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INFLUENCE OF GEOMETRIC TOOTH SHAPE PARAMETERS OF
LABYRINTH SEALS ON THE FLOW LAW AND THE ALGORITHM
FOR DESIGNING STRAIGHT GRATE TEETH

Bo Zhang,' Jingjing Li,' Wenkai Li,” and Honghu Ji' UDC 533.08

In view of the fact that the traditional method does not summarize flow rules through straight labyrinth seals,
there is no rule to summarize the sealing effects of the labyrinth seals with different specifications. Therefore, it
is proposed to study the influence of the geometric tooth profile parameters on the flow law and the algorithm
for designing the labyrinth seals. According to the geometric tooth profile parameters, 22 tooth profile test
models of straight tooth grating have been designed. Experimental results have shown that the flow coefficient
increases with the seal clearance and the tooth tip thickness. It is proportional to the tooth height, pitch, and
the number of teeth. When compressed air passes through the labyrinth seals, to improve the sealing effect,
attention should be focused on the design of the first and last teeth. This provides a favorable basis for the
study of the flow law in the labyrinth.

Keywords: straight-through labyrinth seals, geometric parameters, sensitivity grade, discharge coefficient.

INTRODUCTION

Nowadays the high temperature and pressure ratio in a steam and gas turbine engine leads to poor sealing
between the stator and the fixed parts of the engine. The performance of the engine is closely related to the fuel ratio,
and the less the leakage rate, the stronger is the engine [1-3]. Therefore, reducing the leakage is the most important step
in achieving high performance characteristics of the grate seal. Grate seal is very important for the turbine design
because the turbine performance is closely related to the quality of the grate seal and its cost is low. The grate seal
fluidity refers to the flow of a series of high friction paths restricted bypass. The total sealing outlet pressure is closely
related to the loss of individual restrictions, and the limiting loss will reduce the export pressure. As the flow passes
through the grate seal, the pressure decreases with increasing seal length. The cause of the local static pressure is
a sudden expansion of a stagnation point, fluid in and out in different sealing space [4, 5].

The design of the grate seal is more complex, the pressure ratio of the seal and the engine speed will affect the
emission characteristics [6-9]. Yang et al. [10] studied the leakage characteristics of the grate seal for different values
of pressure ratios and radial clearances. The blade thickness and the blade profile of the steam turbine were studied
using a static test bench, and a relationship between the eccentricity and the geometric parameters was discussed, but
the rules were not summarized. Cui et al. [11] analyzed a relationship between the leakage flow rate of the labyrinth
seal and the cavity pressure for different combinations of the pressure ratio and the rotational speed and carried out
measurements and numerical simulations. However, they did not study the labyrinth seals for tightness. Fu et al. [12]
studied the effect of tooth spacing, shaft diameter, Reynolds number, and gap on the residual coefficient, but provided
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Fig. 2. Labyrinth seal section. Fig. 3. Sketch of the labyrinth seal.

no regular summary. Zhang et al. [13] studied the leakage of the maze combined with the theory and compared the
results obtained. However, the designed algorithm was not perfect, it still had sealing defects. To explain the
relationship between the variables and targets, the method of dimensionless interdependent analysis was proposed by
Cui et al. [14] and Wang et al. [15]. However, this method did not summarize the straight grate tooth flow patterns.
Yang et al. [16] studied numerical results for some geometric arrangements in which the leakage flow was mixed with
the main flow in different ways; however, this method still had the problem with gear arrangement.

With allowance for the foregoing, this paper is devoted to the study of the influence of the geometric tooth
profile parameters on the flow law and the algorithm for designing the labyrinth seals. Summarizing the flow rule
through the straight teeth under the influence of the geometric parameters, 22 test models of the straight labyrinth teeth
with different tooth height, spacing, tip thickness, and number were designed. Experiments were carried out with
different models to test the leakage flow through a linear labyrinth seal. In this paper, the influence of different
parameters on the sealing flow is studied, and the sequence of sealing leakage effects is discussed. It is of scientific
significance to summarize the flow rules through the labyrinth seals and to study their algorithmic implementation.

MATERIALS AND METHODS

To summarize the flow pattern through the labyrinth seals, experimental materials and methods were used.
Figure 1 shows a static test device. As can be seen from Fig. 1, a gas flows into a closed test vessel under the action of
the expansion tube and then flows out from the exhaust pipe [17]. The inlet width of the test vessel was 200 mm and its
height was 12 mm, while the width of the outlet was 200 mm and the width was reduced to 10 mm. During our
experiment, the closed model was kept stationary on a supporting plate (Fig. 2), and the widths of all models were the
same and equal to 200 mm (Fig. 2). The gas flowed out through the common channel below the supporting plate and the
main cavity (as indicated by the arrow) described by three non-collinear points used to adjust the flow height in order
that three heights remained unchanged from the data of indicators of the same types to ensure that the channel is
oriented horizontally. Figure 3 shows the heating system in more detail (the instrument panel is shown in Fig. 2) with
the thermocouples placed horizontally below the channel. Their locations are shown by dots in Fig. 3. Figure 4 shows
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Fig. 4. Labyrinth seal parameters.

distributions of the temperature and pressure pilots. The hydrostatic guides are placed between epy neighboring teeth,
and the total pressure guides are placed at the inlet (indicated by I) and outlet (indicated by II). The experiment was
carried out at a pressure ratio increasing from 1.2 to 1.8. Figure 3 shows the model of the labyrinth seal space, and
Fig. 4 shows the pressure distribution at measurement points. The pressure through the drinking water pipe was
measured at the seal entrance.

