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Abstract : The low pressure axial flow fans with an outer ring, used for cooling automobile
radiators, have a significantly large tip clearance between the ring tip and the fan shroud. It has
been found that the turbulent reverse flow, or leakage flow, which occurs at the tip
clearance, greatly affects the fan performance and noise level. Therefore, in order to improve the
fan performance and noise level it is important to decrease the effect of leakage at the tip
clearance. The authors investigated the performance of the straight-through type of labyrinth
seal which operates in an extremely low static pressure difference with a large clearance. It was
hoped that by sealing this clearance with the labyrinth seal the performance would be
improved. It was verified that the labyrinth seal satisfied almost the same performance as that
predicted by the previous theory. This theory was established by experimental studies in the
condition of quite high static pressure difference when the labyrinth is stationary. However, it
was later discovered that the leakage rate decreased significantly even though there was far
lower ring speed in comparison to past research results where the ring rotated. This
phenomenon is conspicuous in a lower differential pressure. However, the cause of this
phenomenon has not been determined.
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Nomenclature:

D Diameter of the rings (mm) [constant : 362]
F Opening area of the throttling (m2)

G Leakage rate (kgls)

L Axial length of the rings (mm) [constant : 49.7]
14 Pitch of fins (mm)

n Number of fins

P Absolute pressure (Pa)

Ps Static pressure difference (Pa)

S Inner distance between fins (mm)

18] Peripheral velocity of fin tip (m/s)

a Flow coefficient of contraction at the throttling

A Specific leakage rate 1=GEr/GEs

ol Thickness of first and end fins (mm) [constant : 2.5]
52 Thickness of fins (mm) [constant : 1.5]
€ Clearance (mm) [constant : 3.0]
0 Jet expansion angle (deg)

A Pressure ratio A =Pp/Pu
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\% Specific volume of gas (m3/kg)

L Carry-over factor L =Gg/G1
0] Labyrinth function

[0} Ideal labyrinth function

Subscripts

a Approximate

D Outlet of labyrinth (Downstream)
E Experimental

I Ideal

R Rotational

S Stationary

18] Inlet of labyrinth (Upstream)

1. Introduction

Two types of axial flow fans are used for automobile radiators. The first type is the axial flow fan
which has nothing attached to its blade tip. The second type is the axial flow fan which has an outer
ring attached to its blade tip. In the case of an axial flow fan without the ring, it is known that the
reverse flow and the leakage, which occur at the tip clearance between the blade tip and the fan
shroud, affect fan performance. Regarding this, it is reported that the difference of the tip clearance
greatly influences both the performance and the noise level in several types of axial flow fan (Fukano
et al., 1985). In addition, the authors have also shown that the increase of the tip clearance in the
axial flow fan for a motorcycle radiator degenerates the performance and the noise level. Moreover, it
is reported that the shroud shaped into a ring attached to the axial flow fan improves the fan
performance in the case of large tip clearance (Shimada et al., 2001). However, in the case of the
ring-attached axial flow fan for an automobile, there is clearance between the ring and the shroud,
like the tip clearance of the fan without a ring. Also in this case, the reverse flow or the leakage flow
influences the fan performance, like the case of the fan without a ring (Shimada et al., 2002).
Therefore, the authors aimed at the labyrinth seal as a clearance seal, in order to seal the fan’s tip
clearance then improve the fan performance.

Generally, the labyrinth seal mechanism used in compressors or turbines operates in very high
static pressure difference (1.0x102~ 3.0x10kPa, at maximum) and at a very small clearance (0.1 ~
0.6mm). However, in the case of the ring-attached axial flow fans used in this research, they were
mass-produced by injection molding with plastic which caused difficulties in keeping the desired
clearance size. Therefore, it is difficult to keep the clearance very small. Generally, the clearance of
these fans is large and is about 3mm. Furthermore, the static pressure difference at the operating
region of these fans is extremely low, nearly 150Pa.

The performance of the labyrinth seals in the case of compressors or turbines was previously
reported(e.g., Komotori and Mori, 1971; e.g., Komotori and Miyake, 1977). These experiments were
conducted under high static pressure difference as the actual operating state. According to these
reports, it is possible to predict the performance of the labyrinth seal using equations of
approximation. Furthermore, the reports state the influence of the rotation on the performance is
small. However, there are few reports about labyrinth seals which operate in the condition of an
extremely low static pressure difference and a large clearance like the operating condition for the
automobile’s fans. The purpose of this report is to clarify the performance of the straight-through
type labyrinth seal used in the unique condition mentioned above. The results of this study prove by
using equations from past research that it is possible to predict the seal performance when it is
stationary. The performance experiments and the flow visualizations were conducted in order to lead
these results. However, a peculiar phenomenon different from results of past research was observed
when the ring was rotating.
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2. Operating Region and Configuration of the Labyrinth Seal

