
become maximum or minimum. Simultaneously, groove 
depth hg，seal radius Rs，groove width ratioα，number 
of grooves N are set as the design values. Hence, the 
design vector is defines as follows.  
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defined by the following equation.  
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limits for the number n of design variables shown in Eq. 
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Here, the above static and dynamic seal characteristics 
are obtained by solving the Reynolds equivalent equation. 
The outline is shown as follows.  

  First, the bearing shape from r- polar coordinate 
system into a boundary-fitted coordinate system and after 
that modified DF method in solving the Reynolds 
equivalent equation. From the equilibrium of mass flow 
rate between air inflow and outflow in the control volume 
caused by the shaft rotation and the squeezing action, the 
following Reynolds equivalent equation is obtained.  
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where, the mass flow rates of Q, Q and Q are given as 
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Applying the perturbation method which assumes 

micro vibrations of air film in the vertical direction to 
equation (4), the dynamic characteristics of dry gas seal 
are obtained. The minimum air lubricating film thickness 
h and pressure p can be expressed as follows:  
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where ε indicate the amplitude of small variations of the 
air film thickness. 

Substituting Eq. (7) into Eq.(5), four equations in 
terms concerning about Δθx, Δθy and ΔZ in orders 0 and 
1 are obtained as follows:  
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When the sequential solution is performed by the 

digitizing equations in increments using the Newton– 
Raphson iterative method, the static pressure component 
p0 and the dynamic pressure component pt are obtained. 
Finally the damping coefficient and the amount of air 
leakage can calculate by following integrations. 
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Fig. 3 Flow of groove optimization 
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Abstract 
This paper describes a new optimum design approach in 
dry gas seal which used widely for high speed turbo 
machinery for minimizing air leakage. The dry gas seals 
are required for high quality of sealing characteristics 
because the large air leakage leads to decrease of 
efficiency and increase of clash risk on high speed and 
high quality turbo machinery. Hence, in the designing of 
seals, minimizing of air leakage is the most important 
thing. On the other hand, previous studies have not been 
conducted from the view point of optimum groove shape 
mounted on seal surfaces. Therefore, we applied the 
topological optimization method proposed by Hashimoto 
[1] to dry gas seal to improve the air leakage 
characteristics. The optimization problems are defined by 
reference an actual design problem and they are solved 
theoretically by using the proposed the optimization 
method. As a result, the optimized groove shape of dry 
gas seals are quite deferent comparison of usual spiral 
groove shape. Moreover, the applicability of optimized 
dry gas seals is verified theoretically.   
Keywords: tribology dry gas seal, optimum design, 
topological optimization, leakage 
 

1 Introduction 
Recently, high efficiency and low environmental 

load are required for machine industry. For almost all of 
turbo machinery, low fluid leakage leads to high 
efficiency and low environmental load. For example, the 
gas turbines generate power by turbine rotation from 
combustion gas which elevated temperature and pressure. 
Low gas leakage makes it possible to high inner pressure 

and temperature and to realize the high efficiency 
combustion.  

Figure 1 shows the typical dry gas seal which 
consists of a rotating shaft, a rotating ring with spiral 
groove face, a stator, housing, and springs. As shown Fig. 
1, the gas lubricating film and gas pressure is generated 
between stator ring by the effect of spiral groove and 
controlling the air film thickness by spring forces. The 
seal effect is obtained by the gas lubricating film and 
changing the groove design makes it seal characteristics.  

Previously, many researchers [2]-[5] treated how the 
seal effect is obtained and how to reduce the air leakage 
by various ideas. However in many studies, basic groove 
shape was constant spiral curve and there are less 
research concerning optimization of groove shape. On 
the other hand, Hashimoto [1] tryed to topological 
optimization in thrust air bearings to ehnance mainly the 
stiffness of air lubricating film and varified the 
optimization effect theoretically and experimentally. 
Therefore, in this study the topological optimization 
method proposed by Hashimoto was applied to the dry 
gas seal design in order to minimize the amount of seal 
leakage in a wide range of operating conditions. 
Moreover, the appricavility of the optimization method 
on sealing effect of dry gas seal are verified theoretically. 
 

2 Topological optimum design method 
Figure 2 shows the geometry of dry gas seal. In this 

study, the minimizing the leakage quantity of dry gas seal 
is defined as objective under constant conditions of the 
internal pressure Pi [Pa], the seal clearance hc [µm], the 
seal inner and outer radius ratio rr, rotational speed ns 
[rpm].  

