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Abstract
The surface textures of non-contacting mechanical seals form a few micrometers thick lubrication film that aids in achieving 
high performance of the seal. Improved texture design can control internal fluid flow, improving the sealing performance 
and lubrication characteristics. However, film thickness is sensitive to thermal deformation, making seals vulnerable to heat. 
Excessive temperature increases and deviations in temperature distribution can cause performance degradation or damage 
to seals. Previous studies have suggested that heat transfer impacting these thermal issues may be influenced by the internal 
flow, however, experimental studies examining flow fields have not been conducted yet. This study presents the design of 
experimental equipment, measurement of temperature distributions and observation of flow fields in lubrication films with 
three different textures—non-textured, Rayleigh step, and spiral groove. Furthermore, the results were compared with those 
of numerical analysis. Temperature was found to be higher at the downstream end of the flow. In particular, the Rayleigh 
step seal exhibited a nonuniform temperature distribution that alternated between low and high-temperature areas. This was 
caused by cooling related to radial grooves that had a pumping effect. In contrast, a uniform temperature distribution was 
confirmed in the case of the spiral groove seal, which was formed by mixing outer and inner side fluids. The results indicate 
that the temperature distribution in lubrication films can be controlled via flow field by the surface texture shape or depth to 
protect against thermal degradation and to achieve high reliability of non-contacting mechanical seals.
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Graphical Abstract
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1 Introduction

Non-contacting mechanical seals are used to prevent fluid 
from leaking around the rotating shaft in turbomachinery. 
Figure 1 shows the schematic diagram of such seals, which 
consist of a rotating ring, stationary ring, housing, and 
springs. Surface textures are processed on the rotating ring 
to form a lubrication film in the gap between the two rings, 
which is a few micrometers thick and are sufficiently thin to 
seal the fluid. Furthermore, because the two rings maintain a 

non-contacting state, the seals can be used under high-speed 
and high-pressure conditions. Recently, the operational 
speed of turbomachinery is increasing, and energy conser-
vation and higher efficiency of these machinery have become 
necessary. Consequently, the importance of the seals, which 
are responsible for preventing leakage of hazardous fluid, is 
increasing, additionally because of the need to reduce the 
environmental impacts.

The performance of the seals depends considerably on 
surface textures. Therefore, various shape and depth textures 

Fig. 1  Schematic of non-con-
tacting mechanical seals
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have been proposed [1–6] to achieve better performance 
by controlling the fluid flow. Ikeuchi et al. [1] presented 
a groove consisting of a Rayleigh step with a reverse step 
added to generate negative pressure. The groove improved 
seal stability by preventing an excessive increase in film 
thickness under operations at various rotational speeds. Buck 
et al. [2] also presented spiral grooves that were designed to 
pump fluid to reduce leakage, enabling a decrease in external 
fluid pressure. In contrast, Tokunaga et al. [3] attempted to 
balance the trade-off between sealing and lubrication using 
an arrangement of Rayleigh steps, used for lubrication, and 
spiral grooves, used to provide sealing. In recent years, 
this effect has been shown to promote the formation of the 
adsorption film of plasma proteins in the blood by surface 
textures, thereby reducing the friction coefficient [7].

Thus, surface textures have been designed to minimize 
leakage, improve lubrication characteristics, and address 
many other challenges. However, the thin lubrication film 
makes the seals vulnerable to heat, increasing the risk of per-
formance deterioration and damage by thermal deformation 
and stress [8, 9]. This indicates that, thermal issues degrade 
the reliability of systems containing the seals by increasing 
hazardous fluid leaks and making frequent maintenance nec-
essary, which must be considered when designing seals. Sev-
eral analyses have been conducted examining the impacts of 
temperature distribution on the properties of films [10–12]. 
For example, Blasiak et al. [10] analyzed the temperature 
distribution of rings and fluid with different groove shapes 
and depths using a numerical solution. They obtained a max-
imum temperature difference of approximately 30 °C in the 
circumferential direction and showed that the temperature 
distributions of the film depended on the surface patterns. 
They found that the smoother flow of the cold outer fluid 
increases the difference in temperature distribution affect-
ing the dynamic properties of the film through changes to 
dynamic viscosity. Teshima [13] experimented with seals 
containing anisotropic shape dimples, which were based on 
information provided in previous studies [14, 15] showing 
that the direction of roughness affects the friction coefficient, 
load capacity, and temperature increase via changes to the 
flow field. The study confirmed that the dimples transverse 
in a sliding direction to suppress the temperature increase 
and have excellent lubrication characteristics. In this way, 
previous studies have suggested that internal flow affects the 
thermal properties of lubrication films, but the flow fields 
have not been observed yet.