Figure 1 shows the structure of the labyrinth in the ring and the state of the reverse flow of the
ring-attached axial flow fan, which is the subject of this research. By constructing the labyrinth in
the ring, it seems to be possible to reduce the leakage flow occurring at the clearance area between
the shroud and the ring and thus improve the performance. However, as it was mentioned in the
previous chapter, the static pressure difference as the operational pressure of the research fan is
significantly low and the sealing clearance is large. This is why the study area of this labyrinth is
remarkably different from the area of past research. Figure 2 illustrates each study’s area. The figure
indicates the static pressure difference in its ordinate and the clearance in its abscissa. There are few
examples researched and the results were publicized in the study area covered by this research.

Flow
g @ @ j (Leakage)

Labyrinth Ring
> .
Fan Blade Main
>  Flow

(a) Bird’s-Eye view (inlet side) (b) Relation between structure and flow

Fig. 1. Axial flow fan with a ring and labyrinth seal.

Figure 3 shows an example of the form of = 1.0x10°
labyrinth seal used in this research. This S jox107k Study Area
labyrinth seal is formed in the linear channel g Lox 100k in the Past
between the inlet and the outlet. Furthermore, the ’
linear channel is not disturbed anywhere on the g = 10X 107
channel. This type of labyrinth seal is called a % & 10x10*] Study Areain this Paper
straight-through type. Such labyrinths are widely "’;: g LOX10° (& =3mm)
used because their construction and assemblage &R
are very easy. The authors conducted research 7 Lox10%L \
using the rings which have 2, 3, and 5 fins. Figure 1.0x 10! ; : y

3 (a) shows the case when the number of fins is
n=3. It illustrates a labyrinth seal consisting of
three fins and two expansion grooves between the Fig. 2. Difference of study area.

fins. On the other hand, Fig.3 (b) shows the case

when the number of fins is n=5. The radial height of each fin is constant. The tip end diameter of each
fin is always 362mm. The clearance € between the inner surface of the cylindrical shroud and the fins
is 3mm. The axial length of the rings L does not depend on the number of fins and is a constant equal
to 49.7mm. In the case of the same labyrinth, the pitch of fins ¢ is constant. The same condition
applies to the inner distance S. The bell mouth parts at the inlet and outlet sides of the rings are
uniform in their shapes.

In the experiments for the labyrinth’s seal performance, the place for the fan is closed with a
seal disc as shown in Fig.3 (a). There is no leakage in this part. Then, it was attached to the fan
testing chamber, and the static pressure was increased at the upstream side while opening the
downstream side to the atmosphere. The leakage rate was measured per given pressure in

Clearance € (mm)
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Ps=50~250Pa. The ring and the seal disk were constructed as one whole and it was possible to rotate
them together. Therefore, the leakage rate was measured both when the ring was stationary and
rotating. The rotating speed was increased each time by 500rpm from Orpm, till it reached 2500rpm
in the constant pressure.

Shroud | Shroud

Air r_\ |

(o7
[e7)

L 3

Fin2 Fin3 _)61 52‘ 2 _)?_1(_ w
Fan Testing / / \ /
Chamber l / ,/ Open
: _ PN
(pressurize) V Ring Atmosphere > \Ring A

Expansion Seal Disc
Grooves

(Rotates with Ring)
(a) Test rig (n=3) (b) Specifi cation of the ring (n=5)

Fig. 3. Configurations of the labyrinth seal and the test rig.

3. Prediction of Seal Performance and Experimental Results

3.1 Prediction of Seal Performance by Past Approximate Equations

In the case of an ideal labyrinth seal, when the fluid passes through the labyrinth throttling,
complete adiabatic expansion occurs. The kinetic energy developed when passing through the
throttling, is completely transformed to thermal energy in an expansion groove. As a result, there is
no velocity right before the next fin, and also there is no loss of energy anywhere. This is the
definition of the operating conditions of an ideal labyrinth seal. Approximation equations are often
used because repeated computer calculations are necessary in order to solve the value of the ideal
labyrinth function ¢ . Several approximation equations for the ideal labyrinth function ¢ have been
proposed, but Komotori’s equation (1) was used in this research as it offers better precision (Komotori,
1955).

