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ABSTRACT 
This paper discusses the experimental investigation of the 

sealing performance of a new adaptive hydrostatic seal. 
Engine-like transient operating conditions with eccentricities 
of ±1 mm and 6000 rpm are applied in the test rig. Test 
methodology, instrumentation, and measurement 
uncertainties are described. Measurements of leakage mass 
flow and seal adaptivity examining the influence of 
differential pressure, eccentricity, rotational speed, and pre-
swirl are evaluated. The focus is on optical measurements of 
the gap width during operation to cover occurring hysteresis 
effects. Increasing differential pressure triggers radial seal 
movement and leads to up to a 80 % gap width reduction 
stabilizing at a defined pressure ratio. The influence of 
eccentricities (smaller than installation gap width) on the 
equivalent gap width is marginal. Swirl and rotation influence 
the sealing behavior. The leakage performance of the adaptive 
seal is compared to that of a common 4-fin labyrinth seal. The 
seal shows a superior performance compared to common 
labyrinth seals during eccentric operation. 

INTRODUCTION 
The demand for improved efficiency and increased 

performance especially during part-load operation in gas 
turbines leads to rising core temperatures with additional 
cooling needs. Thus, reducing the parasitic leakage in the 
secondary flow system is important to meet the new 
challenging requirements.  

Flexible seal designs are an innovative approach to reduce 
leakage mass flows significantly, especially under transient 
operating conditions. Axial and radial movements can be 
compensated easily without any wear, thus allowing a 

significantly smaller nominal gap width than common 
labyrinth seals. Therefore, the sealing performance is 
enhanced for various operating conditions and can be 
maintained over a long lifetime. These advantages and the 
resulting efficiency increase apply particularly to flexible load 
cycles. 

The commonly used seals in steam and gas turbines are 
labyrinth and brush seals. A fixed clearance labyrinth seal is 
an inexpensive way to reduce the parasitic leakage in the 
secondary flow path. Furthermore, this seal type is robust 
towards changes in the flow field. 

Investigations on labyrinth seal performance regarding 
changes of the flow field were carried out by Denecke ([7], 
[6]). The main disadvantages of this type of seals are high 
leakage rates due to a comparably large, fixed gap width to 
avoid rubbing and damage to the seal. A common way to 
mitigate this disadvantage is to apply comparably soft liners 
such as honeycombs to avoid damage of the rotating structure 
during rubbing to a certain extent and to minimize heat input 
for smaller nominal gap widths ([9], [11]). 

Flexible brush seals can be an alternative to labyrinth 
seals, with the advantages of reducing leakage and minimizing 
the axial mounting space ([3]). They consist of densely packed 
metal bristles attached to an outer ring and a backing plate to 
stabilize the seal. The tolerated rubbing between the rotor and 
bristle of the brush seal leads to low leakage rates but induces 
detrimental local heat into the rotor structure, which leads to 
wear and increases the drag torque ([10]). Approaches to 
minimize these effects are hybrid brush seals with so-called 
floating shoes ([2], [5]). 

This paper focuses on the testing of a novel compliant seal 
(Hydrostatic Advanced Low Leakage Seal (HALO)), which 
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aims to minimize leakage and at the same time is intended to 
completely avoid  rubbing and wear. A small-diameter seal 
was first tested by Andrés and Anderson [1] at low surface 
speeds and temperatures of up to 573 Kelvin. Influences of the 
upstream flow field or eccentricities have not yet been 
investigated. A leakage reduction in comparison to a straight 
labyrinth seal was observed. 

SEALING PERFORMANCE ASSESSMENT 
The following indicators are used to compare the 

performance of the HALO seal under different operating 
conditions. The discharge coefficient cd represents the ratio of 
the real mass flow through the seal and the mass flow flowing 
through an ideal isentropic nozzle of the same cross-sectional 
outlet area Amean under the same conditions. This enables a 
comparison of different seals independent of their actual gap 
width and size ([12]). 
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Amean is calculated with the actual seal gap width s and the 
rotor diameter DRotor. 

Amean =
𝛑𝛑
4

 ((DRotor +  2s)2−DRotor
2 ) (4) 

The pressure ratio π is defined as π = p1t/p2s. 
Another option to compare the leakage performance of a 

seal without knowing the real gap width is the equivalent gap 
width jeq using the average circumference as characteristic seal 
length Lseal and the equivalent area Aeq, which is also used in 
this paper. 

jeq =
Aeq

Lseal
 (5) 

Aeq =
ṁreal �T1
p1t Q̇ideal

 (6) 

MEASUREMENT SETUP 
A description of the test rig is given by Beermann et al. 

