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SEAL ECONOMICS, AND THE USE OF THE
‘GUARDIAN’ SEAL GLAND RINGS, AND

‘VORTEX SHEDDING’ TIP SEALS

A major concern to the operators of power generating stations is the reduction of power and
therefore the increased generating costs associated with the leakage of steam, both within and from
the blade path of steam turbines.  This loss has been of concern for many years, now with increasing
fuel costs and shrinking power reserves this is becoming an ever increasing concern.  This paper
will describe two new system which have been designed to help reduce these losses, and will de-
scribe the field experience gained to date with these designs.

This information will also help quantify and compare the magnitude of losses with the
conventional and innovative designs which are now available from Turbo Parts, Inc.

The first of these two new systems are the “Guardian Seal.”  This seal can be used at any
location where gland rings are currently used, and can be installed without the need for any modifi-
cation of the steam path which would not be required as part of any normal maintenance activity for
the installation of new conventional gland rings.  The second design is the “Vortex Shedding” tip
seal, which is designed to lower the upstream pressure at a seal, thereby reducing the pressure ratio
across it and as a consequence the leakage past it.

This control of the leakage losses represent a considerable financial saving to the operators
of these turbine units, and one which can be achieved by the maintenance of the gland leakage area
at, or as close to the original design specified values.

The concerns associated with maintaining efficiency and output of turbine generator units,
close to the design values, are those of minimizing leakage area increases which are the conse-
quence of “rubs” which can occur at unit “start-up”, and “shut down” or during any unit or system
transients, at which times the amplitude of vibration of the rotor will increase and there will be
contact between the “knife edge” of the labyrinth seals and the solid portions or the unit, against
which these seals are forming their flow constrictions.  It is imperative that the severity of rubs be
reduced so that the damage sustained by the seal teeth is minimized, and the clearance between
stationary and rotating components controlled.



Turbo Parts, Inc.- New and Innovative Seal Systems.

-3-

Pg

Pa
Pressure

PbPcPdPePfPh

Pj

Pa

Pj
Axial Length

 P
re

ss
ur

e

Stage Pressure
Drop = Pa - Pj

Pa

Pj

Dt

Db

Ko

Ki

Dh

Ka

CiDi

Kt

Pressure

Pa

Pj

Upwards
Pressure

Pa

Pj

 P
re

ss
ur

e

(a)

(b)

(c)

(d)(e)

Axial Length

Km Kn

Downwards
Pressure

High pressure
side

Low pressure
side

Figure  2
The steam forces around the gland ring during normal operation.  The spring

force “F” behind the gland ring ensures contact at all loads and steam pressures.

However, it is well known that this ideal situation is not always found to exist, particu-
larly some time after the unit has been returned to service.  In fact this is often the time
when rubs will damage seals.  Conventional designs use “stiff-springs“ to hold the gland
rings radially inward, and while these springs will permit some small level of protection
the extent of start-up rubs remains serious.

With the “Guardian Rings“ the springs are soft, just sufficient to ensure the ring is held
radially inward at all times, and under all loads, but with a minimum radial inward force
due to the gland segments, should contact occur.

Shown as figure 2 is the force diagram around a gland ring in normal operation.  It can be
seen that there is a radially inward force, which is the sum of the spring force and the
steam force, in the high and reheat sections of a turbine the steam force is considerably
larger than the spring force.  In the “Guardian Rings” the steam force is again consider-
ably in excess of the spring force.  However, at start-up these steam forces are small, and
therefore the controlling force is that of the “soft spring.”  If only conventional gland rings
are used even the soft spring” would not be sufficient to protect the knife edges.  How-
ever, when the “Guardian” rings are used then the “Guardian“ strips. which operate with a
marginally smaller radial clearance, touch the rotating portions of the unit, and provide
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Therefore, the total inwards force “Fit” is:

Fit  =  Fi + Fs   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   . 2

In operation, these radial inward forces are opposed by the radial outward forces “Fo” pro-
duced by the steam in the individual pockets formed between the “N” labyrinth seal strips.
These total steam forces are shown in figure 2(c), and are equal to:

Radial outward forces  =  ∑
0

8
.  

Ki  - Kn
n

.   .   .   .   .   .   .   .   .   . 3

Note:  In determining the “inward” and outward forces, it must be recognized that the projected
inner surface of the gland ring segment is smaller than outer because these surfaces
are formed at different radii.  This may need to be taken into account on some lower
pressure stages where the weight of segment represents a larger portion of the total
forces.

