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SEAL ECONOMICS, AND THE USE OF THE
‘GUARDIAN" SEAL GLAND RINGS, AND
‘VORTEX SHEDDING' TIP SEALS

A major concernto the operatorsof power generding sationsisthereductionof powerand
thereforetheincreased generating costsassociated with theleakage of steam, both withinand from
the blade path of seam turbines. Thislosshasbeen of concernfor many years, now with increasing
fuel costs and shrinking power reservesthisis becoming an ever increasing concem. 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 datewith these designs.

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

Thefirg of these two new systems are the“Guardian Seal.” Thisseal can be used at any
location where glandringsare currently used, and can beingalledwithout the need for any modifi-
cation of the steam path which would not be required aspart of any normal maintenance activity for
the ingtallation of new conventional gland rings. The second design isthe “Vortex Shedding” tip
seal, which is designed to lower the upstream pressure at aseal, thereby reducing the pressureratio
across it and as a consequence the leakage past it.

Thiscontrol of the leakagelossesrepresent aconsderablefinancial savingto the operators
of theseturbine units, and onewhich can be achieved by the maintenance of thegland leakage area
at, or asclose to the original design specified values.

Theconcerns 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-
guence of “rubs’ which can occur at unit “start-up”, and “shut down” or during any unit or system
trangents, 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 condrictions. It isimperative tha the severity of rubs be
reduced so that the damage sustained by the seal tegeth is minimized, and the clearance between
dationary and rotating components controlled.
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However, it iswell known that thisideal situationis not alwaysfound to exist, particu-
larly some timeafter the unit has been returned to service. Infact thisis oftenthe time
when rubs will damage seals. Conventional designs use “dtiff-gprings’ to hold the gland
rings radially inward, and whilethese springs will permit some small level of protedion
the extent of gtart-up rubs remains serious.

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

Shownasfigure 2 istheforcediagram around agland ring in normal operation. 1t can be
seen that thereis aradially inward force, which isthe sum of the spring force and the
steam force, inthe high and reheat sections of aturbine thesteam force is considerably
larger than the spring force. In the “Guardian Rings' the steam force is again consider-
ably in excessof the springforce. However, at start-up these sseam forcesare small, and
therdorethe contrallingforceisthat of the “soft spring.” If only conventional glandrings
are used even the soft spring” would nat be sufficient to protect the knifeedges. How-
ever, whenthe“Guardian’ ringsare used then the “Guardian” strips. which operatewith a
marginally smaller radial clearance touch the rotating portions of the unit, and provide
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The steam forces around the gland ring during normal operation. The spring
force “F’ behind the gland ring ensures contactat all loads and steam pressures.
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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:

8 -
Radial outward forces = 3. { Ki nKnJ
0

Note: Indetermining 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 raios.
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In the axial direction the steam forcesin the downstream, (direction of team flow) “Fd” are
determined from the product of the seam pressure at inlet “Pa” and thetotal areaof thegland
ring segment exposed to the steam. Thistotal force isshownin (d), andis equal to:

Tt 2 2
Downstreamforce "Fd" = Pa. {4 (Db - Dt J
....... 5
Inthe upstream direction, the total steam force “Fu” developed on the segment isthesum of
theuppervertical faceof the“T” head by the pressure“Pa” and onthelower shoulder vertical
face by the steam pressure“Pj”

T 2 2 . Tt . 2 2
Upstreamforce "Fu' = Pa.Ll{ Db - Dh }J + Pj. {4 {Di+2Ci) - Dt J 3
Inthedtuation wherethereissteam leakage past the seal surfaceswithinthelocating groove,
then these values will modify, and whilethe pressure differential will be upset, it isunlikely
the glands will fail to function effectivdy. However, therewill be an additional leakageloss
around these rings.

In addition to considerations of the radial and axial forcesproduced on the gland segments
by the steam pressure, it is also necessary to consider the turning moments these forces produce.
Showninfigure2 are these total forces, and it can be seen tha thereis 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 pest the seal surface. Also if
water is present in the seam, it could lead to “washing erosion.”
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throughout the sleam path, after vave closure, any knife edge seal whichisnot protected by “Guard-
ian” stripswill make rubbing contact with theraotor 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 thar reduced radial clearance will make the initial contact, and offer sufficient
protection, that the knife edges of the convertiond sealswill not bedamaged. If gland ringsare
used which do not contain the Turbo Parts seal strip material even a “soft soring” would not be
aufficient to protect the knife edges, whichwill sustain damage and thereforehave areduced sealing
effediveness.