[ .2
b, = 1-x (1) Komotori’s equation for approximate ideal labyrinth function b,
a

1,12/5

In the case of a straight-through type labyrinth seal as shown in Fig.4, the clearance part is
formed in a linear channel. Therefore, the flow in the labyrinth does not effectively expand in the
expansion grooves but sometimes simply passes through the channel. This phenomenon is called a
carry-over and it is known that this influence deteriorates the performance of the labyrinth
(Komotori, 1957). When there is a carry-over in the straight-through type labyrinth, its influence can
be expressed with the carry-over factor v=Gr/Gr Gk is the leakage rate of a labyrinth seal with a
carry-over which is obtained experimentally. Gi1 is the leakage rate of the ideal labyrinth without any
carry-over. Equation (2) shows an approximation equation. When the static pressure difference is low
and the pressure ratio A is approaching 1, giving a solution very close to the strict solution
(Komotori and Mori, 1971). In this report, A is very close to 1. Therefore, Eq.(2) is very useful for this
research. Here, 0 is the angle of jet expansion which starts from the contraction near the fin tip as
shown in Fig.4.

n
AR
Jl +n-1)1-4) (2) Komotori’s equation for carry-over factor v
e/l
(got/ )+ tan®
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Here, the experimental leakage rate is expressed with Eq.(3). The labyrinth function ® is
expressed with Eq. (4) as a function of a and v. Therefore, it is possible to lead to Eq.(5), in order to
express @ with the experimental leakage rate Ge.

Gy = Fl)ocd)a\/E 3)
Vu

D =vad, (4) Predicted value

-1
©=G E[F P—UJ (5) Experimental value

Vu

Air P
[— y %&/\
Fin @ Fin ®

Fig. 4. Flow model of straight-through type labyrinth seal.

3.2 Comparison of Seal Performance between Prediction and Experimentation

These approximation equations proposed by Komotori are derived from the experimental data in the
case of high static pressure difference and small clearance. Therefore, it is not clear whether these
approximation equations can be used to predict the leakage rate for this study. In order to ensure the
adaptability of these approximation equations to the study area of this research, the calculation
results and the experimental results were compared. This was made under the following conditions:
the number of fins n=2, 3, 5, the static pressure difference Ps=50Pa~250Pa, for the shape of the
labyrinth seal shown in Fig.3.

Figure 5 shows the results obtained from Eq.(4). In this figure, the curves were calculated with
the flow coefficient o.=0.7 and the angle of jet expansion 0=6° as the values used by Komotori
(Komotori, 1957). It can be derived from Fig.5 that the labyrinth function ® is the smallest when
n=2, consequently, the leakage rate is the smallest. The leakage rate is also small when n=3.
However, both results are very close and the performance is almost the same. When n=5, the value of
® is the greatest. The increase of the stage number of the labyrinth is supposed to improve the
performance of the seal. However, the reverse happens in this case and the performance decreases.
The reason is that the carry-over factor v expressed in Eq.(2) increases together with n, and this
results in an increase in® .

Figure 6 shows the experimental results when the ring is stationary. The tendency of these
results corresponds well with the calculation results of Fig.5. The relative performance for each
number of fins can be closely predicted, even though Fig.5 shows lower values especially when the
static pressure difference Ps is high. Therefore, it can be concluded that it is possible to use the
approximation equations of past research even in the case of an extremely low static pressure
difference and a large clearance when there is no rotation. The two-dotted chain line shows the
characteristics of a simple annular passage without expansion grooves as the case when n increases
boundlessly and the ring becomes solid. In this case, it shows the greatest ® . Therefore, even though
under the conditions of an extremely low static pressure difference and a large clearance, the
expansion grooves operate effectively. Consequently, increasing n will lead to the inefficient
operation of the expansion grooves. Then the performance gradually decreases and approaches the
curve of an annular passage.
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Fig. 5. Seal performance by prediction. Fig. 6. Seal performance by experimentation.

4. Visualization of Internal Flow

It can be judged that the increase of n leads to the increase of ® from the previous chapter both
theoretically and experimentally. That means, when n increases, the carry-over also increases and as
a result the leakage rate increases too. In order to clarify the internal flow when n increases, an
experiment of flow visualization was conducted by the surface floating tracer method. The
approximate equations for the performance prediction in the previous chapter have been lead from
the test results in the case of the stationary condition. In this respect, the effect of rotation of
labyrinth seal can not be given for this visualization experiment. Consequently, the two-dimensional
models, which neglected the rotational effects, are used in order to depict the internal flow for the
visualization. During the experiment, fine aluminum powder was left floating on the water surface
of a pool. Next, the trace of the floating aluminum particles was shot with a slow shutter speed
camera. The Reynolds number was made the same as in the actual device in order to be able to
accurately reproduce the flow. The size of the visual model is ten times bigger than the size of the
actual device.