Tokunaga et al. [16] observed cavitation caused by dim-
ples in non-contacting mechanical seals, finding that the 
cavitation, which was formed by a dimple upstream in the 
circumferential direction, combined with each other further 
downstream. Therefore, the circular gas phase area was 
observed and considered to be valuable for preventing leak-
age. In addition, Particle Image Velocimetry (PIV) analysis, 

a method that calculates velocity vectors by visualizing 
traceable particles, can be used to evaluate lubricant flow. 
Cross et al. [17] and Richardson et al. [18] reported flow 
visualization in pocketed thrust bearings and Ochiai et al. 
[19] evaluated the squeeze effect in dry gas seals. Strubel 
et al. [20] observed the meniscus from a ball-on-disk test by 
using fluorescent particles for PIV analysis and steel par-
ticles that imitated contamination. The results showed the 
flow in the meniscus to be in good agreement with the pre-
vious numerical analysis results and that the steel particles 
that were entrained between the ball and disk deformed to a 
thickness close to the calculated lubrication film thickness. 
In this way, visualization, especially PIV analysis, has been 
used to understand lubrication phenomena.

In this study, we designed an experimental equipment to 
observe a lubrication film. The effect of internal flow on the 
temperature distribution of a lubrication film in non-contact-
ing mechanical seals was then considered by measuring the 
temperature distribution and visualizing the internal flow 
for each surface texture. Each flow field was evaluated using 
the results of PIV analysis of captured images. In addition, 
comparing isothermal numerical solutions with the experi-
mental results, the difference between them was discussed.

2  Experiment

2.1  Test Seals

Rayleigh step, spiral groove, and non-textured seals were 
tested in this study. Figure 2 shows the texture geometries 
and Table 1 shows the texture dimensions used in this study. 
The outer radius of all test seals, ro, was 32.0 mm and their 
inner radius, ri, was 25.6 mm. The Rayleigh step and spiral 
groove were designed as conventional surface textures based 
on information provided in previous studies [21–23]. The 
Rayleigh step was designed to introduce fluid through deep 
grooves, called radial grooves, and to generate positive pres-
sure and seals at the steps. Spiral grooves were arranged to 
reduce leakage by pumping atmospheric air from the inner 
side, by using the flow toward the outer side caused by the 
hydrodynamic action of grooves as explained in Ref. [2]. 
The non-textured seal did not have texture.

2.2  Experimental Equipment

Figure 3 shows a schematic of the equipment, which was 
mounted on an air spring vibration isolator and consisted 
of a rotor, test seal, chamber, and high-frequency motor. 
The test seals and chamber were made of acrylic resin 
for ease of visual observations, and the rotor was made 
of stainless steel (ISO X10CrNiS 18–9). The rotor was 
driven directly by the motor below the equipment, and the 
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rotational speed was adjusted by changing the output of an 
inverter. In this way, the equipment replicated lubrication 

film using the relative motion of the stationary test seal 
and rotor. The test seal was bolted to the chamber with a 
gel sheet. The gap between the surface of the test seal and 
rotor was adjusted by tightening the bolt. The film thick-
ness was measured by three eddy-current displacement 
sensors (AH-305, KEYENCE) set on the test seal. Since 
the sensors were mounted against the rotor surface inside 
the sealing face, thermal expansion during operation was 
overestimated. Therefore, the sensors were used to set the 
initial film thickness before operation. Sealed fluid was 
cooled by a radiator and resupplied to the chamber from a 
reservoir via pumps. Pressure in the chamber was adjusted 
by changing the output of the pumps. In this paper, all 
pressure values are hereafter referred to as gauge pressure. 
Fluid temperature was measured by sheathed T type ther-
mocouples (TJC36-CPSS-020U-6, OMEGA Engineering) 
set on the test seal using feedthroughs. The diameter of the 
sensor tip and accuracy of thermocouples were 0.5 mm 
and ± 0.5 °C, respectively.