HARDNESS TESTING OF THE GUARDIAN SEAL STRIP MATERIAL.

The“Guardian” sealswill, even under adverse operating conditions provide protection to
the knife edges of conventiond seals. However, therecould be“hard’ rub between the “Guardian”
andtherotor duringatransient. What are theconsequencesof such arub? Testsconduced by Turbo
Parts, Inc. have shown that even under conditions of a sustained hard rub the rotor is nat compro-
mised in aany way.

The Results of Hardness Tests

To ensure the “Guardian” stripswill provide adequate protection under trangent conditions
Turbo Parts, Inc. undertook “rubbing tests” on a sample of high pressure rotor material, sup-
plied by aturbine manufacturer. These tests wereto determinetherate at which wear would
occur, and the degree of protection provided by the “Guardian”. strips under high pressure
sudtained contact. Thesetedts were also intended to deermineif any heatingand consequent
hardening of the rotor material occurred. A test gland ring segment containing two “Guard-
ian” sealsand two conventiond knife edge sealswasprepared. This“test glandring” isshown
asfigure4.

These tests smulated both rator speed and contact pressure both typical of a high pressure
turbine stage. The contact pressure between the “Guardian” gtrips and rotor material was
maintained congtant throughout the test period, by use of close coiled helical springs.

Figure 4
The “Testring.” This ring contains two “Guardian” seals and
two conventional seal strips placed between them.
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figure5(a), with the calibrationlocationsindicated aspositions1to 20. Fromacloser exami-
nation it can be seen that under the “Guardian” seals there has been some deposition of the
“Guardian” material on therotor surface. While under the knife edges, there has been some
small degreeof “gouging’. Thisgouging isconsstent with what isoften observed in thefield
when examining operating units.

At completion of the“rubbingtests” ahardness traverse wastakenalongtherotor axial length,
atthe20axial locations, in itscondition asremoved fromthetest. Theresultsof thistraverse,
(the mean of threereadings) are shownin figure 5(b). It also appearedthat asmall deposit of
materid 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
figure5(c), andthe hardnesstraverserepeated. Theresultsof thistraverseare shown infigure

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 rotaing blade tips. Thisreduction in leakage was achieved by incorporating into a
radid seal device, a means of lowering the pressureat inlet to the seal system. Leakage quarntities
past labyrinth seals are normally cdculated using the formula of Matin. The Martin equaion
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Where: m = The leakage steam flowin unit time.

k = A constant =1700 for flow in Ib/hour.

Ae = Sealleakagearea = TL 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’.

Vsl = The steam specific volume at inlet to the seal.

N = The number of series seal strips.

The quantity of sseam which leaks past any labyrinth seal isa function of the pressure at
inlet to theseal, and the pressure ratio acrossit. Lowering thisinlet pressuretherefore reduces the
pressure ratio, and the leakage quantity. For this resson, sseam 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 islowered by the provison of small
deflectorsproduced onthefirst radial seal strip in any seriesof seals. These deflectorsare arranged
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Pos. Press Sp. Vol Enthalpy

psia  Cu.ft/# BTU/#
(1) 1945 0.390 1442

(2) 1690 1426
(3) 1725 0.425 1428
(4) 1662 1424
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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.

additiond fuel cost per kilowatt as theresult 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 kilowdt represents a
savings. The annual fuel saving per kilowatt is equd to:

Fuel Cost
H(Savings)

200c¢/10,000kwW
1x 8,760x0.8x0.020

0.020 c/kW.
140.16 $/kW/year.

It should be noted that thislossisindependent of the unit rating. Tha is, akilowatt loss

-1-
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While such amodel is hypothetical, it is indicative of the extent of saving which can be
achieved, and will dlow, or support maintenance decisons.

Asan example of the potential savings and cost advantages these seal systems provide con-
sder 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 unitis as showninfigure9.
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Figure9
The general arrangement of a 100,000kW reaction unit with a combined HP/Reheat section and a double
flow low pressure secion.
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A typical operating history for suchaunitisshownin figure 10, andthe anticipated wear and
cumulative damage isshown in Table 1. Thistable provides rubbed and cumulative clear-
ances as each of the trangent 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

-13-
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* Theload patern for which the unit will be used.
* Thesation heat rate.
* Thecod of the fuel.

To assig in establishing these cost advantages thefollowing andysis has been made with
the following assumptions.

* Theunit output is 125,000kW.

* Thedation heat rate (SHR) is 11,000 Btu/kW-hr.