[4]. The instrumentation setup and air flow path are depicted 
in Figure 1. The seal is mounted on a fixed position in the 
traversable casing (dark grey). This casing can be traversed in 
axial and radial direction to change the position of the seal 
relative to the rotor during operation. This facilitates 
measurements in eccentric position and under transient 
operating conditions. 

Two pressure and temperature probes each with a 90° 
circumferential offset are placed upstream and downstream of 
the seal. In addition, there is the possibility to radially traverse 
a 5-hole pressure probe upstream of the seal to measure the 

velocity components in tangential direction. Circumferential 
flow uniformity can be checked by mounting the 5-hole probe 
to a second position on the circumference. The radial and axial 
positions of the casing are measured at three positions every 
120° along the circumference. Moreover, the rotor surface 
position is recorded in order to determine rotor elongation 
during operation and, thus, eccentricity. The mass flow 
measurement by means of orifice plates is located after the air 
outlet. Three orifice plates are arranged in parallel to cover 
measurements of the full mass flow range from 4 to 600 g s-

1.The corresponding measurement uncertainties are listed in 
Table 1. 

 
Figure 1 Air flow and measurement position around 

seal 
 

Table 1 Relevant uncertainties of the 
measurements 

Measured Data Unit Overall uncertainty in % 
dseal m 6 
jeq m 2.7 
ṁ kg s-1 2 
n min-1 0.12 
π - 0.18 
s m 7.7 
sinst m 1.5 
T K 3.75 
ε m 5 

 
The HALO seal is a radial all-metal seal, which consists 

of 12 radially moveable elements in a spring holder 
construction. These so-called shoes are acted upon by the 
pressure difference across the seal. The radial sealing face 
exhibits a structure similar to a labyrinth seal. In Figure 2, a 
cross-sectional cut through one element of the HALO seal is 
shown. The sketch is simplified and not drawn to scale. The 
entire seal on the left-hand side is presented from a 
downstream point of view including the spring on top of each 
element and the stabilizing backing plate. The labyrinth seal is 
a tooth-on stator straight labyrinth seal with 4 fins and is made 
of welded sheet metal. Its cross-section is shown in Figure 3. 
The labyrinth gap width was designed to meet the expected, 
smallest operational gap width of the HALO seal.   
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In Table 2, the relevant dimensions of the tested HALO 
and labyrinth seal are listed.  

 
Figure 2 Sketch of HALO seal 

 
Figure 3 Sketch of labyrinth seal 

 
Table 2 Geometry data in mm 

HALO seal  Figure 2 
Seal axial length 20.8 LH 

Minimal inner diameter 
(mounting) 

580 + 2 sinst DH 

Labyrinth seal  Figure 3 
Seal axial length 20 LL 

Minimal inner diameter  580.9 DL 

Cavity depth 2.4 CL 

Pitch between teeth 4 PL 

Teeth thickness 1 TTL 

Test rig   
Rotor axial length 40   
Rotor diameter 580   

Test Procedure  
Multiple test runs were conducted for the HALO and 

labyrinth seal. The seals were tested in centric position for a 
quasi-static case (rotational speed < 100 rpm) and with 
rotation of 2000 rpm, 4000 rpm, and 6000 rpm. The air inflow 
characteristic was changed between no swirl to maximum 
swirl for two different front pressures. This inflow 
characteristic change is described in more detail in the 
following chapter. 

The HALO seal was also tested in eccentric position with 
eccentricities of +0.5 mm, +1 mm, and +1.5 mm. 

The measurement procedure to investigate seal adaptivity 
and performance starts with setting the required rotational 
speed. The inlet pressure is increased until the pressure 
difference across the seal is large enough to suddenly “close” 
the HALO seal. This means that the front pressure and 
therefore the pressure difference is increased until the radial 
elements move quickly in radial direction to minimize the gap. 
This automatically increases the pressure difference due to the 

mass flow-regulated inlet valve. Afterwards, the upstream 
pressure and thus the inlet mass flow ṁin is reduced to the 
minimum possible pressure at which the seal is still closed. 
This is approximately at a pressure ratio of π = 1.25. The 
pressure upstream is increased and decreased in steps of 0.1π 
from 1.3 up to 2.5 to cover hysteresis effects. The downstream 
pressure is nearly constant at ambient pressure. 

