbomachinery, we present a patented 
elastohydrodynamic (EHD) shaft seal that operates under high-pressure and high-temperature 
conditions and possesses scalability, designed explicitly for sCO2 cycles. According to the 
EHD mechanism, increased pressure results in a more effective sealing technique, 
maintaining a continuous sCO2 film to prevent direct contact between the seal and the rotor. 
The EHD seal has a straightforward, sleeve-like configuration positioned concentrically to the 
rotor, including narrow clearances that are typically below 50 µm in magnitude. Due to 
its distinctive structural configuration, the pressure difference acting on the seal induces a 
constriction, forming a throat closer to the base of the seal. Our hypothesis posits that the 
throat functions as an efficient flow restrictor by achieving the minimal physically attainable 
clearance. The proposed EHD seal exhibits several advantages over current sealing 
technologies. These advantages include reduced leakage, decreased drag, minimized 
wear, lower production costs, and improved 

performance at critical speeds. 

FIGURE 1: Working principle of the proposed sealing concept. 

This paper presents an experimental approach to evaluate the elastohydrodynamic (EHD) 
mechanism of the seal design described in our research. The experimental setup consists of a 
stationary test apparatus that includes a nitrogen tank with a maximum pressure of 16.50 MPa, a 
cylindrical chamber housing the stationary shaft and the test seal, steel tubing equipped with 
compression-type fittings, a pressure sensor for measuring nitrogen pressure, and a mass flow 
meter. The static shaft utilized in the experiment was composed of 303 stainless steels. However, 
the test seal employed was constructed from PEEK plastic. The LabVIEW program measured the 
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pressure and temperature at the input and the outlet's mass flow rate. To facilitate the process of 
instrumentation, the integration of DAQ modules was carried out by incorporating them into a 
chassis that is compatible with the system. The studies were carried out with an initial clearance 
of 41 µm, and the inlet pressure was then raised to 15 MPa. The preliminary studies effectively 
elucidated the performance of the EHD seal in terms of throttling. The findings from this study 
suggest that the proposed EHD seal design can potentially be employed in supercritical carbon 
dioxide (sCO2) turbomachinery. 

MATERIALS AND METHODS  

Proposed sealing concept 

The proposed EHD seal modulates the demonstrated elastohydrodynamic lubrication 
sealing mechanism, eliminating wear, lowering leakage, and saving costs. The primary EHD seal 
is affixed to a back ring and positioned on a rotor with a preliminary clearance of “h”, as shown in 
Figure 1. In this scenario, the operating pressure, “PO”, is the same as the environmental 
pressure, “Pe” (PO = Pe). After the rotor ramps up, operating pressure increases. This results 
in PO >> Pe and the pressure distribution in the clearance decreases. The pressure at the top of 
the seal is equal to the operating pressure PO. 

As the seal is welded onto the back ring, the root of the seal is fixed. Eventually, the 
pressures at the top and bottom of the seal will settle for the least amount of feasible physical 
clearance between the rotor and the seal. The seal may bend downward and remain there, 
obstructing the flow. However, the pressure differential across the contact region will force the 
contact to reopen when interaction happens. Since the maximum working pressure will remain 
consistent, any oscillation will be restricted, limiting any instability until the seal opens again. 
Recall that during operation, PO is always greater than Pe. Given the foregoing considerations, 
there will always be a minimal sustainable clearance between the rotor and the seal, acting as an 
efficient throttling mechanism to minimize the leakage. 

EXPERIMENTAL SETUP  

Test rig assembly 

The test rig was methodically designed to effectively maintain gas pressure, ensuring that any 
observed reductions in pressure may be ascribed solely to the seal being subjected to testing. 
The design facilitates the efficient measurement of the leakage rate at the desired pressure. The 
desired outcome can be attained by establishing a regulated setting, including only one route for 
potential leakage, namely the clearance between the seal and the shaft. The existing 
experimental configuration was specifically designed to ensure the effective sealing of a stationary 
shaft. Figures 2 and 3 display schematic diagrams of the test rig. 