Figure 7 shows the results of the visualization when n=2. According to the picture of Fig.7(a),
the internal flow follows along the shroud wall’s surface, but then separates at the point about 2/3
from the inlet. The separated flow diffuses in the expansion groove and while one part of it flows
toward the outlet, another part of it forms an eddy in the central part of the expansion groove. In
other words, the flow expands well and the expansion groove works effectively. Figure 7(b) shows the
flow at the inlet throttling, and Fig.7(c) shows the flow at the outlet throttling. Contraction of the
flow can be seen both in the inlet and outlet. Especially at the outlet side, the contraction followed by
a large eddy on the fin tip can be seen clearly. As it was shown in the calculation results of Fig.5, the
flow coefficient of contraction o is a general representative number for the whole labyrinth and is
empirically set to 0.7. However, this does not mean that the flow coefficient of contraction is the same
at each throttling. As clearly shown in Fig.7, the size of the contraction is different at each inlet and
outlet.

Figure 8 shows the results of the visualization in the case of n=3. As shown in Fig.8(a), even
though there is an eddy formed in each expansion groove, most of the flow goes through along the
shroud wall surface and is carried over to the outlet. In the case of n=2, the flow separates from the
shroud surface and expands well in the expansion grooves. However, in the case of n=3, such a
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Fig. 7. State of internal flow by surface floating tracer method with illustrations (n=2).
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Fig. 8. State of internal flow by surface floating tracer method with illustrations (n=3).
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Fig. 9. State of internal flow by surface floating tracer method with illustrations (n=>5).
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phenomenon is not observed, but the carry-over increases instead. Figure 8(b) shows that there is no
significant difference in the condition of the contraction at the inlet compared with the case of n=2.
However, as shown in Fig.8(c), the contraction at the outlet becomes significantly small with the
increase in the carry-over. In other words, an increase of n leads to an increase of the flow coefficient
of contraction at the outlet side in this case.

Figure 9 shows the results of the visualization in the case of n=5. The form of n=5 is the form
where each expansion groove of n=3 has been divided into halves by a fin. As shown in Fig.9(a), even
though an eddy is formed in each expansion groove, almost all of the flow goes through along the
shroud wall surface and carries over. The contraction at the inlet, which is shown in Fig.9(b), is not
much different from the case of n=2 or n=3. However, the outlet contraction shown in Fig.9(c) almost
disappears.

As the result of this visualization, it is clear that the increase of n leads to the increase of the
carry-over. Therefore, this is the reason of the decrease in performance shown in Fig.6. On the other
hand, it can be said that the calculation results in Fig.5 are basically correct, because they include
the real phenomenon observed from this visualization. However, Fig.5 does not take into
consideration the above-mentioned relationship that o changes with a change in n. As a result, the
predicted value of ® when n=5 is 7.7% higher than the value of ® when n=2, in Fig.5. However,
experimental value of ® when n=5 is from 9.5% to 12.1% higher than the value of ® when n=2, in
Fig.6. In other words, when n is increased from 2 to 5, the performance decreases greatly in the case
of experiment than in the case of prediction. Flow visualization shows that the value of o also
increased with the increase of n in the actual case different from the case of prediction with Eq.(4). It
is thought that this is the cause of the difference between the prediction and the experiment
mentioned above.

5. Effect of Rotation

The rotating condition is the expected operating condition for the labyrinth seal because the
labyrinth seal studied in this report is used for a ring-attached fan. The report of Komotori
investigates the case of a rotating labyrinth seal and the experiment is conducted when the pressure
ratio A is about 0.5 (Komotori and Miyake, 1977). According to this report, when the peripheral
velocity of fin tip U is low, no significant decrease of the leakage rate is observed. However, the
leakage rate gradually begins to decrease when U=50 m/s. When U reaches 250 m/s, the leakage rate
is reported to decrease about 10~20% in comparison with the stationary condition. Meanwhile, in the
case of the labyrinth seal used in this author’s report, the maximum number of revolution is 2500
rpm, and the peripheral velocity of fin tip is U=47.4 m/s. Therefore, even when the peripheral
velocity is at the maximum, it is still lower than U=50 m/s. If predictions are made by using
Komotori’s research results, a significant decrease in the leakage rate can not be expected.