The outline of the topological optimization is shown 
in Fig. 3. The cubic spline interpolation function is 
applied so that we can change the groove shape freely. 
First, the bearing surface is divided equally in the axial 
direction as shown in the figure, and then the orbital 
nodes between the concentric circles and the curve of 
spiral grooved bearing which is defined as initial shape 
in our optimization are set as design point Ci (i=1~4). The 
groove shape of seal is expressed by interpolating the 
each node by the third spline function. The extent of 
angle change ϕi (i=1~4) in the θ direction from initial 
bearing geometry are defined as design variables, the 
values are changed so that intended characteristics Fig. 1 Outline of Dry Gas Seals 
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become maximum or minimum. Simultaneously, groove 
depth hg，seal radius Rs，groove width ratioα，number 
of grooves N are set as the design values. Hence, the 
design vector is defines as follows.  
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The objective function is leakage quantity q and 
defined by the following equation.  
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variables and the quantity of state are upper and lower 
limits for the number n of design variables shown in Eq. 
(5), allowable air lubricating film thickness, and the 
damping coefficient of air lubricating film which must 
not be a negative sign. These variables are defined by 
using the following inequality:  
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Here, the above static and dynamic seal characteristics 
are obtained by solving the Reynolds equivalent equation. 
The outline is shown as follows.  

  First, the bearing shape from r- polar coordinate 
system into a boundary-fitted coordinate system and after 
that modified DF method in solving the Reynolds 
equivalent equation. From the equilibrium of mass flow 
rate between air inflow and outflow in the control volume 
caused by the shaft rotation and the squeezing action, the 
following Reynolds equivalent equation is obtained.  

 
 QQQQQQQQQ IVIIIIIIIVIIIIII  12121212

 (5) 
 
where, the mass flow rates of Q, Q and Q are given as 
follows. 
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Applying the perturbation method which assumes 

micro vibrations of air film in the vertical direction to 
equation (4), the dynamic characteristics of dry gas seal 
are obtained. The minimum air lubricating film thickness 
h and pressure p can be expressed as follows:  
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where ε indicate the amplitude of small variations of the 
air film thickness. 

Substituting Eq. (7) into Eq.(5), four equations in 
terms concerning about Δθx, Δθy and ΔZ in orders 0 and 
1 are obtained as follows:  
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When the sequential solution is performed by the 

digitizing equations in increments using the Newton– 
Raphson iterative method, the static pressure component 
p0 and the dynamic pressure component pt are obtained. 
Finally the damping coefficient and the amount of air 
leakage can calculate by following integrations. 
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Abstract 
This paper describes a new optimum design approach in 
dry gas seal which used widely for high speed turbo 
machinery for minimizing air leakage. The dry gas seals 
are required for high quality of sealing characteristics 
because the large air leakage leads to decrease of 
efficiency and increase of clash risk on high speed and 
high quality turbo machinery. Hence, in the designing of 
seals, minimizing of air leakage is the most important 
thing. On the other hand, previous studies have not been 
conducted from the view point of optimum groove shape 
mounted on seal surfaces. Therefore, we applied the 
topological optimization method proposed by Hashimoto 
[1] to dry gas seal to improve the air leakage 
characteristics. The optimization problems are defined by 
reference an actual design problem and they are solved 
theoretically by using the proposed the optimization 
method. As a result, the optimized groove shape of dry 
gas seals are quite deferent comparison of usual spiral 
groove shape. Moreover, the applicability of optimized 
dry gas seals is verified theoretically.   
Keywords: tribology dry gas seal, optimum design, 
topological optimization, leakage 
 

1 Introduction 
Recently, high efficiency and low environmental 

load are required for machine industry. For almost all of 
turbo machinery, low fluid leakage leads to high 
efficiency and low environmental load. For example, the 
gas turbines generate power by turbine rotation from 
combustion gas which elevated temperature and pressure. 
Low gas leakage makes it possible to high inner pressure 

and temperature and to realize the high efficiency 
combustion.  

Figure 1 shows the typical dry gas seal which 
consists of a rotating shaft, a rotating ring with spiral 
groove face, a stator, housing, and springs. As shown Fig. 
1, the gas lubricating film and gas pressure is generated 
between stator ring by the effect of spiral groove and 
controlling the air film thickness by spring forces. The 
seal effect is obtained by the gas lubricating film and 
changing the groove design makes it seal characteristics.  