For any gland ring, the individual pressure can be found from the relationship of leakage
pressure ratios:
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 .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   . 4

In the axial direction the steam forces in the downstream, (direction of team flow) “Fd” are
determined from the product of the steam pressure at inlet “Pa” and the total area of the gland
ring segment exposed to the steam.  This total force is shown in (d), and is equal to:

 Downstream force "Fd"  =  Pa . 
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In the upstream direction, the total steam force “Fu” developed on the segment is the sum of
the upper vertical face of the “T” head by the pressure “Pa” and on the lower shoulder vertical
face by the steam pressure “Pj”
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In the situation where there is steam leakage past the seal surfaces within the locating groove,
then these values will modify, and while the pressure differential will be upset, it is unlikely
the glands will fail to function effectively.  However, there will be an additional leakage loss
around these rings.

In addition to considerations of the radial and axial forces produced on the gland segments
by the steam pressure, it is also necessary to consider the turning moments these forces produce.
Shown in figure 2 are these total forces, and it can be seen that there is a resultant moment, which
would cause the gland ring to rotate about the point of contact “K”.  Because of the curvature of the
segment, its rotation about “K” would not be to great before the the radial clearance “s” was con-
sumed, but such rotation would provide an additional leakage path past the seal surface.  Also if
water is present in the steam, it could lead to “washing erosion.“
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Figure  4
The “Test ring.”  This ring contains two “Guardian” seals and

two conventional seal strips placed between them.

throughout the steam path, after valve closure, any knife edge seal which is not protected by “Guard-
ian” strips will make rubbing contact with the rotor will not be afforded the protection.  These seals
will therefore be damaged.  Even the “Guardian” seal can make hard contact.  However, the Turbo
Parts seals with their reduced radial clearance will make the initial contact, and offer sufficient
protection, that the knife edges of the conventional seals will not be damaged.  If gland rings are
used which do not contain the Turbo Parts seal strip material even a “soft spring” would not be
sufficient to protect the knife edges, which will sustain damage and therefore have a reduced sealing
effectiveness.

HARDNESS TESTING OF THE GUARDIAN SEAL STRIP MATERIAL.

The “Guardian” seals will , even under adverse operating conditions provide protection to
the knife edges of conventional seals.  However, there could be “hard” rub between the “Guardian”
and the rotor during a transient. What are the consequences of such a rub?  Tests conduced by Turbo
Parts, Inc. have shown that even under conditions of a sustained hard rub the rotor is not compro-
mised in a any way.

The Results of Hardness Tests
To ensure the “Guardian” strips will provide adequate protection under transient conditions
Turbo Parts, Inc. undertook “rubbing tests” on a sample of high pressure rotor material, sup-
plied by a turbine manufacturer.  These tests were to determine the rate at which wear would
occur, and the degree of protection provided by the “Guardian”. strips under high pressure
sustained contact.  These tests were also intended to determine if any heating and consequent
hardening of the rotor material occurred.  A test gland ring segment containing two “Guard-
ian” seals and two conventional knife edge seals was prepared.  This “test gland ring” is shown
as figure 4.

These tests simulated both rotor speed and contact pressure both typical of a high pressure
turbine stage.  The contact pressure between the “Guardian” strips and rotor material was
maintained constant throughout the test period, by use of close coiled helical springs.
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figure 5(a), with the calibration locations indicated as positions 1 to 20.  From a closer exami-
nation it can be seen that under the “Guardian” seals there has been some deposition of the
“Guardian” material on the rotor surface. While under the knife edges, there has been some
small degree of “gouging”.  This gouging is consistent with what is often observed in the field
when examining operating units.

At completion of the “rubbing tests” a hardness traverse was taken along the rotor axial length,
at the 20 axial locations, in its condition as removed from the test.  The results of this traverse,
(the mean of three readings) are shown in figure 5(b).  It also appeared that a small deposit of
material had been made under the “Guardian” material.  This deposit was cleaned from the
rotor, without the removal of any rotor surface material, the cleaned surface is shown as
figure 5(c), and the hardness traverse repeated.  The results of this traverse are shown in figure
5(d)

Note: These hardness test results confirm observation made in a unit where poor alignment
and excessive wear on a diaphragm key had permitted a gland ring in the first stage of
a low pressure section to run for nine (9) months with hard but unspecified pressure
contact, and in which there had been no gouging or apparent hardening of the turbine
rotor.

THE VORTEX SHEDDING TIP SEAL.

The second invention was originally designed, and can be used, to minimize the steam
leakage over rotating blade tips.  This reduction in leakage was achieved by incorporating into a
radial seal device, a means of lowering the pressure at inlet to the seal system.  Leakage quantities
past labyrinth seals are normally calculated using the formula of Martin.  The Martin equation
states:

m  =  k.Ae 

 P1 1  -  1

x2

Vs1 ( N  +  Ln x ) .   .   .   .   .   .   .   .   .   .   .   .   . 7
Where:  m = The leakage steam flow in unit time.

k = A constant =1700 for flow in lb/hour.
Ae = Seal leakage area   =   π. Ds .Cl.
Ds = The seal effective diameter.
Cl = The radial clearance.
P1 = The pressure at inlet to the seal.
P2 = T the pressure at discharge from the seal.
x = The pressure ratio ‘P1/P2’ .
Vs1 = The steam specific volume at inlet to the seal.
N = The number of series seal strips.