The eccentric measurements are performed in order to 
investigate the ability of the HALO seal to tolerate 
eccentricities and follow shifts in relative position of rotor and 
seal. In this case, the casing is moved to the eccentric position 
before the pressure is increased. 

Data from the sensors shown in Figure 1 is logged 
continuously. Additionally, gap measurements for the HALO 
seal are conducted during each run. 

Gap Measurement 
The gap measurement during operation is crucial to 

determine the actual gap width s and to calculate the discharge 
coefficient cd. The rotor elongation ε due to rotation is 
measured optically on the rotor surface behind the seal during 
operation. The installation gap width sinst is measured by 
means of a camera system. This system measures the visual 
radial gap between rotor and seal over the entire 
circumference before operation. During operation, the radial 
movement of the HALO shoes dseal is measured with optical 
sensors mounted to the seal. This is done at three positions 
shifted by 120° along the circumference. Consequently, 
eccentric positioning of three different HALO shoes can be 
recorded during operation. The gap width during operation is 
calculated by 

s =  sinst − ε −  dseal (7) 

MEASUREMENT RESULTS 
Multiple test runs were conducted to analyze the behavior 

of the HALO seal and labyrinth seal under different operating 
conditions. First, the characteristics for swirl inflow 
conditions are shown. Then, the general seal behavior of the 
HALO seal and the influence of swirl and eccentricities on its 
sealing performance are analyzed. Finally, a comparison with 
the labyrinth seal is drawn. 

Validation of Inflow Swirl 
The air supply to the test rig consists of two mass flow 

inlets, one in radial direction and one in tangential direction. 
Different swirl levels are obtained by the ratio between radial 
and tangential inlet mass flow. 

The 5-hole pressure probe is used to measure the swirl in 
the chamber upstream of the seal. Measurements are taken at 
two different circumferential positions to determine the 
circumferential uniformity of the flow field. The 
measurements were conducted and analyzed for two front 
pressures of 1.75 bar and 2.18 bar with different swirl levels. 

The probe was traversed 40 mm radially at both locations 
along the chamber height which will be given as a relative 
value from 0 % to 100 %, whereby the seal tip is located at 
100 %. This is marked in Figure 1 on the right side. The 
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deviation between both circumferentially measured velocity 
fields was lower than 7 % within the seal region (>70 % of 
measured height). Hence, the flow can be considered uniform 
along the circumference. 

The results for the tangential velocity at 1.75 bar front 
pressure are plotted within the 50 % to 100 % region in Figure 
4. The 7 % deviation is marked with error bars.  

The results below 50 % (radially outwards) are dominated 
by the mixing of the two mass flow inlets. However, they do 
not influence the seal inflow conditions on the smaller radius.  

 
Figure 4 vtang upstream at 1.75 bar 

 
Two swirl inlet flow conditions are displayed in Figure 4 

at a rotational speed < 100 rpm (static condition). Whereas 
Max represents the tangential velocity along the radius at 
maximum swirl, i.e. without any radial inlet mass flow, Med 
results from a medium swirl level. A fully radial inlet flow 
without any swirl could not be measured with the probe due to 
the missing tangential part. The inflow angles exceeded the 
maximum pressure probe angles in this case. The average 
maximum tangential velocity vtang close to the seal is    
156 m s-1, which is remarkably high in comparison to the axial 
velocity and almost 20 % larger than the rotor surface velocity 
at the maximum rotational speed of 6000 rpm. The influence 
of the radial mass flow inlet on the tangential velocity vtang in 
the chamber and therefore of the swirl ratio is clearly visible. 
The tangential velocity vtang decreases with increasing radial 
mass flow share, as expected. The probe was removed during 
leakage measurements to avoid unrepresentative flow 
disturbances. 

The measured change of torque ΔM = MMeasured - MnoSwirl 
during the tests depends on the inflow swirl level. A swirl ratio 
(vtang / ω·RRotor) larger than one causes rotor acceleration while 
a swirl ratio smaller than one results in deceleration of the 
rotor. The change in torque ΔM is displayed in Figure 5. It is 
represented in percent of the maximum torque without swirl 
MnoSwirl over tangential valve opening for two different 
upstream pressures at a rotational speed < 100 rpm (static 
condition). Zero tangential valve opening represents a purely 
radial inlet mass flow and leading to pure axial inflow 
conditions to the seal, which is the reference case for the 

torque change. The tangential valve opening corresponds to an 
increase in tangential velocity upstream of the seal. If the 
tangential velocity of the flow is higher than the rotor 
circumferential velocity, the torque decreases. Therefore, this 
reduction in torque change represents a measure for the swirl 
change upstream of the seal.  