* Themean load factor is 0.85, or 85%.

* The wear pdtern 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. (Thisis con-
Sidered conservative, astherearestrongindicationsfromfiled observationsthat the “Guard-
ian" gtrip d(?es not wear, certainly not in the first two years).
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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.

* Theunit being consdered hasacombined high and reheat rotor with gland packing (N2)
between the flows.

Based on these assumption the cost return on an investment of $100,000 isas shownin
figure 12, which has been plotted for fud costs from 75c/million Btu's to 350c/million Btu's.

To use adation hea rate of 11,000 Btu/kW-hr. is conservative, If another value wee
more appropriae, say 12,500 Btu/kW-hr, andthefuel cost was200c/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 monthsx (11,000/12,500) = 5.72 months.

It isimportant to notethat these losses, and cost recovery timearenat too senstiveto unit
output. They areinfluenced more by theshaft diametersat the seal positions, andthe stage pressure

-15-
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Figure 13
The arrangement of a fossil unit with a combined HP/Reheat section.

Gen.

deam conditions of 2400psa/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.

Asremoved from servicethehigh pressure sageshave rubbed open an average of 37mils,
thereheat section hasan increased clearance of 30milsand thelow pressure slageshavean
increased clearance of 25mils. The N1, N2 and N3 packings have opened an average of
28mils.

In thisunit the assumed lossrates 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 800 = 1,776.00 kW
Reheat section: 6 x 30 x 625 = 1,125.00 kW
LP sections 2X 6 Xx 28 X 1.00 = 336.00 kW
N1 Packing: 1 x 28 x 1250 = 350.00 kw
N2 Packing: 1 x 28 x 4000 = 1,120.00 kW
N3 Packing: 1 x 28 x 325 = 9100 kW

Total Losses are: 4,798 .00 kw

With afuel cost 175c/million Btu's. and aload factor of 75%, it can be determined from

Figure 14
A double flow nuclear high presure section.

-17-
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The use of the “Vortex Shedder” and “ Guardian” seals ina Nuclear Unit.
Consider the high pressure section of a nudear unit as shown in figure 14 comprisng 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®glandringsisshown in figure 16.

Theachievable savingsare dependent uponthe number and arrangement of theShedders’ on
each stage, and thereduction they canachieveinthe pressure“P1" of equation (7). However,a
general indication of the pressure reduction ahead of the seal, determined by computerized
fluid dynamic analysis, isthat a 5-6% reduction can be echieved.

FIELD EXPERIENCE
Sincetheoriginal paentswereissued, these sealshave beenused in variouscombinations.

including redesignsin over 40 unitsranging in ratings from 30,000kW to 1,300,000kW. In each
casethere hasbeenin increasein thermal efficiency, and thereforeanincreaseinunit output. These
seals have dso been used in some applicaions to reduce the shaft end leakage a low pressure
locations, where excessive “seam/water out leakage’ has caused water to gain access to the ail
lubricating system

The ultimae 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 unitswhich have been fitted with both “Guardian” seals and “Vortex Shedders,
wasin a 150,000kW unit, which had “Guardian” rings fitted throughout the high, reheat and low
pressure sectionsand “Vortex Shedders* above each rotatingblade row. Thisunit hadtraditionally,
when operating at design steam conditions, generatedin excessof design output by about 10,000kW .
However with theimproved sealing system thisoutput wasincreased by another 6,000kW over the
unit capacity when new. Thisincreasein generating capability wasnot only achieved, but hasbeen
maintained over the first five years of operation on aunit which has been regularly cycled.

This unit hasnot been given a performance test since being returned to service, but aplot of
the maximum monthly output during any single 24 hour day a& VWO condition for each month of
the two operating yearsis shown infigure 17.

Ancther 80,000kW two sectionunit with two turbine bearingswasingalled with“Guardian®
gland rings throughout the high and low pressure sections. This unit achieved a5,000kW increase
in output, the output was then limited by bailer fan capacity. On this unit there was however an
increaseinthelevelsof shaft vibration, (thelevel wasdtill below the value at whichthe unit tripped),
but had historically runat asomewhat lower valuebeing at about the0.002* level. 1t wasalso found
that vibration level was sendtive to changesin 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
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Figure 19
The rotor where the ‘Guardian’ ring shown in figure 18 had operated with contact.

performancetests. Whileitisnot possibletoisolate gainsfrom theindividual improvementswhich
were incorporated into the unit, itis clear that the seal systems made a significant contribution.

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