The overall dimensions of the entire test rig, which is comparable to the size of a tabletop, do 
not exceed 12-in in length, 12-in in width, and 8-in in height. The shaft and seal components are 
contained within a tubular body with an inner diameter of 3.75", which is equipped with inlet and 
outlet flanges. The flanges were fastened with grade-8 partly threaded bolts and grade-8 hex nuts. 
The test rig's body is securely attached to the tabletop. 
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 O-rings are employed to seal the inlet and outlet flanges while effectively mitigating parasitic 
leakage. The seal has been affixed to the outlet flange, creating a pathway for leakage via the 
shaft and subsequent release through the outlet flange. Figure 3 presents a cross-sectional 
depiction of the test rig, illustrating the essential components and the leakage pathway.  

FIGURE 3: Cross-sectional view of the test rig. 

 

FIGURE 2:  Assembled test rig for the experiment. 
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Compression tube fittings are commonly employed in tubing applications. Flexible stainless-
steel tubing, measuring 0.02-in thickness and ¼-in diameter, is employed to transfer gas from a 
gas cylinder of size 300 (which is designed to withstand pressures of 2,400 psi at a temperature 
of 72°F) to the chamber of the test rig. 

FIGURE 4: Schematic of the full experimental setup. 

A gas regulator manages the gas flow at the inlet by being attached to the gas cylinder. 
All fittings used for gas supply are of the compression type. The inlet and output flanges have ¼-
in NPT threaded holes that accommodate suitable adapters for compression fittings. A thin film 
pressure transducer that utilizes sputtering techniques is positioned near the inlet to measure the 
pressure provided to the gas chamber. An additional digital pressure gauge is installed at the 
outlet to serve as a safety mechanism and to monitor the pressure level at the outlet accurately. 
After exiting the test rig outlet, the gas being released will traverse through a mass flow rate meter. 
The mass flow rate meter will be utilized to quantify the rate of leakage occurring beneath the 
seal. Figure 4 comprehensively depicts the experimental arrangement, encompassing the test 
rig, tubing, gas cylinder and so on. Data monitoring system, and instrumental tools, together with 
their respective specifications are described in Tables 1-5/ Figure 5.   

Data acquisition 

A sputtered thin film pressure transducer was incorporated to measure the inlet pressure. The 
material can endure elevated temperature and pressure levels while also delivering an output 
signal measured in Volts. Most pressure transducers utilize strain gauge technology. The inner 
diaphragm contains minuscule strain gauges, which showcase a resistance alteration directly 
proportional to the magnitude of the applied pressure. For a pressure transducer to function, it 
necessitates an excitation voltage. A thermocouple composed of Inconel alloy with a length of 
7.5-in and a K-type configuration was selected to measure the temperature change at the tip of 
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the seal. The sensor element of a thermocouple is composed of the alloy combination known as 
“Chromel/Alumel”, which offers a high-temperature tolerance ranging from -200°C to +1,260°C. A 
maximum sheath diameter of 0.125-in was selected for the thermocouple. When considering tip 
arrangement, utilizing a single ungrounded setup is recommended to measure gas or air 
temperature. The temperature measurement was concluded by employing fiberglass/silicone-
impregnated lead wire insulation. The temperature thermocouple can provide data in the form of 
voltage output (V). 

The mass flow rate meter is a crucial component to ensuring the effectiveness of experimental 
analysis. Recording and comparing leakage rates for different seals is eased by this approach, 
aiding in attaining the primary objective. FMA-1623AI mass flow rate meter was selected for 
estimating the leakage rate. It can measure mass flow within a specified range of 15-3,000 SLPM 
(standard liters per minute). But it doesn’t provide data as specific liters per minute. However, 
it can provide specific mass flow data in g/s for up to 30 g/s. It offers information in the form 
of current output (mA). FMA-1623AI can withstand a maximum of 145 psi inlet pressure. 

A high-pressure thermocouple plug sensor of the model TC-K-NPT-U-72 was employed to 
monitor the temperature at the outlet. The sensor element is constructed using a combination of 
Chromel and Alumel, denoted as K type, to facilitate precise measurements within a specified 
operational temperature range from 0°C to +650°C (0°F to +1,200°F). The product is fabricated 
using resilient 304 Stainless steel, and the sensor is securely affixed using stainless steel 
mounting components. The thermocouple has a ¼-in NPT male mounting thread to facilitate 
convenient installation. 