Fig. 2  Texture geometries

Table 1  Texture dimensions

Rayleigh step seal
Outer radius of step rso 31.0 mm
Inner radius of step rsi 29.0 mm
Number of Rayleigh steps Nrs 9
Radial groove width br 0.087 rad
Step width bs 0.26 rad
Radial groove depth hgr 1000 μm
Step depth hgs 50 μm
Spiral groove seal
Spiral sealing radius rs 30.0 mm
Spiral angle β 0.35 rad
Number of spiral grooves Nsp 15
Spiral groove depth hgsp 50 μm

Fig. 3  Schematic of experimen-
tal equipment



Tribology Letters (2022) 70: 93 

1 3

Page 5 of 14 93

2.3  Measurement of Temperature Distribution 
and Leakage Rate

The seals used to measure the temperature distribution had 
machined pores of diameter 1.0 mm at each measurement 
point as shown in Fig. 4. Thermocouples were set such that 
the sensor tip was aligned with the test seal surface, to pre-
vent any influence on the flow, and to measure the tempera-
ture of the fluid in the lubrication film.

Because of the lack of texture on the non-textured seal, 
conditions related to temperature increase, such as film 
thickness and surface velocity, were expected to vary only 
in the radial direction. Therefore, measurement points on 
the non-textured seal were selected based only on the radial 
direction with no focus on the circumferential location of 
each point. The points, P1, P2, and P3, were located at the 
same radial distances as the measurement points from the 
Rayleigh step and spiral groove test seals. The point, P4, 
was located at the middle radius position of a dam on the 
Rayleigh step seal.

With the addition of texture, the film thickness and flow 
in the design of the Rayleigh step seal varied in the cir-
cumferential direction. Therefore, the measurement points 
were chosen based on the circumferential direction at differ-
ent points related to the radial groove and the step. R1 was 
located at the center of the radial groove, R2 at the midpoint 
of the step, R3 at the end of the step, and R4 at the midpoint 
of the land. All points were set with the same radial distance 
from the midpoint of the step.

The measurement points on the spiral groove seal were 
chosen in the shape of spiral curve. The seal was designed 
to use texture to pump fluid from the inner to outer side of 
the seal; thus, measurement points were selected at various 
locations in the circumferential and radial directions. S1 was 
located at the midpoint in both directions of the groove, and 

S2 was located at the midpoint of the land and the same 
radial distance of S1. S3 and S4 were located at the inter-
sections of the circle with the same radial distance as the 
midpoint of the dam and the extension of the spiral curve 
through S1 and S2, respectively.

Leakage rate was measured by collecting the fluid leak-
ing into the inner side of the seal at 20 min from the start of 
the operation. During the operation, we confirmed that the 
temperature fluctuation was ≤  ± 0.5 °C for the last 30 s, the 
temperature increment reached a steady state. Turbine oil 
(ISO VG32) was used as the sealed fluid. The density of oil 
at 15 °C was 860.1 kg/m3. Moreover, the kinematic viscosi-
ties of oil at 40 °C and 100 °C were 32.04 and 5.542  mm2/s, 
respectively. Other experimental conditions are shown in 
Table 2.