 
Figure 5 Torque change ΔM for different swirl ratios 

at constant rotational speed 
 
It is clearly visible that the swirl increases (and therefore 

the torque decreases) independently of the applied front 
pressures with rising tangential mass flow share. Maximum 
swirl is reached for a valve opening of approx. 54 % for 
1.75 bar. The transferability of the pressure probe 
measurements at 1.75 bar to 2.18 bar is demonstrated in 
Figure 5. Measured torque change can be used to identify the 
swirl level.  

Measurements Results of the HALO Seal 
The general behavior of the HALO seal under pressure 

changes and its adaptivity to eccentricities was analyzed. 
Furthermore, the influence of swirled inflow to the seal and 
rotor rotation on its behavior was investigated.  

Seal Adaptivity  
The movement of the HALO seal is strongly driven by 

pressure forces especially in the low differential pressure 
range. Figure 6 displays this behavior based on the comparison 
of equivalent gap width jeq normalized to the equivalent 
installation gap width jeq,inst over the pressure ratio π .  

 
Figure 6 Seal behavior of HALO seal during 

opening and closing over pressure ratio 
 
The actual seal gap width s decreases due to the radial 

movement of the HALO shoes towards the rotor surface for 
an increasing pressure ratio π and, hence, pressure difference 
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as the outlet pressure was kept nearly constant. This 
movement is explained by a force balance of the seal, which 
shows that pressure forces mainly influence the sealing gap 
width. Therefore, the HALO seal is a hydrostatic seal. The 
distinctive pressure ratio of around 1.1 bar triggers a rapid 
movement of the radial elements in radial direction, which is 
depicted by the sudden drop of jeq. The equivalent gap width 
jeq stays almost constant above this pressure ratio. This is 
marked with the stable line.  

The pressure ratio π and the normalized seal gap sseal/sinst 
over the operation time t are shown in Figure 7. One closing 
and opening event of the HALO seal in the test rig is depicted. 
The pressure ratio is increased until the seal closes. This is 
marked by the Close line and occurs, in this case, after 30 s. 

During this event, the upstream pressure rises due to the 
decreased gap width, because the control of the inflow is done 
with hydraulic valves. After the closing process, the operation 
gap width stabilizes at a constant value, while any additional 
increase or decrease up to the opening pressure ratio π of 1.25 
(marked Open) results in minimal radial movement of the 
radial elements of the seal. A decrease in the pressure ratio is 
shown exemplarily in Figure 7 between Close and Open.  

The seal ”opening” occurs for a higher pressure ratio π of 
1.25 than the ”closing” (p1s drop). It can be seen that the 
equivalent gap width jeq is larger during the pressure increase 
than during the decrease. 

 
Figure 7 Seal behavior of HALO seal during 

opening and closing over time 
 
The investigation reveals that the seal shows a pressure 

hysteresis for its activation and a hysteresis in its seal 
movement during this activation, but the equivalent operation 
gap width jeq reaches the same values. Hence, the basic 
functionality of the seal, i.e. the opening and closing at 
relatively small pressure ratios, as well as the preservation of 
a small sealing gap for higher pressure ratios, are clearly 
demonstrated. The measurements analyzed in the following 
were all performed for a stabilized closed seal. 

In Figure 8, this so-called stable region is examined in 
more detail. The normalized equivalent gap width jeq/jeq,inst 
over the pressure ratio π is shown. Two consecutive 
measurements for pressure ramps are indicated. The seal was 

unpressurized, called “open”, between each recorded 
operating point. 

 
Figure 8 Seal behavior of HALO seal in the stable 

region 
 
The equivalent operation gap width jeq is less than 24 % 

of the equivalent installation gap width for all measurements 
and remains approximately constant for a pressure ratio above 
1.5. Both test series show a small hysteresis between the 
pressure rise (solid line) and drop (dashed line). The hysteresis 
has no durable memory effect. Thus, hysteresis behavior is 
insignificant for the overall seal performance. 

The normalized real gap width s/sinst of test run 1 in Fig. 
8 is displayed in Figure 9. It is 20 % to 30 % of its original 
installation gap width for higher pressure ratios and remains 
nearly constantly low for higher pressure ratios above two. 
The same behavior has been seen for the equivalent gap width 
jeq. Hence, the change of the gap width s correlates to the 
change of the equivalent gap width jeq. 