Previously, many researchers [2]-[5] treated how the 
seal effect is obtained and how to reduce the air leakage 
by various ideas. However in many studies, basic groove 
shape was constant spiral curve and there are less 
research concerning optimization of groove shape. On 
the other hand, Hashimoto [1] tryed to topological 
optimization in thrust air bearings to ehnance mainly the 
stiffness of air lubricating film and varified the 
optimization effect theoretically and experimentally. 
Therefore, in this study the topological optimization 
method proposed by Hashimoto was applied to the dry 
gas seal design in order to minimize the amount of seal 
leakage in a wide range of operating conditions. 
Moreover, the appricavility of the optimization method 
on sealing effect of dry gas seal are verified theoretically. 
 

2 Topological optimum design method 
Figure 2 shows the geometry of dry gas seal. In this 

study, the minimizing the leakage quantity of dry gas seal 
is defined as objective under constant conditions of the 
internal pressure Pi [Pa], the seal clearance hc [µm], the 
seal inner and outer radius ratio rr, rotational speed ns 
[rpm].  

The outline of the topological optimization is shown 
in Fig. 3. The cubic spline interpolation function is 
applied so that we can change the groove shape freely. 
First, the bearing surface is divided equally in the axial 
direction as shown in the figure, and then the orbital 
nodes between the concentric circles and the curve of 
spiral grooved bearing which is defined as initial shape 
in our optimization are set as design point Ci (i=1~4). The 
groove shape of seal is expressed by interpolating the 
each node by the third spline function. The extent of 
angle change ϕi (i=1~4) in the θ direction from initial 
bearing geometry are defined as design variables, the 
values are changed so that intended characteristics Fig. 1 Outline of Dry Gas Seals 
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Moreover, the plots which means results of the 
optimized seal in case of Λ=100 and Pi=1[MPa] is almost 
coincide with the solid lines which means results of 

optimization at each compressibility numbers. This 
means that one case topological optimized seal have also 
robustness against the various design conditions.  
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Therefore the optimization problem of dry gas seal 

is formulated as follows.  
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3 Results and discussion 

The constraints and constant design parameters are 
set specifically as shown in Table 1. They were defined 
as actual dry gas seals. The numbers of groove are set as 
6, 8, 12, 16, 20, 24 non-continuously, because the number 
of grooves are integer. The optimum designs were 
conducted under each number of grooves. After all case 
calculations, the minimum objective function among 
them is selected as the optimal number of groove. The 
optimum calculations are conducted under the each 
internal pressure of Pi =0.5 to 10 [MPa] and the 
compressibility number which is dimensionless design 
parameter of Λ=10 to 1000.  

Figure 4 shows the comparison of groove shape of 
optimized seal and that of initial spiral groove seal. From 
Fig.4 (a-1) and (b-1) the grove radius area of optimized  

seal is quite narrow, the groove width is thin and the 
number of groove decreases compared with spiral groove 
seal. In addition, it is found from Fig. 4(a-2) and (b-2) 
that the groove shape of optimized seal has bent position 
and quite different from spiral groove shape.  

Figure 5 shows the calculation results of obtained 
design valuables of (a): distances from initial groove 
shape i (i=1~4), (b): seal radius ratio, (c): groove depth, 
(d): groove width ratio against the compressibility 
number under internal pressure conditions of (a) Pi =0.5 
[MPa]. From these results, it is found that the tendency 
of the optimum seal valuables is quite similar in almost 
all of the design conditions. In the other design valuables 
of seal radius ratio, groove width ratio and groove depth 
become maximum or minimum values of constraints are 
confirmed in a wide range of compressibility numbers. 
Therefore, from above results, the seal design for 
suppressing the air leakage of rotating machinery should 
be quite different groove shape from usual spiral groove 
seal and the optimized seal designs in almost all 
conditions are quite similar.  

Figure 6 shows the comparison between the 
optimum designed seal and non-optimum designed spiral 
groove seal. In this figure, the dotted and solid lines 
indicate the calculation results of air leakage which is set 
as objective function in this study. Here, the optimized 
results mean the optimized at each condition. On the 
other hand, the plots indicate the results of optimized dry 
gas seal under the conditions of compressibility number 
of Λ=100 and inner pressure Pi=1[MPa].  

From these figures, the amount of air leakage of 
spiral groove seal varied against the compressibility 
number in each inner pressure conditions. On the other 
hand, the air leakage results of optimized seal are almost 
constant against the compressibility numbers in our all 
calculation conditions. Especially in high area of 
compressibility number, amounts of gas leakage of 
optimized seal are suppressed effectively. This is due to 
pomp-out effect in outer vicinity of seal face. 