2.4  Flow Visualization

To visualize the internal flow in the film, fluorescent par-
ticles (FA-203LF, SINLOIHI) were added to the sealed 
fluid as a tracer particle. The operation was started in the 
same manner as the temperature distribution measurement 
described in Sects. 2.2 and 2.3. Then, the lubrication film 

Fig. 4  Temperature measurement points

Table 2  Experimental conditions

Rotational speed ns 2000 and 2500/min
Surface velocity at outer radius u 6.7 and 8.3 m/s
Pressure in chamber po 20 kPa
Film thickness hr 50 μm
Temperature of supplied oil Toil 25 ± 2 °C
Temperature of atmospheric air Tair 23 ± 2 °C
Measuring time 20 min
Number of measurements 3
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was irradiated with a 3.0 W sheet laser from the side of 
the equipment and shot by a high-speed camera (HX-6, nac 
Image Technology) from the top. The particle diameter was 
an average of 4 μm at a concentration of 0.025 g/L. Other 
shooting conditions are shown in Table 3. Fluorescent parti-
cles with an excitation wavelength of 530 nm were selected 
to match the laser wavelength of 532 nm. The longpass 
filter (O56, HOYA) was positioned between the film and 
camera lens. This filter, capable of filtering light of wave-
lengths < 560 nm (approximate), was also selected to match 
the fluorescence wavelength of 610 nm. Thus, it was possi-
ble to shoot particles while cutting out unnecessary reflected 
light.

In this study, the film thickness was 50 µm, which is 
larger than that in the mechanical seals used in practice, 
because tracer particles were used for flow visualization. 
However, because of the large outer diameter of the seal, 
the duty parameters in this study were approximately 
3.3 ×  10–5–12 ×  10–5. Qiu et al. [4] tested the spiral grooved 
rings in the various duty parameters, 5.2 ×  10–7–4.2 ×  10–4, 
and showed that the rings could be operated in a fluid lubri-
cation regime if the duty parameter was more than approxi-
mately 2.1 ×  10−5. Thus, the conditions adopted in our study 
is reasonable.

Particles in the captured images were used to calculate 
velocity vectors by PIV analysis (FlowExpert, KATOKO-
KEN). The flow field on each test seal was evaluated by aver-
age velocity vectors for 10 rotations. The flow by pressure 
gradient was also estimated using the PIV analysis results. 
First, the velocity vectors of the shear flow due to rotation 
located at the midpoint of the film in the thickness direc-
tion were calculated at each calculating point as shown in 
Fig. 5. These vectors were obtained by halving the speed of 

a rotor surface. Next, the velocity components of the flow by 
pressure gradient were estimated by subtracting the theoreti-
cal velocity vector due to shear flow from the PIV analysis 
results. These vectors were used to evaluate variations in the 
flow field by processing the surface texture.

3  Numerical Analysis Method

In this study, the applicability of the isothermal numeri-
cal solutions was discussed. The solution was formulated 
through the divergence formulation method and adopted 
similarly as reported in a previous study [24]. The analysis 
conditions are shown in Table 4. The governing equation is 
the Reynolds equivalent equation for incompressible fluid 
and can be obtained using the equilibrium between the mass 
inflow and outflow rates of fluid entering and exiting the 
control volume due to the ring rotation:

(1)
Qr

2I
+ Qr

1III
− Qr

2II
− Qr

1IV
+ Q�

2I
+ Q�

1II
− Q�

2III
− Q�

1IV
= 0

Table 3  Shooting conditions

Frame rate 10,000 fps
Shutter speed 50 μs
Spatial resolution 22 ± 1 μm/pixel

Fig. 5  Theoretical shear flow vectors

Table 4  Analytical conditions

Rotational speed ns 2000 and 2500/min
Surface velocity at outer radius u 6.7 and 8.3 m/s
Outer pressure po 20 kPa
Inner pressure pi 0 kPa
Oil density ρ 860.0 kg/m3

Oil viscosity at 40 °C μa 27.5 mPa·s

Fig. 6  Control volume and flow rates
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Subscripts 1, 2 and I–IV in Eq. (1) indicate the domain in 
the control volume. The mass flow rates Qr and Qθ, shown 
in Fig. 6, can be obtained as follows:

Here, h is the total film thickness, which includes groove 
depth; r denotes the radius; ωs denotes angular velocity; ρ 
denotes fluid density; and μ denotes fluid viscosity. Substi-
tuting Eqs. (2) and (3) into Eq. (1), the governing equation 
for pressure, p, is obtained. In the divergence formulation 
method, the mass flow rates of inflow and outflow corre-
sponding to each domain are expressed by states at 4 mid-
points, indicated as points A–D in Fig. 6. For example, Qr