LABYRINTH SEAL DESIGNS

The labyrinth seal was designed using the materials and methods described above. Figure 4 shows dimensions
of the straight-through grate seal space. The main geometric parameters were the tooth tip thickness ¢, the sealing
clearance C, the sealing height H , the sealing joint B, the front seal cone angle o, and the rear seal cone angle 3.
The geometric parameters changed in the following ranges: 0.1mm<c¢<0.7mm, 02mm<¢<0.6 mm,
3mm<H<7mm, 3mm<B<9Imm, 0°<a<15°, and 0° <P <L15°. The factor rotation method was used as
the main criterion for the experiment with 22 models, and model 3 was regarded as the reference model. The model
parameters are presented in Table 1.

Models 1-5 have tooth tip thicknesses ¢, models 6-9 have sealing heights H , models 10-14 have sealing
cavity joints B, models 15-17 have tooth numbers N , and model 18-22 have labyrinth tooth gaps ¢ that differed
from those of reference model 3. The front sealing cone angle o and the rare sealing cone angle [3 were the same as

those of model 3. Different seal models are shown in Fig. 5.

EXPERIMENTAL RESULTS AND ANALYSIS

The 22 labyrinth seal models with different specifications discussed above were experimental objects, and the
sealing flow rule was the research objective to study the influence of different parameters on the sealing effect. This
was provided by the specific standard experimental design. The expressions for the discharge efficiency Cj, of the

straight tooth seal with a smooth wall were calculated from the following formulas:
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TABLE 1. Tooth Geometric Parameters

Model No. ¢{, mm H, mm B, mm N C, mm
1 0.2 4.8 4 3 0.3
2 0.3 4.8 4 3 0.3
3 04 4.8 4 3 0.3
4 0.5 4.8 4 3 0.3
5 0.6 4.8 4 3 0.3
6 0.4 3 4 3 0.3
7 04 4 4 3 0.3
8 04 6 4 3 0.3
9 0.4 7 4 3 0.3
10 0.4 4.8 3 3 0.3
11 0.4 4.8 5 3 0.3
12 04 4.8 6 3 0.3
13 0.4 4.8 7 3 0.3
14 0.4 4.8 8 3 0.3
15 04 4.8 4 2 0.3
16 04 4.8 4 4 0.3
17 0.4 4.8 4 5 0.3
18 0.4 4.8 4 3 0.1
19 04 4.8 4 3 0.2

20 04 4.8 4 3 04
21 0.4 4.8 4 3 0.5
22 0.4 4.8 4 3 0.6

L
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Fig. 5. Different seal models.

where m,. is the leakage mass flow in the flowmeter of the converter and m; is the theoretical leakage mass flow under
the isentropic condition [18]. In the above formula, p, / p, is the ratio of the total inlet and outlet pressures (shown in

Fig. 4) that also indicates the pressure along the airway. The area of the spatial gap cross section is 4 =W -c, where
W is the labyrinth width and C is the labyrinth tooth gap. The relative variation factor of the discharge efficiency is

X)) _c ()
g =205 C a1 —Car ) (1<i<n). 3)

TS s, )

i=1
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In the above formula, X is the geometric factor, i denotes the serial number of the geometric factors, and C, 4 1s the
discharge efficiency. The calculated results are analyzed for a pressure ratio of 1.6.

To further summarize the sequence of the seal leakage effects, we analyzed the obtained experimental results.
Figure 6 shows the relationship between the sealing clearance ¢ and the flow coefficient. With continuous expansion of
the seal clearance, C, increases, and the rate of its increase slows down. Taking a pressure ratio of 1.8 as an example,
we obtained that the relative variation coefficient decreased with increasing seal clearance [19].

As the seal clearance increased from 0.1 mm to 0.2 mm, the relative variation coefficient € increased up to
31.8%. When the seal clearance ¢ increased from 0.5 to 0.6 mm, the relative variation coefficient € reduced down to
3.5. In conclusion, when the seal clearance increased, the flow area increased, and the jet velocity at the tooth tip and

the swirl velocity in the cavity decreased, thereby leading to the decreased sealing performance [20-25]. With
decreasing seal clearance, the leakage performance of the seal also decreased.