Parameters Values 

Minimum groove depth hgmin =5[µm] 

Maximum groove depth hgmax =[10µm] 

Minimum seal radius to outer 
radius ration Rsmin=0.85 

Maximum seal radius to 
outer radius ration Rsmax=0.95 

Minimum groove width αmin =0.1 

Maximum groove width αmax =0.9 

Minimum spiral angle βmin=10 

Maximum spiral angle βmax=20 

Minimum groove number Nmin=8 

Maximum groove number Nmax=24 

Minimum angle amount φimin =-π(i=1~4) 

Maximum angle amount φimax =π(i=1~4) 

Outer radius R1=50[mm] 

Inner radius R2=40[mm] 

 

Table 1 Given variables and constraints 
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Moreover, the plots which means results of the 
optimized seal in case of Λ=100 and Pi=1[MPa] is almost 
coincide with the solid lines which means results of 

optimization at each compressibility numbers. This 
means that one case topological optimized seal have also 
robustness against the various design conditions.  

0 200 400 600 800 10000

10000

20000

30000

0 200 400 600 800 10000

10000

20000

0 200 400 600 800 10000

1000

2000

3000

0 200 400 600 800 10000

1000

2000

0 200 400 600 800 1000 

0 200 400 600 800 1000 0 200 400 600 800 1000 

0 200 400 600 800 1000 0
0 

3 
2 

1 2 

1 

0
0 

2 

1 

0 

3 

2 

1 

00 

Compressibility number Λ Compressibility number Λ 

Compressibility number Λ Compressibility number Λ 

00

2

1

O
bj

ec
tiv

e 
fu

nc
tio

n 
q 

 

Fig. 6 Comparison between the optimum designed seals and the spiral groove seal 
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Therefore the optimization problem of dry gas seal 

is formulated as follows.  
 

)16~1(0)(

)(

 iXgtosubjected

XfminimumtoXFind

i  (10)
 

 
3 Results and discussion 

The constraints and constant design parameters are 
set specifically as shown in Table 1. They were defined 
as actual dry gas seals. The numbers of groove are set as 
6, 8, 12, 16, 20, 24 non-continuously, because the number 
of grooves are integer. The optimum designs were 
conducted under each number of grooves. After all case 
calculations, the minimum objective function among 
them is selected as the optimal number of groove. The 
optimum calculations are conducted under the each 
internal pressure of Pi =0.5 to 10 [MPa] and the 
compressibility number which is dimensionless design 
parameter of Λ=10 to 1000.  

Figure 4 shows the comparison of groove shape of 
optimized seal and that of initial spiral groove seal. From 
Fig.4 (a-1) and (b-1) the grove radius area of optimized  

seal is quite narrow, the groove width is thin and the 
number of groove decreases compared with spiral groove 
seal. In addition, it is found from Fig. 4(a-2) and (b-2) 
that the groove shape of optimized seal has bent position 
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Figure 5 shows the calculation results of obtained 
design valuables of (a): distances from initial groove 
shape i (i=1~4), (b): seal radius ratio, (c): groove depth, 
(d): groove width ratio against the compressibility 
number under internal pressure conditions of (a) Pi =0.5 
[MPa]. From these results, it is found that the tendency 
of the optimum seal valuables is quite similar in almost 
all of the design conditions. In the other design valuables 
of seal radius ratio, groove width ratio and groove depth 
become maximum or minimum values of constraints are 
confirmed in a wide range of compressibility numbers. 
Therefore, from above results, the seal design for 
suppressing the air leakage of rotating machinery should 
be quite different groove shape from usual spiral groove 
seal and the optimized seal designs in almost all 
conditions are quite similar.  

Figure 6 shows the comparison between the 
optimum designed seal and non-optimum designed spiral 
groove seal. In this figure, the dotted and solid lines 
indicate the calculation results of air leakage which is set 
as objective function in this study. Here, the optimized 
results mean the optimized at each condition. On the 
other hand, the plots indicate the results of optimized dry 
gas seal under the conditions of compressibility number 
of Λ=100 and inner pressure Pi=1[MPa].  

From these figures, the amount of air leakage of 
spiral groove seal varied against the compressibility 
number in each inner pressure conditions. On the other 
hand, the air leakage results of optimized seal are almost 
constant against the compressibility numbers in our all 
calculation conditions. Especially in high area of 
compressibility number, amounts of gas leakage of 
optimized seal are suppressed effectively. This is due to 
pomp-out effect in outer vicinity of seal face. 