A PX409 series pressure transducer was employed for pressure monitoring at the exit. The 
transducers employ a comprehensive Wheatstone bridge configuration on a silicon wafer to 
ensure dependable stability, linearity, repeatability, and enduring durability. The input and output 
resistances are carefully controlled to fall within a standard range of 5,000 Ω ±20%, guaranteeing 
constant operational characteristics. The transducers offer precise pressure measurements 
with a maximum repeatability of ±0.08% of the full scale. Furthermore, these sensors 
possess adaptability in many environmental conditions, as evidenced by their ability to tolerate 
vibrations within a frequency spectrum ranging from 5 Hz to 2,000 Hz, with the capacity to 
return to a baseline of 5 Hz. The transducers are fabricated using robust 316L stainless steel 
material, which provides excellent resistance against corrosion. Additionally, these 
transducers reveal a remarkable overall accuracy of ±0.08%, hence significantly improving 
reliability for applications requiring high precision levels. 

The compactDAQ chassis manages the timing, synchronization, and data transfer between 
the NI C Series I/O modules and an external host. It typically includes connectivity options such 
as usb, ethernet, or wifi. The chassis is equipped with multiple slot counts, enabling the 
simultaneous integration of an appropriate number of input or output interfaces for diverse 
applications. This project utilized a selection of C series input-output modules to acquire 
measurements, including an array of analog input/output and counter/timer functionalities. The 
compactDAQ chassis is equipped with various general-purpose counters/timers that can be 
accessed by means of a hardware-timed digital C series module inserted within the system. Such 
counters/timers are designed to cater to various applications. These applications encompass the 
utilization of quadrature encoders, pulse width modulation (PWM), event counting, pulse train 
production, as well as period or frequency monitoring. A notable characteristic of this technology 
is the provision of several timing engines, enabling users to execute numerous hardware-timed 
processes concurrently, each with distinct rates for analog input. 
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FIGURE 5: Instrumentation sensors and their specifications. 

Table 6 indicates the instruments used for data acquisition, monitor and recording of the 
test. All the sensors for the EHD project are integrated into a single code, and LabVIEW was 
used to acquire and analyze data simultaneously. Below is the virtual interface of the 
LabVIEW code (Figures 6). 

(a) Mass flow meter

TABLE 1: Specifications of the mass flow meter 
Specification Value 

Flow range 15-3,000 SLPM
Accuracy ±0.8%

Output signal 4-20 mA
Fitting size 1 ¼-in

Power supply 110V AC
Maximum process 

temperature 
+50°C (+122°F)

 

(b) Thermocouple and sealant assembly

TABLE 2: Specifications of the inlet thermocouple 
Specification Value 

Sensor element K Chromel/Alumel 
Working temperature -200 to +1,260°C

Sheath material Inconel 600
Mounting material Stainless steel
Mounting thread ¼-in NPT male

 

(c) PX5500C0-2.5KA10E pressure transducer

TABLE 3: Specifications of the inlet pressure transducer 

Specification Value 
Pressure range 0-2,500 Psi
Pressure type Absolute

Accuracy value ±0.15%
Output signal Voltage

Pressure port size ¼-in
Pressure port type NPT male

 

TABLE 4: Specifications of the outlet pressure 
transducer 

Specification Value 
Pressure range 0-1,000 Psi
Pressure type Absolute

Accuracy value ±0.08%
Output signal Voltage

Pressure port size ¼-in 
Pressure port type NPT male

TABLE 5: Specifications of the outlet thermocouple 
Specification Value 

Sensor element K Chromel/Alumel 
Working temperature 0 to +650°C  

Sheath material 304 Stainless steel 
Mounting material Stainless steel 
Mounting thread ¼-in NPT male 

(e) TC-K-1-4NPT-U-72 thermocouple

(d) PX409-1-0KA10V pressure transducer
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TABLE 6: List of DAQ modules and chassis 
Part number 

 

Description 
NI-9205 C series voltage input module 
NI-9212 C series temperature input module 
TB-9212 Terminal block for NI-9212 
NI-9253 C series current input module 
cDAQ-9178 CompactDAQ chassis for input modules 

FIGURE 6: A representative virtual interface of the LabVIEW code. Note that the limited 
maximum tank pressure does now allow the leakage to reduce all the way down as in Figures 
10 and 11. This might happen when the tank is not full. 