 
Figure 9 Seal movement of HALO seal in the stable 

region 

Swirl Influence 
The seal shows qualitatively the same behavior regarding 

the normalized equivalent gap width jeq/jeq,inst as a function of 
the pressure ratio π under the influence of swirl as it does for 
no swirl of the inlet flow. Centric measurements with purely 
radial inflow (No Swirl) and maximum swirl inflow (With 
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Swirl) are presented in Figure 10. Both measurements were 
taken at a rotational speed < 100 rpm. 

 
Figure 10 HALO seal behavior change during 

opening and closing with swirl 
 
The activation of the seal movement is shifted to lower 

pressure ratios under swirl influence. The pressure 
measurements were taken at the top of the chamber as 
illustrated in Figure 1. The pressure directly upstream of the 
seal has a tendency to be even lower for the swirl case. This is 
due to increased friction in the swirl chamber in front of the 
seal caused by higher flow velocities. CFD studies have shown 
small influence ([4]). The equivalent gap width jeq is reduced 
around 20 % in the stable region. The values for the equivalent 
gap width reduction are given in Table 3. Four different swirl 
levels were recorded at two front pressures of 1.75 bar and 
2.18 bar. The pressure ratio π varies about 0.1 at the different 
swirl levels. The eight measurements shown in Table 3 were 
performed independently. This means that the seal was opened 
between the measurement points, and the swirl level was held 
constant at each measurement point until the desired upstream 
pressure was reached. The equivalent gap width jeq is reduced 
linearly up to 20 % (16.8 % to 22.2 % at 1.75 bar) with respect 
to the swirl level in the chamber upstream. This is valid for the 
lower pressure level of 1.75 bar as well as for the higher 
pressure level of 2.18 bar. The results with constant pressure 
ratio and slightly different upstream pressures are not shown 
here but follow the same trend. 

 
Table 3 Influence of Swirl Inflow on jeq /jeq,inst of the 

HALO seal 
 1.75 bar 2.18 bar 
Maximum Swirl 16.8 % 16.2 % 
Medium Swirl 18.8 % 18 % 
Minimum Swirl 21.1 % 20.6 % 
No Swirl 22.2 % 21.4 % 

 
Further measurement data (not depicted) show the 

influence of swirl on the seal activation is especially 
pronounced for increasing pressure ratios. The closing of the 
seal takes place at a pressure ratio π of 1.2 for maximum inlet 
swirl instead of 1.1 (without any swirl). The seal opening 
shifts to a pressure ratio π of 1.33. Hence, the hysteresis of the 
HALO seal is even smaller for swirled inflow. The general 
behavior for the equivalent gap width jeq during the activation 
is unchanged. 

The HALO seal is influenced by swirl inflow due to the 
secondary leakage path between the shoes or the force 
equilibrium under the floating shoes of the HALO seal. This 
force equilibrium stabilizes the shoe on a specific gap width 
and is based on the static pressure before the seal and under 
the shoe. This pressure could be reduced due to the higher 
speed of the inflowing air and therefore reducing the operation 
gap width. The force reduction due to higher velocities can be 
up to 6 % of the total restoring force and therefore reduce the 
HALO operational gap width significantly. CFD studies will 
be carried out to examine this further.  

 

Eccentricity Influence 
The investigated HALO seal is designed to tolerate 

eccentricity during operation in our test rig by means of 
radially movable elements. The normalized equivalent gap 
width jeq/jeq,inst with the corresponding standard deviation as a 
function of the pressure ratio π of different test runs for 
eccentricities of 20.7 %, 41.5 % and 62.3 % of the average 
installation gap width are shown in Figure 11. The eccentricity 
was ensured by pure vertical movement of the traversable 
casing in upward direction. The test runs were performed 
starting from the above-mentioned eccentric positions. Thus 
the closing of the seal and the corresponding pressure change 
were recorded for eccentric positioning.  

 
Figure 11 Influence of total eccentricity on HALO 

seal 
 
It is apparent from Figure 11 that the equivalent gap width 

jeq depends only minimally on the relative position of seal and 
rotor. jeq is only slightly larger with increasing eccentricity, 
especially for high pressure ratios. The leakage rate of the 
HALO seal is also only slightly higher for eccentric positions. 
This small change of the equivalent gap width jeq has two 
reasons. Firstly, the adaptivity of the radial elements is limited 
due to their maximum displacement. Secondly, the secondary 
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leakage flow through the gaps between the elements does not 
scale exactly linearly to the distance between them. 