Parameters Values 

Minimum groove depth hgmin =5[µm] 

Maximum groove depth hgmax =[10µm] 

Minimum seal radius to outer 
radius ration Rsmin=0.85 

Maximum seal radius to 
outer radius ration Rsmax=0.95 

Minimum groove width αmin =0.1 

Maximum groove width αmax =0.9 

Minimum spiral angle βmin=10 

Maximum spiral angle βmax=20 

Minimum groove number Nmin=8 

Maximum groove number Nmax=24 

Minimum angle amount φimin =-π(i=1~4) 

Maximum angle amount φimax =π(i=1~4) 

Outer radius R1=50[mm] 

Inner radius R2=40[mm] 

 

Table 1 Given variables and constraints 
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Call for Entries of Students Workshop 
"Smart Designs for STRATASYS 3D Printing" 

Student competition supported by TECNOTRADE OBRABECI STROJE s.r.o., CZ, 

ICDES 2014, Parkhotel, Pilsen, Czech Republic, from Aug. 31 to Sept. 3, 2014 

 

Design concept rules  

Design a smart technical product model which can be produced only with a Stratasys 3D printer, in other 
words, the model that is possible to produce simply because it is additive manufacturing not removal 
machining. The model should satisfy the following assigned constraints: 

- Maximum number of authors/designers is 1. Student status ID is required. 
- Technological constraints of a given Statatasys printer (using materials of FDM thermoplastic resin 

and/or PolyJet resin). Applicant should select one material from FDM thermoplastics resin and/or (?)  
PolyJet resin. 

- Maximum width, depth and height of a part are respectively 100 mm, 100 mm and 75 mm.  
- Maximum number of parts to be assembled is 3. As a matter of course, only one part model is welcome. 

In this case, “a part” means a “at once” printed model without assembly, and in other words, “a part” is 
constructed by one STL file. 

- If a mechanism (assembly), which has two or three parts, is going to be produced, there must be a gap 
of 0.15 mm between two contacting surfaces. 

- 46 colour shades are available for the 3D printed model. Applicant should assign the part(s) colours(s). 
For example, when an applicant designs a model assembled by three parts, the applicant should 
assign one colour to one part. 

- Stratasys logo should be installed in the outmost model surface and the 3D data of logo will be 
supplied by Tecnotrade Obrabeci Stroje s.r.o. Applicant will be able to download the 3D data of the logo 
through ICDES 2014 website http://www.jsde.or.jp/icdes2014/ . 
 

4 Conclusions 
In this study, the optimum design method is formulated 

for the purpose of the seal characteristic improvement of 
the dry gas seals. As a result, following conclusions are 
obtained. 
1. Optimized groove shapes of dry gas seal are quite 

different from spiral groove shape. 
2. Obtained optimized groove shapes under various 

compressibility numbers and inner pressures are 
quite similar. 

3. Applying our optimization method make it possible 
to reduce amount of gas leakage drastically.  

References 
[1] Hashimoto, H. and Ochiai, M., “Optimization of 

Groove Geometry for Thrust Air Bearing to 
Maximize Bearing Stiffness”, ASME J. Trib., Vol.13, 
No.3, (2008), pp.1-11. 

[2] Etsion, I. and Halperin, G., “A Laser Surface Textured 
Hydrostatic Mechanical Seal”, Tribology 
Transactions, Vol. 45, No. 3, (2002), pp. 430-434. 

[3] Etsion, I., “Improving tribological performance of 
mechanical components by laser surface texturing”, 
Tribology Letters, Vol. 17, No. 4, (2004), pp. 733-737. 

[4] Feldman, Y., Kligerman, Y. and Etsion, I., “Stiffness 
and Efficiency Optimization of a Hydrostatic Laser 
Surface Textured Gas Seal”, Transactions of the 
ASME, Journal of Tribology, Vol. 129, No. 2(2006), 
pp. 407-410. 

[5] Shaoxian, B., Xudong, P., Yefeng, L. and Songen, S., 
“A Hydrodynamic Laser Surface-Textured Gas 
Mechanical Face Seal”, Tribology Letters, Vol. 38, 
No. 2, (2010), pp. 187-194. 

Received on December 31, 2013 
Accepted on January 22, 2014 

 

– 201 – – 200 – 