The quantity of steam which leaks past any labyrinth seal is a function of the pressure at
inlet to the seal, and the pressure ratio across it.  Lowering this inlet pressure therefore reduces the
pressure ratio, and the leakage quantity.  For this reason, steam which would have bypassed the
blade rows, now flows through them, increasing the power generated, and increasing stage output.

In the patented “Vortex Shedder”, the inlet pressure is lowered by the provision of small
deflectors produced on the first radial seal strip in any series of seals.  These deflectors are arranged
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Figure  7(a)
The impulse stage, showing steam conditions at seal points.
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Figure  7(b)
The calculated power loss as a function of radial clearances at the

diaphram to rotor seals and the rotating blade tip.
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additional fuel cost per kilowatt as the result of seal wear and increased leakage.
With this unit, it costs 200c to generate 1,000,000/10,000

=  100.00 kW for 1 hour.

Therefore, any action which can be taken to improve output by one kilowatt represents a
savings.  The annual fuel saving per kilowatt is equal to:

Fuel Cost =  200c/10,000kW =  0.020 c/kW.
$(Savings) =  1 x 8,760 x 0.8 x 0.020 =  140.16 $/kW/year.

It should be noted that this loss is independent of the unit rating.  That is, a kilowatt loss
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Figure 9
The general arrangement of a 100,000kW reaction unit with a combined HP/Reheat section and a double

flow low pressure secion.

While such a model is hypothetical, it is indicative of the extent of saving which can be
achieved, and will allow, or support maintenance decisions.

As an example of the potential savings and cost advantages these seal systems provide, con-
sider a 100,000kW unit and examine the losses which occur in such a unit over a 60 month
period with alternate “Conventional“ and “Guardian“ gland rigs.  In this unit the fuel costs
116c/million Btu’s the arrangement of the unit is as shown in figure 9.

A typical operating history for such a unit is shown in figure 10, and the anticipated wear and
cumulative damage is shown in Table 1.  This table provides rubbed and cumulative clear-
ances as each of the transient incidents occur for both the “Conventional“ and “Guardian“
rings.

Table 1.
Monthly Damage and Cumulative Effect on Clearance

Standard Ring Guardian Ring
Month Incident Clearance Cumulative Clearance Cumulative

Opening Clearance Opening Clearance
1 Initial Start. 5 5 2 2
6 Start after Inspection. 2 7 1 3

15 Overspeed Transient. 8 15 2 5
17 Start after Inspection. 2 17 1 6
25 Small Vibration. 3 20 1 7
40 Start after Inspection. 2 22 1 8
48 Small Vibration. 4 26 1 9
56 Start after Inspection. 2 28 1 10

Table 2.
Cumulative Fuel Cost Losses and Savings

for the 500,000kW unit
{1}] {2} {3} {4} {5} {6}
Month Conventional Guardian Cumulative Guardian Cumulative

Ring-$ Ring-$ Savings Ring -$ Savings
Severe Wear No wear

12 154,484 64,261 90,223 0 154,484
24 520,819 195,096 325,723 0 520,819
36 1,032,580 373,245 659,335 0 1,032,580
48 1,585,781 568,628 1,017,153 0 1,585,781
60 2,279,017 839,531 1,439,486 0 2,279,017
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Figure  11
Comparative wear rates on the Turbo Parts seal mateial, as used in the “Guard-

ian” seals and 12% chrome.

* The load pattern for which the unit will be used.
* The station heat rate.
* The cost of the fuel.

To assist in establishing these cost advantages the following analysis has been made with
the following assumptions:

* The unit output is 125,000kW.
* The station heat rate (SHR) is 11,000 Btu/kW-hr.
* The mean load factor is 0.85, or 85%.
* The wear pattern on the “Conventional“ seals is as shown in figure 11, and the wear

pattern for the “Guardian seals“ is about 25% of these conventional values.  (This is con-
sidered conservative, as there are strong indications from filed observations that the “Guard-
ian“ strip does not wear, certainly not in the first two years).

* The unit being considered has a combined high and reheat rotor with gland packing (N2)
between the flows.

Based on these assumption the cost return on an investment of $100,000 is as shown in
figure 12, which has been plotted for fuel costs from 75c/million Btu’s to 350c/million Btu’s.

To use a station heat rate of 11,000 Btu/kW-hr. is conservative,  If another value were
more appropriate, say 12,500 Btu/kW-hr, and the fuel cost was 200c/million Btu’s.  From figure 12,
the return on investment is about 6.5 months.  However, with the new heat rate, the return on
investment would be:

6.5 months x (11,000/12,500)  =  5.72 months.