The measurements served also as a verification of the 
adaptability of the HALO seal. Possible contact between the 
rotor and seal in eccentric positions should be identified. 
Therefore, the torque M of the rotor was monitored during the 
runs to detect rubbing. This was shortly the case for the largest 
eccentricity at a pressure ratio π of 2.3. However, the seal was 
able to adjust the gap width and no further rubbing happened 
up to the maximum pressure ratio π of 2.5. The operation gap 
width s for the “closed” seal in centric position is significantly 
smaller than the traversed eccentricity, so the radial elements 
of the seal do adapt to eccentricities. This is a major advantage 
in comparison to the classic labyrinth seal. 

The normalized equivalent gap width jeq/jeq,inst over the 
eccentricity of the seal and rotor in percent of the average 
installation gap width for two test runs of 1.5 bar and 2 bar 
front pressure are presented in Figure 12. These tests were 
performed starting from centric position and the mentioned 
front pressure and initializing eccentricity subsequently to test 
the flexibility of the seal in closed condition.  

 
Figure 12 Influence of eccentric traversing on 

HALO seal 
 
The results show that the equivalent gap width jeq depends 

only minimally on the relative position of seal and rotor, too. 
jeq increases linearly with increasing eccentricity for the higher 
front pressure of 2 bar and shows no clear trend for 1.5 bar. 
This can also be seen in Figure 11.  

The seal is able to tolerate eccentricities in open and 
closed state. The equivalent gap width jeq is minimally affected 
by eccentricities in the lower front pressure region below 
1.5 bar and slightly for higher front pressure e.g. 2 bar in the 
total range of eccentricities. 

Rotation Influence 
The HALO seal was tested in static condition (rotational 

speed < 100 rpm) and with rotational speeds of 2000 rpm, 
4000 rpm and 6000 rpm. The normalized equivalent gap 
width jeq/jeq,inst as a function of the pressure ratio π for these 
test runs is shown with the corresponding standard deviation 
in Figure 13. The inflow is purely radial.  

There is only a marginal influence (< 3 %) of the 
rotational speed on the equivalent gap width even for high 

surface speeds as it is the case at 6000 rpm. The seal adaptivity 
allows the HALO seal to compensate gap width changes and 
to stabilize on a fixed gap width-independent rotor elongation 
due to rotational speed. Hence, the normalized equivalent gap 
width jeq/jeq,inst stays almost constant.  

 
Figure 13 Influence of rotational speed on HALO 

seal 
 
This is also the case for purely tangential inflow with 

maximum swirl. The same measurements as shown in Figure 
13 were conducted with maximum swirl. The rotational speed 
only marginally affects the equivalent gap width jeq and 
leakage of the HALO seal under swirl inflow. The adaptive 
behavior for high rotational speeds and elongations is not 
influenced by swirl inflow.  

This is a superior behavior of the HALO seal in 
comparison to a normal labyrinth seal. 

Comparison of the HALO Seal to a Labyrinth Seal  
The HALO and labyrinth seal were both tested in the 

same test rig with the same measurement equipment to gain 
comparable results. Direct leakage comparisons are not 
shown, because the significance due to different installation 
gap width is low. The overall leakage performance of the 
labyrinth seal was lower due to its smaller installation gap 
width. Therefore no eccentric measurements could be 
performed with the labyrinth seal. The HALO seal is designed 
to show superior sealing behavior due to its adaptability even 
for high eccentricities. The total leakage mass flow is strongly 
influenced by the secondary flow through the radial gaps 
between the movable shoes. These radial gaps are necessary 
to allow the shoes to move closer together in radial direction 
as shown in Figure 2. The general leakage trends of the HALO 
and labyrinth seal for increasing pressure ratio were 
comparable. This is in contrast to the results of Andrés and 
Anderson [1] but expected regarding the design of the bottom 
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face of the HALO seal shoe as a special labyrinth seal 
configuration.  

Comparison Rotational Influence 
The normalized equivalent gap width jeq/jeq,inst as a function of 
the pressure ratio π for static and maximum rotor speed of 
6000 rpm for the HALO and labyrinth seal is shown in Figure 
14. The equivalent gap width is normalized to the maximum 
equivalent gap width of the individual seal.  