2I
 

is discretized from Eq. (2) as follows:

In Eq. (4), subscript A indicates the midpoint, Δθ denotes 
the lattice spacing in the circumferential direction. The state 
at each midpoint is expressed from 4 calculating points sur-
rounding the midpoint, as follows:

In Eq. (5), Δr denotes the lattice spacing in the radial 
direction. Other mass flow rates can be obtained similarly as 
Eqs. (4) and (5). Substituting the discretized mass flow rates 
into Eq. (1), the linear discretized equation for pressure, p, 
is obtained. The linear equation was solved by our Fortran 
program to obtain the pressure, p, at each calculating point.

Finally, the leakage rate q is obtained by the following 
integration:

Similarly, as the mass flow rate of the film in the radial 
and circumferential directions can be obtained from the 
gradient of calculated pressure, p, the component of 
velocity due to the pressure gradient can be calculated by 
dividing mass flow rate by the density and cross-sectional 
area of the control volume. In addition, the component of 
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velocity due to shear flow is obtained similarly as dis-
cussed in Sect. 2.4. Therefore, the velocity distribution 
in the film can be obtained by adding these components 
together.

However, in the experiment, the film thickness was 
expected to decrease because of thermal expansion, and 
the leakage rate was expected to decrease. Therefore, the 
film thickness and oil viscosity were adjusted on the basis 
of the temperature increments obtained in the experiment. 
Figure 7 shows the time variations of the temperature 
increments. The measurement points P2 and R4, which 
have the same radial distance and initial film thickness, 
were used as the reference for the temperature increments 
ΔT in each seal. The film thickness was set on the basis 
of the assumption that the test seal and rotor expand in 
accordance with temperature increment and that the film 
thickness decreases by the amount of length expansion ΔL, 
calculated from the following equation:

Here, α is the coefficient of thermal expansion and L is 
the length of each component. Table 5 shows the proper-
ties used for calculating the thermal expansion. The oil 
viscosity at each temperature is calculated from the refer-
ence viscosity μa and the following equation:

where γ is the temperature viscosity coefficient.

(7)ΔL = �LΔT

(8)� = �ae
�ΔT

Fig. 7  Time variations of the temperature increments

Table 5  Thermal properties

Material Stainless steel Acrylic resin

Coefficient of thermal 
expansion α

18.3 ×  10–7/°C 70.0 ×  10–7/°C

Length of component L 12.0 mm 10.0 mm
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4  Results and Discussion

4.1  Comparison of Numerical and Experimental 
Leakage Rate

Figure 8 shows leakage rates with blue and red bars indi-
cating results at 2000 and 2500/min, respectively. Bars 
indicate average values and error bars indicate maximum 
or minimum values on experimental results. Leakage 
rates for the spiral groove seal are not shown in the fig-
ure, because leakage to the inner side was not confirmed. 
Analytical values with thermal expansion of the non-tex-
tured seal are in good agreement with the experimental 
values quantitatively. However, both analytical values of 
the Rayleigh step seal did not agree quantitatively with 
the experimental results even though the decreasing 
trend of the leakage rate agreed with the increase in the 
rotational speed. Therefore, the numerical solution gave 

quantitatively consistent results for the non-textured seal 
considering the thermal expansion.

From the measured leakage rates, the Rayleigh step seal 
was confirmed to exhibit greater leakage rates than the 
non-textured seal. Furthermore, for increasing in rotational 
speeds, the leakage rate of the non-textured seal decreased, 
whereas that of the Rayleigh step seal increased. The leakage 
rate of the non-textured seal decreased with the increase in 
rotational speed, which may suggest that the flow of leakage 
to the inner side of the seal was inhibited by the increase in 
the centrifugal force acting on the sealed fluid. Conversely, 
the leakage rate increased for the Rayleigh step seal because 
its texture utilized hydrodynamic action, which increased 
with rotational speed.