Seal materials 

A PEEK plastic seal was employed for the test (Figure 7). The seal measures 1-in length, 
2.009-in inner diameter, and 0.096-in sleeve thickness. A flange with an exterior diameter of 3.00-
in and a thickness of 0.25-in is used to attach the seal. Table 7 provides the material parameters 
of the seal material. 

TABLE 7: Material properties of the seal material 

Properties Value
Flexural modulus 3.65 GPa 
Hardness Rockwell R126
Tensile strength 96.53 MPa 
Temperature -20° – 480° F
Coefficient of thermal expansion 0.2 – 0.4
Impact strength 0.6 – 0.95 ft-lbs/in 
Thermal expansion 2.5 x 10 – 5 in/°F 
Water absorption 0.10 – 0.45% 
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FIGURE 7: PEEK seal used in the experiment. 

Statistical analysis 
 

A statistical analysis was conducted to calculate the stochastic errors present in the 
experimental data to assess the reproducibility of the findings. Since six tests were undertaken in 
the experiment, it is worth noting that the sample size was relatively small. Consequently, the 
student's t-distribution was employed to estimate the confidence interval. Per the approach 
outlined by Wheeler and Ghanji [56], we performed calculations to determine the confidence 
interval for both the mean pressure difference (P) and the rate of leakage (Q). By employing this 
methodology, we evaluated the degree of uncertainty linked to our findings and ascertained the 
statistical significance of the observed disparities. The inclusion of statistical analysis is of utmost 
importance in guaranteeing the integrity and dependability of experimental outcomes, especially 
in cases involving limited sample sizes. This analytical process addresses the influence of chance 
fluctuations and measurement inaccuracies that may compromise the precision of the results. 
The equation to calculate the stochastic error is as follows: 
 

𝑥̅ േ 𝑡ఈ/ଶ
𝑆

√𝑛
 (1) 

 
Where, 𝑥̅ refers as the sample mean, 𝑡ఈ/ଶ is the critical value, 𝛼=0.05 is the level of significance, 
𝑆 as the sample standard deviation and 𝑛=6 is the number of sample. This approach allowed us 
to assess the level of uncertainty associated with the results and to determine whether the 
observed differences were statistically significant. 
 

Experimental procedure 

Prior to conducting the tests, a standardized protocol is implemented to mitigate potential 
human errors and lessen the likelihood of inadvertent incidents. It also helped to ensure that all 
testing is conducted in a standardized and controlled environment. Since several experimental 
tests are subject to the influence of various uncontrollable parameters, adhering to a systematic 
and predetermined sequential approach mitigates and accounts for these parameters.  

In our experiments, the seal dimensions were initially assessed using a coordinate 
measurement machine (Figure 8). The seal's inner diameter, outer diameter, flange thickness, 
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seal thickness, cylindricity, seal height, flange diameter, and screw hole positions were measured 
and recorded. Subsequently, the test seal was affixed onto the outlet flange, with the static shaft 
passing through it, and the seal positions were secured employing six socket head screws. A dial 
torque wrench was utilized to achieve a consistent torque of 5lb-in on each of the six screws. 

FIGURE 8: Seal dimensions measurement using CMM machine. 

Afterward, the remaining components of the test rig were assembled, followed by the 
integration of the sensors. It was verified that the emergency ball valve was in a closed position. 
The power supply was connected and activated by turning on the excitation voltage switches. The 
USB cord linked to the data monitoring computer was also inspected. The LabVIEW code was 
executed to assess the functionality of all sensors.  