 
Figure 14 Comparison of the rotational influence on 

HALO seal and labyrinth seal 
 
The normalized equivalent gap width jeq/jeq,inst for the 

HALO seal slightly decreases for lower pressure ratios and is 
constant for higher pressure ratios due to the adaptive seal 
behavior. The influence of rotation is negligible. The labyrinth 
seal has a rising equivalent gap width with increasing pressure 
ratio in the lower pressure ratio range and is strongly 
influenced by the rotational speed. The fixed structure of the 
labyrinth seal leads to a reduction of operation gap width with 
higher rotational speed due to the centrifugal rotor elongation. 
This reduces the installation gap width at 6000 rpm by about 
10 % compared to the installation gap width without rotor 
rotation. The labyrinth seal cannot compensate gap changes 
and, thus, eccentricities. Therefore, it exhibits a high potential 
risk to contact the rotor and cause severe damage in the event 
of eccentric operation or large rotor elongations due to high 
rotational speeds or thermal influences. This corresponds with 
previous labyrinth seal investigations ([8]). The HALO seal 
compensates rotor elongations easily. 

Comparison Swirl Influence  
The influence of swirl inflow to the labyrinth seal 

behavior is shown in Figure 15. The normalized equivalent 
gap width jeq/jeq,inst as a function of the pressure ratio π is 
illustrated for both static condition and maximal rotational 
speed of 6000 rpm for purely radial inflow and pure tangential 
inflow, i.e. maximum swirl, for the labyrinth seal.  

As explained above, increasing rotational speed reduces 
the equivalent gap width of the labyrinth seal due to the 
centrifugal rotor elongation. The swirl inflow to the labyrinth 

seal shows only marginal influence on the normalized 
equivalent gap width jeq/jeq,inst regardless of rotor speed. This 
is in accordance with results from other researches [6]. The 
influence of swirl inflow on the HALO seal as shown in Table 
3 is significant in comparison to the labyrinth seal.  

 
Figure 15 Influence of swirl inflow on labyrinth seal 

CONCLUSIONS 
A novel adaptive seal design, the so-called HALO seal, 

was tested under various operating conditions. The influence 
of pressure ratio, eccentricity, and different flow conditions 
regarding swirl upstream of the seal on seal adaptivity and 
sealing performance was investigated. 

The differential pressure due to the pressure ratio over the 
seal triggers a radial movement of the seal. A differential 
pressure increase in the investigated range initiated the closing 
process of the seal and leads to up to a maximum 80 % gap 
reduction, which stabilizes at this value. A subsequent 
decrease in the differential pressure “opens” the seal. This 
behavior contains a hysteresis effect in small differential 
pressure regions. The hysteresis in the stable region of the seal 
is negligible. 

Increasing swirl upstream of the seal reduces the 
equivalent gap width jeq and shifts the seal activation to higher 
pressure regions. Hence, the seal cannot operate at positions 
with marginal pressure ratios and high swirl inflow but has 
better sealing behavior with swirl inflow.  

The influence of the eccentricity on the equivalent gap 
width jeq is marginal for eccentricities smaller than the 
installation gap width. Temporary contact between the seal 
and rotor at high differential pressure and high eccentricities 
is tolerated, and restoration of the gap width is possible 
without intervention e.g., decreasing pressure ratio or 
reducing the eccentricity. Eccentric movements close to the 
maximum range of motion (installation gap width) of the shoe 
result in repeated or permanent contact between rotor and 
stator. Eccentricities multiple times the operational gap width 
(closed condition) have only marginal influence.  

There is no rotational influence on the HALO seal 
equivalent gap width jeq and leakage rate as it compensates 
rotor elongations during operation.  
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The seal designs show contrary behavior of the equivalent 
gap width jeq regarding rotation and swirl. 

The HALO seal shows superior performance compared to 
common labyrinth seals, especially regarding eccentric 
operation and transient operating conditions. 

NOMENCLATURE 
A m2 Cross-sectional area 
C m Cavity depth 
cd - Discharge coefficient 
D m Diameter 
dSeal m Seal displacement 
jeq m Equivalent gap width 
L m Length 
M Nm Torque 
ṁ  kg s-1 Mass flow rate 
n rpm Rotational speed 
P m Pitch between teeth 
p Pa Pressure 
Q̇ideal √K s m-1 Discharge function 
R J kg-1 K-1 Specific gas constant 
R m Radius 
s m Seal gap width 
T K Temperature 
TT m Teeth thickness 
v m s-1 Velocity 
ε m Rotor elongation 
κ - Heat capacity ratio 
π - Pressure ratio 
π - Mathematical constant 
ρ kg m-3 Density 
ω s-1 Angular velocity 

SUBSCRIPTS 
1 Upstream of seal 
2 Downstream of seal 
eq Equivalent 
in Inlet 
inst Installation 
pp Pressure probe 
rad Radial 
s Static 
t Total  
tang Tangential 

ACKNOWLEDGMENTS 
This scientific publication is a result of a research project 

in the joint research program COORETEC-turbo in the 
framework of AGTurbo. The work was supported by 
Bundesministerium für Wirtschaft und Technologie (BMWi) 
as per resolution of the German Federal Parliament under 
grant number 0327717G. The authors gratefully acknowledge 
AG Turbo for their support and permission to publish this 
paper. 