4.2  Comparison with and Without Surface Texture

Figure 9 shows a comparison of temperature distributions 
with and without surface texture, indicating temperature 

Fig. 8  Leakage rates

Fig. 9  Comparison of temperature distribution with and without surface textures
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increments after 20 min of operation at each measurement 
point. Figure 9a indicates that the temperature increment in 
the non-textured seal increased with proximity to the inner 
radius or at higher rotational speeds. The same tendency 
was observed in previous research on non-textured seals that 
were pressurized from the outer side because the outer side 
was cooled by sealed fluid [12]. In addition, the order of 
temperature increment, such as P4 > P3 > P2 > P1 at 2500/
min, was the same in all three measurements for both rota-
tional speeds in the non-textured seal. Therefore, the trend of 
temperature increments did not change in the circumferential 
direction, and the temperature distribution obtained with an 
axisymmetric lubrication film was also axisymmetric with 
no temperature differences in the circumferential direction. 
In contrast, the Rayleigh step seal in Fig. 9b shows differ-
ent temperature increments in the circumferential direction, 
which corresponds to the design. Furthermore, all the tem-
perature increments measured for the Rayleigh step seal were 
smaller than those corresponding to the same radial position 
for the non-textured seal, P2, in Fig. 9a. However, the R1 
corresponding to the subsequent Rayleigh step, downstream 
of R4, showed smaller temperature increment than that at 
the R4. This indicated alternating low and high temperature 
areas in the entire ring-shape lubrication film. These results 
indicate that the difference in the flow field caused by sur-
face textures affects the temperature distribution.

Flow visualization results are shown in Fig. 10. Red 
and white lines indicate the sealing face and textures, 

respectively. The particles in the fluid lubrication film are 
shot with sufficient density for PIV analysis of each test 
seal; Fig. 11 shows the PIV analysis results. These vectors 
indicate flow direction and velocity, with the warmer vec-
tor colors indicating, higher velocities. Analytical results 
at 2500/min are shown in Fig. 12. Figure 12a and b indi-
cate pressure distributions on each test seal, and Fig. 12c 
and d indicate flow fields obtained from the pressure distri-
butions and shear speed. The analytical results were con-
sidering the thermal expansion and under the conditions 
for the last 1 min of the experiments. For the non-textured 
seal, the fluid flowed mostly in the circumferential direc-
tion. The flow in the radial direction induced by the pres-
sure difference was small in comparison. Considering the 
greater temperature increments along with the flow in the 
Rayleigh step seal, the greater temperature increments in 
the non-textured seal is thought to be caused by not only 
heat transfer between the components with higher tem-
perature on the inside and lower temperature on the out-
side but also gradual leaking of the fluid during heating 
as the fluid circled through the ring-shaped film as shown 
in Fig. 13a. Additionally, the velocity was slower and less 
heat was generated from shear stress on the inner side. 
Hence, the temperature increment was more strongly influ-
enced by the time of heating, which is the elapsed time 
after the fluid flows into the lubrication film, than by the 
amount of heat generated by the shear stress at each point.

Fig. 10  Flow visualization results at 2,000/min
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Fig. 11  Comparison of flow field with and without surface textures

Fig. 12  Analytical results at 2,500/min
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Meanwhile, for the Rayleigh step seal, the fluid was 
pumped into the radial groove caused by a vortex as shown 
in Fig. 14. This vortex was observed only in the experiments 
and was not observed in the analytical results, as shown in 
Fig. 12d, which uses the Reynolds equivalent equation and 
assumes a constant pressure in the film thickness direction. 
This pumping effect induced small temperature increments 
compared to the non-textured seal. Conversely, velocity 
vectors near the step moved toward the inner and outer 
sides, especially where the fluid was pumped out toward 
the outer side. The flow was considered to be caused by 
pressure increasing at the step located at the outside of the 
seal. Thus, the fluid flowed to a land or sealing dam through 
the radial groove and step as shown in Fig. 13b, explaining 
the larger temperature increment from R1 to R4. The tem-
perature increase in the lubrication film can be suppressed 
by the effect of surface textures related to features such as 
the pumping effect. However, if the Rayleigh step seal is 
not improved to eliminate the deviation of the temperature 
distribution (as in the case of harsher conditions), there is 
also the risk of seal performance degradation or damage by 
contact because of thermal deformation and stress, similar 
to that reported in Ref. [8].