The next step involved the replacement of the gas tank. A fresh nitrogen tank was employed 
daily to conduct successive rounds of experiments. Upon establishing a connection between the 
gas regulator and the nitrogen tank, the valve of the tank was opened afterward to ascertain 
whether the dial of the regulator accurately displayed the pressure within the tank. Later, the 
pressure of the test rig was elevated to 1 MPa to perform a leakage test. 

After confirming the system was leak-proof, the actual tests were conducted. The gas 
regulator was manually regulated to raise the inlet pressure of the test rig. Typically, the operating 
pressure was elevated to 15 MPa. Considerable attention was given to the output pressure 
to prevent potential harm to the mass flow meter. To minimize the effect of initial temperature on 
the seal, 1.5 hr intervals were allowed between two recordings so that the temperature could 
return to room temperature. The sequential experimental methodology is indicated in Figure 9. 
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The seal dimensions (ID, OD, clearance, length, 
etc.) were measured in CMM machine

Test seal and shaft were assembled, and 5 lbꞏ in 
torque is provided individually on all 6 screws. The 

seal position is recorded.

The full test-rig was assembled, the sensors are 
connected, and the emergency valve is checked.

A new nitrogen (NI 300) tank (CGA-580) was 
installed, and the tank valve was opened.

The LabVIEW code was checked to test whether all 
sensors are providing data or not.

The gas regulator was checked to confirm whether 
dials are indicating a pressure reading or not.

A leakage test was performed.

The LabVIEW code was run, and the test-rig 
pressure is increased up to 15 MPa in 40 seconds.

The data was recorded after every 1.5 hr interval. 
The data were post processed .

 
FIGURE 9: Flowchart for the experimental process.  

RESULTS AND DISCUSSIONS 

The measured relationship between the mass flow rate and operating pressure is shown in 
Figure 10. The correlation between the volume flow rate and operating pressure is shown in 
Figure 11. In this experiment, we measured the leakage rate at different pressure differences and 
calculated the average of six test values. We then determined the standard deviation of the data. 
The x-axis represents the pressure difference, and the y-axis represents the leakage rate (mass 
flow rate/ volume flow rate). As seen in Figures 10 and 11, the leakage rate increases linearly as 
the pressure increases until about 6 MPa because, at this stage, the seal is subjected to slight to 
no elastic deformation; therefore, there is barely any change in the flow area in the clearance. In 
other words, the seal behaves like a typical clearance-type seal. 

In case of the average values (Figure 10), The maximum leakage rate recorded was 4.49 g/s 
at 6 MPa. The leakage rate then began dropping to 0.43 g/s as the pressure rose to 15 MPa, 
generating a bell-shaped curve. At a 95% confidence level, the estimated confidence intervals for 
the mean were ±0.12 g/s and ±0.09 g/s, respectively, for pressures of 6 MPa and 15 MPa 
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FIGURE 10: Mass flow rate and operating pressure averaged data. 

FIGURE 11: Volume flow rate and operating pressure averaged data. 
 

As shown in Figure 11, the maximum volume flow rate recorded was 125.90 lpm at 6 MPa. 
The leakage rate then began dropping to 21.72 lpm as the pressure rose to 15 MPa, generating 
a bell-shaped curve. At a 95% confidence level, the estimated confidence intervals for the mean 
were ±1.27 lpm and ±4.57 lpm, respectively, for pressures of 6 MPa and 15 MPa. The throttling 
effect of the EHD seal was effectively established in early trials. The throat in the clearance acts 
as a flow restrictor, creating a significant drop in the pressure across the throat. The pressure 
recovery after the throat decreases with increasing operation pressures. Because the throttling 
effect, i.e., the reduction in the clearance height, becomes more robust with increasing operating 
pressures. The experimental observation here is also supported by the previous computational 
works conducted by other researchers [10], [11], [57]–[61] 