Figure 7 shows the relationship between the sealing height A and the flow coefficient. With increasing sealing
height, the C; value decreases for each flow coefficient, the cavity volume of the labyrinth seal increases, and the swirl
in the cavity monotonically increases, which causes the kinetic energy to dissipate rapidly, thereby reducing the seal
leakage.

Figure 8 shows the relationship between the sealing distance B and the flow coefficient. When the sealing
distance increased from 3 to 4 mm, the factor ¢ increases up to 23.5%, then to 53.1%, and then to 1.4%. With
increasing sealing distance, the cavity volume of the labyrinth seal also increased, the swirl flow in the cavity
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strengthened, the kinetic energy dissipated rapidly, the dissipative cavity vibration became small, and the C; value

smoothly decreased. The relationship between the head width ¢ and the flow coefficient can be seen in Fig. 9. As the
head width increases, so does the C; value. The penetration effect increased, the number of jets flowing down the wall

to the tip gap increased, the expansion angle of the jet decreased, the penetration effect increased, and the airtight
leakage increased.

Figure 10 shows the relationship between the number of seals and the flow coefficient. With increasing number
of seals [26-28], the C; value decreases, whereas the & value remains unchanged. With increasing sealing number,

the throttling effect of the tooth tip is enhanced, and the swirl in the cavity is enhanced, thereby accelerating the
dissipation of the kinetic energy.

During our experiment, the reason for the change of the same flow coefficient was that the geometric
parameters were different together with their different range of changes. Therefore, the sensitivity of the geometric
parameters to the flow coefficient was analyzed together with the flow sensitivity coefficient. The flow sensitivity
coefficient is given by the formula

Z ABS(CdH—l(X) - Cdi(X) )

M, =E X7, (1<i<n). “4)

Based on the experimental data presented above and formula (5), the sensitivity coefficient of different factors
can be estimated. For m=1.8, we obtained MC =0.2724 , MT =0.2488, MH =0.0190, and MB =0.0296, from
which it follows that MC > MT > MB > MH , that is, the sequence of the effective change of the unit is
¢ —>t— B — H . Comparing all the coefficients, we obtain that the trends of change were the same. To sum up, the

degree of influence of the trends in changing the parameters on the sensitivity is described by the formula
¢ —t— B — H under the same conditions.

DISCUSSION

Figure 11 shows distributions of the static pressure in the inlet and outlet sections and inside of each labyrinth
seal cavity for N =2,3,4 separately. As can be seen, the pressure along the axis decreases continuously; moreover,

the pressure drop after passage of each cavity of the tooth is almost the same, showing little changes of different
pressure ratios.
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Fig. 11. Pressure variation in the cavity with N =2 (a), 3 (b), 4 (¢), and 5 (d).

The percentage of the total airflow pressure drop after passage of each tooth of the labyrinth for m=1.8 is
shown in Fig. 11. It can be seen that the largest pressure drop occurs after passage of the first and the last teeth. This
was caused by the sudden contraction and extension of the flow area [29, 30]. When the air flow entered the first tooth
section from the horizontal channel with a sudden contraction section, the air flow is compressed at the tip of the tooth,
then it flowed to the first cavity where the throttle area ratio and the jet angle changed strongly, and the pressure
dropped suddenly; the same was repeatedly observed for the next tooth. As the tooth number increased from 2 to 5, the
proportion of the pressure drop in the first and the last sections gradually decreased. While passing through several
middle teeth, the corresponding pressure drop increased to some extent. Moreover, the proportion of the pressure drop
in the first section decreased from 70.3% to 33.2%, while it decreased from 29.7% to 22.4% in the last section [31-33].
As can be seen, the first and the last teeth play major roles in the design, and designers should focus on them in the
process of labyrinth design. The middle teeth caused relatively small pressure drop with small changes of the areas.

CONCLUSIONS

In this paper, 22 straight labyrinth seals with different geometric parameters have been designed, and the
leakage characteristics of the seals have been studied as functions of the tooth tip thickness ¢, width B, clearance c,
height H, and number N for a pressure ratio of 1.2 n. The following results were obtained.

1. In the grate seal, the discharge efficiency increases with the seal pressure ratio, gap c¢ as well as with the
tooth height and spacing and the number of teeth.
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2. The sequence in which the range of geometric parameters affects the sensitivity of the flow coefficient is
c>t—>B—>H.

3. In the labyrinth seal, the first and the last teeth play different roles. With increase in N from 2 to 5, the
proportion of the pressure drop in the first section decreased from 70.3% to 33.2%, whereas in the last section it
decreased from 29.7% to 22.4%.

As has been demonstrated in this paper, the flow law of the labyrinth seals is well summarized. According to
the experiment, when the compressed air passes through the labyrinth seals, the percentage of the pressure drop in the
first and last teeth is larger than in the middle teeth. Therefore, attention should be focused on the design of the first and
last teeth to improve the sealing effect. This provides a favorable basis for elucidation of the flow law of the labyrinth
seals. The application of the labyrinth seals will be the subject of our future research.

This research was funded by National Science and Technology Major Project (2017-1-0001-0001).
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