Here, the experimental and analytical results were simi-
lar with respect to the same flow direction at each area and 

leakage rate, and showed a significant qualitative agree-
ment. In addition, some of the results of the non-textured 
seal were also in quantitative agreement. However, in the 
Rayleigh step seal, the flow velocities did not agree quan-
titatively. In the analytical result, the velocities on the 
outer side were slower, for example, those near the end 
of the step were approximately 3.5 m/s whereas those in 
the experimental result were approximately 1.0 m/s. The 
pressure increase in the step might be underestimated in 
the analysis. Conversely, under the conditions of the Ray-
leigh step seal in a previous study [1], the solution with 
experimental results exhibited an error of approximately 
2.5% and the numerical results agreed significantly with 
the experimental results. Differences between the two 
studies include large surface velocities and large ther-
mal expansion coefficients of the material in the present 
study. Therefore, the present numerical solution might 
show quantitative deviations under conditions where com-
plex flows occur, such as vortices in the radial groove as 
shown in Fig. 14, or thermal effects are significant. Not 
only simple film thickness estimation in the present study, 
but also high accuracy boundary conditions at the radial 
groove and estimation of the lubrication film shape during 
operation are necessary for quantitative agreement. The 
estimation of three-dimensional deformation is performed 

Fig. 13  Effect of internal flow 
in the lubrication film on tem-
perature distribution

Fig. 14  Streamline in the radial groove
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by coupling the energy equation and heat conduction 
equation.

4.3  Influence of Texture Geometry and Gas Phase

Figure 15 shows the temperature distribution of the spiral 
groove seal. When the rotational speed is 2000/min, the 
temperature increments at the two inner-side measurement 
points are smaller than those in all other test seals. By con-
trast, at a rotational speed of 2500/min, average temperature 
increments at S2, S3, and S4 are ± 0.5 °C, which is equivalent 
to the accuracy of the thermocouple used in the experiments. 
This is the most homogeneous distribution confirmed in this 
study.

Figure 16 shows PIV analysis results for the spiral groove 
seal. Yellow areas indicate a gas phase of pumped atmos-
pheric air. Figure 16a indicates the flow-field and gas-phase 
areas under 2000/min. Measurement point S1 and S2 are 
covered with atmospheric air. Hence, the lower temperature 
measurement results at these points indicate the temperature 
of the air, which has a lower dynamic viscosity than that of 
oil. Therefore, air pumped into the film led to an increase in 
the temperature difference. Similarly, at 2500/min shown in 

Fig. 16b, the air was pumped into the middle of the spiral 
grooves. Measurement point S1, which exhibits smaller tem-
perature increments than those at other measurement points, 
indicated the temperature of the air as well. These results 
indicate that the coexistence of gas and liquid phases in the 
lubrication film led to an increase in the temperature differ-
ence that was caused by the difference in dynamic viscosity.

Figure 17 shows the estimated flow field by pressure 
gradient for spiral groove seal under 2500/min. The flow 
field was calculated using the method described in Sect. 2.4 
subtracting shear flow. The figure indicates that, except for 
the areas around the groove tip, the oil at the sealing dam 
flowed to the edge of the spiral grooves. The vectors around 
the groove tip oriented to avoid the tip through an increase 

Fig. 15  Temperature distribution of spiral groove seal

Fig. 16  PIV analysis results of spiral seal

Fig. 17  Flow field by pressure gradient at 2500/min

Fig. 18  Influence of texture geometry and gas phase
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in pressure, whereas, at the groove and land, the oil flowed 
to the edge of the groove in a similar fashion. However, note 
how the oil flows along the groove boundary and the oil–air 
interface. Overall, the oil flowed from the inner and outer 
sides toward the edge of the groove where it mixed, as shown 
in Fig. 18. Similar to the Rayleigh step, it then spread in the 
radial direction as the pressure increased. However, unlike 
the Rayleigh step seal, rising and falling pressure points 
were located at the center of the sealing face width, at nar-
row intervals. Therefore, the temperature distribution was 
relatively uniform because of the mixing of the warm fluid 
in the inner side and the cold fluid in the outer side. Thus, 
it can be observed that a uniform temperature distribution 
is more easily achieved when the fluid mixes before a large 
temperature difference is formed.