It is important to note that these losses, and cost recovery time are not too sensitive to unit
output.  They are influenced more by the shaft diameters at the seal positions, and the stage pressure
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Figure  13
The arrangement of a fossil unit with a combined HP/Reheat section.

steam conditions of 2400psia/1000°F/1000°F a SHR of 10,150 BTU/kW-hr, and a load
factor of 75%.  The fuel costs 175c/million Btu’s.

As removed from service the high pressure stages have rubbed open an average of 37mils,
the reheat section has an increased clearance of 30mils and the low pressure stages have an
increased clearance of 25mils.  The N1, N2 and N3 packings have opened an average of
28mils.

In this unit the assumed loss rates are: HP 8.00, Rht 6.25, LP=1.00, N1=12.50, N2=40.00
and N3=2.50 kW/mil.

(The loss rate in kW/ 0.001” for any unit can be determined from the
heat balance and a knowledge of the unit arrangement and geometry).

The Total Leakage Losses are:

HP section: 6 x 37 x 8.00 = 1,776.00 kW
Reheat section: 6 x 30 x 6.25 = 1,125.00 kW
LP sections 2  x 6 x 28 x 1.00 = 336.00 kW
N1 Packing: 1 x 28 x 12.50 = 350.00 kW
N2 Packing: 1 x 28 x 40.00 = 1,120.00 kW
N3 Packing: 1 x 28 x 3.25 = 91.00 kW

Total Losses are: 4,798 .00 kW

With a fuel cost 175c/million Btu’s. and a load factor of 75%, it can be determined from

Figure  14
A double flow nuclear high presure section.
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The use of the “Vortex Shedder” and “Guardian” seals in a Nuclear Unit.
Consider the high pressure section of a nuclear unit as shown in  figure 14 comprising a
double flow steam path, as shown, and having seven stages per flow, in this design the kilo-
watt savings from the use of a “Vortex Shedder“ at the rotating blade tip of each stage, are
shown as figure 15 for radial clearances of 0.050“ and 0.060“.  The savings which can be
achieved at the shaft end packing  by use of the “Guardian“ gland rings is shown in figure 16.

The achievable savings are dependent upon the number and arrangement of the “Shedders“ on
each stage, and the reduction they can achieve in the pressure “P1“ of equation (7).  However,a
general indication of the pressure reduction ahead of the seal, determined by computerized
fluid dynamic analysis, is that a 5-6% reduction can be achieved.

FIELD EXPERIENCE
Since the original patents were issued, these seals have been used in various combinations.

including redesigns in over 40 units ranging in ratings from 30,000kW to 1,300,000kW.  In each
case there has been in increase in thermal efficiency, and therefore an increase in unit output.  These
seals have also been used in some applications to reduce the shaft end leakage at low pressure
locations, where excessive “steam/water out leakage“ has caused water to gain access to the oil
lubricating system

The ultimate proof of a product or system’s success is the manner in which it performs
when placed in service.  These new sealing systems have been successful.

Typical of units which have been fitted with both “Guardian“ seals and “Vortex Shedders,
was in a 150,000kW unit, which had “Guardian“ rings fitted throughout the high, reheat and low
pressure sections and “Vortex Shedders“ above each rotating blade row.  This unit had traditionally,
when operating at design steam conditions, generated in excess of design output by about 10,000kW.
However with the improved sealing system this output was increased by another 6,000kW over the
unit capacity when new.  This increase in generating capability was not only achieved, but has been
maintained over the first five years of operation on a unit which has been regularly cycled.

This unit has not been given a performance test since being returned to service, but a plot of
the maximum monthly output during any single 24 hour day at VWO condition for each month of
the two operating years is shown in figure 17.

Another 80,000kW two section unit with two turbine bearings was installed with “Guardian“
gland rings throughout the high and low pressure sections.  This unit achieved a 5,000kW increase
in output, the output was then limited by boiler fan capacity.  On this unit there was however an
increase in the levels of shaft vibration, (the level was still below the value at which the unit tripped),
but had historically run at a somewhat lower value being at about the 0.002“ level.  It was also found
that vibration level was sensitive to changes in vacuum.  Upon opening this unit it was found that
one diaphragm key, at about mid span on the combined rotor was badly worn.  This wear was not



Turbo Parts, Inc.- New and Innovative Seal Systems.

-21-

performance tests.  While it is not possible to isolate gains from the individual improvements which
were incorporated into the unit, it is clear that the seal systems made a significant contribution.

Many other installations have shown similar improvements, Turbo Parts would be happy to
discuss these and how these applications could be applied to units on your systems.

Figure  19
The rotor where the ‘Guardian’ ring shown in figure 18 had operated with contact.