Figure 10 shows the seal performance when the ring rotates in U=47.4 m/s. According to the
figure, in any cases of n, ® decreases significantly when rotation is applied in comparison with Fig.6.
For example when n=2, ® drastically decreases in the whole region of Ps in comparison with the case
of U=0 m/s. In Fig.6, when n=3, ® was a little higher in the whole region than the case of n=2.
However, in Fig.10, the value of @ is lower than n=2 when Ps is below 100Pa. Furthermore, when
n=5, the value of ® approaches the results of n=2 more than the case shown in Fig.6, and then they
have almost the same value when Ps=50Pa. Figure 11 shows the change of the leakage rate by
rotation with U and the specific leakage rate I". Here, /'is expressed as /'=Ge/Ges. Ger is the leakage
rate when rotation is applied and Ggs is the leakage rate when the ring is stationary. Figure 11(a)
shows the case of n=2. I"decreases with an increase in U in the case of any Ps. Especially when the
static pressure difference is low, Ps=50Pa, /" decreases significantly. Figure 11(b) shows the case of
n=3. There is no large difference in the value of /"when Ps=250Pa compared with the case of n=2.
However, when Ps=150Pa, the value of I'is slightly smaller than the case of n=2. When Ps=50Pa, it
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becomes even smaller than the case of n=2, and when U=47.4 m/s, the value of /'reaches 0.56. Next,
Fig. 11(c) shows the case of n=5. The value of /"begins decreasing even at the highest Ps=250Pa,
compared with the case of n=2 or 3. When Ps=150Pa, the value of /" decreases slightly and
continuously. However, when Ps=50Pa, almost no change is observed in the value of /"'compared with
the case of n=3. Therefore, it can be said that /'saturates when Ps=50Pa.

In other words, with the maximum Ps=250Pa, /"begins to decrease for the first time when n
increases to 5. When Ps=150Pa, the increase in n leads to the gradual decrease of I'. When the
minimum Ps=50Pa, significant decrease of /’is observed even when n increases from 2 to 3, but no
change is observed when n=5. Consequently, the influence of the rotation is stronger when Ps is lower.
Also, within the limits of this experiment, this tendency is more significant when n is larger. However,
there is a possibility to have a saturation region where /" no longer decreases even if n is increased.

As mentioned above, the influence of rotation is very strong and the significant decrease of the
leakage rate is observed from much lower peripheral velocity than the result of the past research
when the static pressure difference is extremely low. However, it is unclear why the influence of
rotation can cause such considerable reduction in the leakage rate. It is necessary to analyze and
depict the internal flow of the labyrinth seal in order to solve this problem. However, most previous
visualization studies have been conducted using the two-dimensional test rig with a smoke
(Komotori, 1957) and with a schlieren system to use of a

Freon doping technique (Tipton et al., 1986) and so 0.06
forth, to neglect the effect of rotation. Several previous
visualization studies have been conducted in the o 005 - =5
rotating condition by the oil-paint method (Miyake et al., g (U=0) ‘/'/’/
1986) or the bubble in the water (Iwatani et al., 1983) 5 004 A s ;/
for example. However, it is not very easy to clarify the E \ //' \
detailed behavior of the complicated three-dimensional .5 003 s ~ A
flow in the rotating labyrinth seal by these attempts of § //' n2
visualization experiment. Also, these studies were o 002 7;"//
conducted in the condition of a high static pressure — v \
difference and a small clearance, different from the 0.01 N3 U=47 4mls) |
condition of this study. Therefore, the authors are going 1 N
to conduct the visualization study using the 0
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computational fluid dynamics (CFD) in order to clarify
the detailed internal flow on the rotating condition, as
well as to solve the reason for the significant decreasein  Fig. 10. Seal performance when the ring is
the leakage rate in the sequel (Shimada et al., 2004). rotatina.
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6. Conclusions

An experimental study of the Labyrinth seal which operates in the unique condition of an extremely
low static pressure difference and a large clearance was conducted. This labyrinth seal is used in
order to seal the clearance between the inner wall of the fan shroud and the ring which is fixed at the
blade tip of an axial flow fan for automobile’s radiator cooling. The following conclusions were
reached in this study.

When the ring is stationary, it is possible to use the existing approximation equations of past
research in order to predict the performance of the labyrinth seal. This was proven both by
performance experiments and flow visualization.

However, when the ring is rotating, the seal performance was found to be greatly influenced by
the rotation. When the static pressure difference Ps=250Pa and the number of fins n=3 then the
peripheral velocity of the ring tip U=47.4 m/s, the specific leakage rate reaches 7'=0.90. Furthermore,
when Ps=50Pa and the other conditions are the same as the above-mentioned, /" decreases greatly
then reaches /'=0.56. Also, there is a tendency of /'to decrease further when the number of fins n
increased within the limits of the experiments. However, the results of the experiments suggest the
possibility that the decrease of /'saturates when n increases to some degree.
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