The responsibility for the content lies solely with its 
authors. 

REFERENCES 
[1] L. S. Andrés and A. Anderson. An all-metal 

compliant seal versus a labyrinth seal: A comparison of gas 
leakage at high temperatures. In Proceedings of ASME Turbo 
Expo 2014, number GT2014-25572, 2014. 

[2] L. S. Andrés, J. Baker, and A. Delgado. 
Measurements of leakage and power loss in a hybrid brush 
seal. Journal of Engineering for Gas Turbines and Power-
transactions of the ASME, 131(1):012505, January 2009. 

[3] G. K. Arora. JTAGG II Brush Seal Test Results. 
NASA technical memorandum. National Aeronautics and 
Space Administration, 1997. 

[4] L. Beermann, C. Höfler, and H.-J. Bauer. Design of 
a high-speed rotating test rig for adaptive seal systems. In 
Proceedings of ASME Turbo Expo 2015, number GT2015-
42329, 2015. 

[5] I. Delgado and M. Proctor. Continued investigation 
of leakage and power loss test results for competing turbine 
engine seals. Technical Report NASA/TM-2006-214420, 
ARL-MR-0643, AIAA Paper 2006-4754, E-15638, NASA, 
September 2006. 

[6] J. Denecke. Rotierende Labyrinthdichtungen mit 
Honigwabenanstreifbelägen – Untersuchung der 
Wechselwirkung von Durchflussverhalten, Drallverlauf und 
Totaltemperaturänderung. Dissertation, Universität 
Karlsruhe, Dezember 2007. 

[7] J. Denecke, K. Dullenkopf, and S. Wittig. Influence 
of preswirl and rotation on labyrinth seal leakage. In The 10th 
International Symposium on Transport Phenomena and 
Dynamics of Rotating Machinery, number ISROMAC10-
2004-105, 2004. 

[8] Andreas Matthias. Das Durchflussverhalten von 
Labyrinthdichtungen bei unterschiedlichen 
Betriebsbedingungen. Dissertation, Technischen Universität 
Wien, Fakultät für Maschinenwesen und 
Betriebswissenschaften, Oct 2007. 

[9] C. A. Meyer and J. A. Lowrie. The leakage thru 
straight and slant labyrinths and honeycomb seals. In ASME 
Journal of Engineering for Power, volume Vol. 97, pages 
495–502, 1975. 

[10] D. Pfefferle, K. Dullenkopf, and H.-J. Bauer. 
Bürstendichtungen: Anstreifverhalten und 
leckagebestimmung von bürstendichtungen in 
turbomaschinen. Abschlussbericht über das Vorhaben Nr. 922 
FVV Heft 917-2010;, Institut für thermische 
Strömungsmachinen, 2010. 

[11] T. Weinberger. Einfluss geometrischer Labyrinth- 
und Honigwabenparameter auf das Durchfluss- und 
Wärmeübergangsverhalten von Labyrinthdichtungen. 
Dissertation, Karlsruher Institut für Technologie (KIT), 2014. 

[12] S. Wittig, U. Schelling, S. Kim, and K. Jacobsen. 
Numerical predictions and measurements of discharge 
coefficients in labyrinth seals. In ASME 1987 International 
Gas Turbine Conference and Exhibition, number 87-GT-188, 
1987. 

 


	Abstract
	INTRODUCTION
	SEALING PERFORMANCE ASSESSMENT
	MEASUREMENT SETUP
	Test Procedure
	Gap Measurement

	MEASUREMENT RESULTS
	Validation of Inflow Swirl
	Measurements Results of the HALO Seal
	Seal Adaptivity
	Swirl Influence
	Eccentricity Influence
	Rotation Influence

	Comparison of the HALO Seal to a Labyrinth Seal
	Comparison Rotational Influence
	Comparison Swirl Influence


	CONCLUSIONS
	Nomenclature
	SUBSCRIPTS
	Acknowledgments