Nevertheless, a minor disparity exists in the recorded flow rate and pressure data, giving rise 
to various potential factors that may account for this inconsistency. The primary factor contributing 
to the uncertainty in the outcomes is the presence of slight deviations in test results. This 
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phenomenon may arise from the alignment and integration of the mechanical components, as 
commonly observed in a conventional mechanical system, due to the significant overlap between 
the two subsequent tests. It is essential to acknowledge that the data reported in this study 
pertains to preliminary test outcomes. External influences, such as ambient temperature 
variations, may influence the observed disparities in flow rate measurements. Additional 
experimentation will be undertaken with alternative materials possessing greater rigidity and 
varying dimensions. Furthermore, an outlet will be equipped with a temperature sensor and a 
pressure sensor to facilitate the collection of volume flow rate data. However, the observed 
throttling behavior of the EHD seal in experimental studies shows promise and justifies the need 
for additional exploration. A full video demonstration of the experimental process was uploaded in 
YouTube which is accessible through this link. 

CONCLUSIONS 

A novel elastohydrodynamic (EHD) seal for sCO2 application was proposed that demonstrated 
the ability to maintain a low leakage rate and minimal wear. Although PEEK was used for 
conducting the test, the goal is to use Inconel-718 as the seal material so that it can withstand 
high pressure and temperature working conditions. An experimental study for a 2-in test seal was 
presented. The primary findings of this study can be succinctly described as follows: 

 The EHD seal throttled the leakage rate successfully.
 The investigation yielded a maximum average mass flow rate of 4.49 g/s at about 6 MPa.
 The average mass flow rate exhibited a downward trend as the operating pressures

increased. The leakage rate was obtained to be 0.43 g/s at the maximum operating
pressure of 15 MPa.

 The highest average volume rate observed was 125.90 lpm at around 6 MPa.
 The average volume flow rate continued to decrease with increasing operating pressures.

The volume flow rate was 21.72 lpm at the maximum operating pressure of 15 MPa.
 The distinctive behavior exhibited by the EHD seal has potential benefits for sCO2

turbomachinery applications, particularly in situations that demand reduced leakage rates
under elevated pressure and temperature conditions.

The proposed EHD seal possesses sealing mechanisms that make it highly suitable for 
usage in the power industry, particularly in turbomachinery. It can potentially outperform 
existing seals such as brush, finger, compliant foil, and labyrinth seals in its capacity to 
control fluid loss and sustain a minimal film thickness. It outperforms in a sense that no other 
seal has shown the bell curve formation in their leakage vs pressure data. The leakage for 
the clearance type seals increases with increasing pressure; however, the leakage for 
the EHD seal reduces with increasing pressure after a certain pressure. With this unique 
feature, the EHD seal can potentially offer: 

 Low friction: The EHD seal exhibits low friction characteristics due to its non-contact
nature. This attribute contributes to the reduction of energy consumption and the
enhancement of turbomachinery efficiency during operation.

 Extended operating life: It offers an extended operational life due to the absence of
direct contact between the seal and shaft, limiting wear and tear.

 Minimal leakage: The EHD seal's dynamic throttling capacity reduces leakage and
enhances overall efficiency.

 Reduced maintenance costs: One advantage of the EHD seal is its ability to lower
maintenance costs. This is due to its uncomplicated design, which leads to lower starting
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expenses and a longer operational lifespan. Consequently, the EHD seal may effectively 
minimize maintenance charges over an extended period. 
 

 Versatile applications: The EHD seal illustrates the versatility and deems application in 
various turbomachinery systems, including compressors, gas turbines, steam turbines, 
and aviation engines. Moreover, these devices indicate compatibility with high pressure 
and challenging conditions. 

 
Hence, incorporating EHD seals in turbomachinery within the power sector has a range of 

possible benefits, such as improved operational efficiency, reduced maintenance costs, and 
extended equipment longevity. The outstanding attributes possessed by these entities render 
them suitable for various applications and operational circumstances, as exemplified by their 
utilization in sCO2 turbomachinery. 

 
FUTURE STUDIES 

As for future work, the following will be attempted to understand the EHD seal behavior better: 

 The temperature effects were neglected in these initial experiments. In the next phase of 
experiments, the N2 gas will be heated via resistant heaters prior to entering the seal 
clearance. 

 The deformation on the seal will be measured via a series of strain gages. The effects of 
seal material and geometry will be analyzed by carrying out the tests using the seal's 
different types, i.e., materials and dimensions. 
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