5  Conclusions

In this study, we observed the impacts of the flow field of 
a lubrication film on thermal variation, and compared the 
experimental results with numerical analysis results consid-
ering and not considering thermal expansion. Three types of 
surface patterns were evaluated from measurements of the 
temperature distribution and flow visualization, verifying 
the temperature distribution and flow field of each surface 
pattern. The following conclusions are drawn based on the 
findings of this study.

• For the non-textured seal, the fluid was observed to be 
circulating in the lubrication film and leaking into the 
inner side of the seal. In addition, larger temperature 
increments than that in the outer side were confirmed 
for areas in the vicinity of the inner side. The increments 
were 19% larger at the maximum compared to the outer 
side. Therefore, the elapsed time exerted a greater effect 
on the temperature increments of the film than the shear 
stress at each point and a tendency toward large tempera-
ture increments was observed in the downstream flow.

• For the Rayleigh step seal, the outer cooler fluid was 
pumped into the lubrication film at each radial groove, 
which decreased the film temperature. Therefore, the 
average temperature increment was approximately 26% 
lower than that of the non-textured seal. However, a tem-
perature fluctuation of 23% was observed in the circum-
ferential direction, caused by the cooling. Thus, the seal 
ring damage by thermal stress ought to be considered.

• The isothermal numerical solution including thermal 
expansion from the experimental data presented in this 
study was in good agreement with the experimental 
results in terms of leakage rate in the non-textured seal, 
and Raleigh step seal under the conditions such as slower 
surface velocities of the previous study [1]. However, 

non-negligible quantitative deviations were observed in 
the Rayleigh step seal. This suggested that the impor-
tance of the complex flow including the effect of the 
outer boundary with thermal fluid effects in the numer-
ical calculation in the case of textured seals. In other 
words, the present solution showed reasonable results 
under conditions without significant thermal effects or 
complex flow.

• The atmospheric air was pumped into the lubrication 
film and the gas phase was observed in the spiral groove 
seal. The observed temperature increments of the gas 
phase were 30% smaller than those of oil at the maxi-
mum. Therefore, the difficulty of temperature control of 
the seals increases, when there are two or more types of 
fluid with different properties in the lubrication film, such 
as oil and air.

• The spiral groove seal exhibited points where the pres-
sure increased at the center of the sealing face width, at 
narrow intervals. Thus, the fluid spread frequently in the 
radial direction, resulting in the mixing of the outer cold 
fluid with the inner warm fluid. Therefore, the tempera-
ture differences in the oil at each measurement point in 
the spiral groove seal was within ± 0.5 °C, which was the 
most homogeneous temperature distribution in this study.

In this way, the temperature distribution of a flow field 
in a lubrication film can be controlled by the surface texture 
shape or depth. The reliability of lubrication films exposed 
to thermal variations can be improved through the design 
of textures that achieve higher performance. In this study, 
above mentioned findings were obtained by the experiments. 
Nevertheless, evaluation and findings under the environment 
similar to real seals leading to textures with higher reliability 
will be possible in the future by utilizing the photochromic 
visualization technique [25, 26], which uses a dye that does 
not affect the flow, and by selecting suitable materials and 
devices for the technique. Meanwhile, it is also important to 
improve the applicability of the numerical solution toward 
other operating conditions and sealed fluid. Specifically, the 
energy equation, the heat conduction equation of the seal 
ring, and appropriate outer environmental effects should be 
introduced. In addition, the analytical solution should be 
improved to accommodate gas–liquid two-phase flow, as 
observed in the spiral groove seal, to enable high accuracy 
comparisons with experiments and to identify textures with 
high reliability.
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