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SUMMARY

ne tolthe ﬁéat cﬁﬁducted through the wheel and étator of the
turbine and the radial inflow of hot ethﬁst'gases; high temperatures
cccur in the turbine wheelSpﬁce. Codling of a turbiﬁe-aisk by com-
pressed air from the compressor repfebgqts:a loss of dompressed bufner
inlet air. 'TherefOré it is desirable to use the minimum cooling éir,
consistent with turbine wheel temperature limitations.

Tt 1s known that the gemostry of the rotating seal, the rim

spacing, the inmer rotor-to-stator gpacing, the radial sesl clearaiice,

 the amount of rim flow and the wheelspeéd can affect the whéelsyace

temperature.

The rate of Wheelsﬁace temperature decrease with increased-
cooling flowrate depends on the combination of seal geometry and o
operating'conditions. The rotating seal gédmetry, rim spacing and.fhe
rotor-to-stator inner spacing pley a major role in wheelspace cdoling.
It was also found that the effect of the radial clearance between the
rotating and stationary seal, the amount of hot gas flow in the outer
rim space and the whegispeéd}on.wheelspaCQ femperafure are less

pronounced.




CHAPTER I
TECHNICAL BACKGROUND

This igvestigation is & cotimation of the Phase I large gas
‘tur'bine whée_'lspace cooling studies [1] Its objective is to determine
experimentally.the relationship among cooling: air flowrate, seal
geometry, wheelspeed and system temperatures to prdvide design criteria,

Many previduslstudies have been cancérned with fhe fluid mechanics
Iand heat transfer on a rotating disk. BSeveral of thesé have beeni
directed toward turbine design. A report by Hoeft [2] feviews,whéei-
space.cboling for General Electric turbines thraugh 1973._.Bayley 

et al. [3] and Haynes et al. [4] studied the case of a shrouded disk.

Owen, Haynes and Bayley [57] report a combined experimental and theoreti-

cal investigation of fhe heat transfer from an air cooled rotating disk.
Chao and Grief [6] , Metzger [T7,8] and qu'sintm et al. [97] also did
felated investigations.

The inflow of hot gases is,gﬁverned'ﬁyfthgféfétic preSsuré'
différenéé in the radial diréction on the éféfianary'ﬁall. This
pressure-differencg.isiiﬁ'part due tﬁ;the.dentrifugal forces creatéd_by'
the £luid motion. Tt is found that the shape of the staticnary wall
surface as well'as‘the_rStating'diﬁk affect tﬁiévﬁreésure gradient, fhﬁs,
the radisl inflcw:of:ﬁot gases #nd outflbw of cooliﬁg ai;;._UZRan stﬁﬁiea
different staticnary wall géometry with and without radiai_tﬁrough flow

[10 and 11]. The effect of the rotating wheel shape was &1so evaluated




by him [12].:

| Uzkan's results gave insight into the fluia behaviéf dﬁ a
rotating wheel and sﬁéti&nary.wall. However, in order'to_aﬁfly his
results to actual turbine.design a complete housing must be present,
This led Edelfelt [13,14] to contimie Uzkan's Investigation.

As the wall and/or the rotor geometry ig changed, the drag
forces as well aS'the'static préssure are altered, In order %o gaih'

a better undferstariain'g of the fluid behavior between the turbine disk
and its stationary wall on different geometry, Mani'[lSJ made a series
of experiments by'varying.the inlet condition, stator seals aﬁd over-
lapping'statbr_and rotor seals. Mani found that overlapping seals are
very effective in reducing the radilal inflow at the rim, and reducing
the axial clearancé cen reduce the critical throughflow. No penalty
of torqué increase was found with these changes,

In the'study_répbrted here a 40 inch diemeter wheel is incor-
porated in a casing deéigned specifically to permit extensive'changeé in
both rotéfing and staticnary seal éeométry,..ﬁbfﬁ hot rim flow éimuQS'
lating working,fiuid-and ﬁheelspace.éooliné:air:are:frbvided. Station-
ary bleding is prcyided in the ecasing to tufn the-rim flcw in such a
wey as to simulate dJ':.rec"tiOn and magnifude of hot rlm flow over the .seal
area. The system is heavily instrumented for.temperature and pressure
measurements. Three rotating seals wére employed. The system is highly
flexible and could be uged for further seal studieé in sddition to thOSe

reported here.




CHAPTER II
EQUIPMENT

Figure 2-1 shows a schematic of the testing facilities at
Georgia Tech employed in this study. A .i+o- inch dlameter wheel with
forward and aft rotating seals is mwiited on two bearings in the walls
of the housing., The wheel is driven by a propane fueled Chrysler
Industrisl engine through é_ ’cw'o- inch drive:h sheft. The engine and the
drive shaft are conpected by a belt and a Twin Disk hand o_pérated dry
clutch., The drive shaft is underneath the -engiﬁe, siipported' by two -
pillow blocks and attached through a Lovejoy flexible cdupling to the _
shaft of the wheel. ._ The wheelspeed is veried continudusly up to about -
3000 rpm by sdjusting the throttle of the engine, A Hasler mamual
tachometer held againsﬁ the wheel shaft is'{zséd fo measui-e tﬁe vwheel-
speed. _ | |

Hot air, simulating '_tu:.c'bine_ ﬁprking__f]_nid, J:.S s'up;.plliedl by a
Wor'bhinfgton WO-stégé piston air c:.ompi'esesor ﬁo:ﬁiéc_téd to a combusgtion
chamber. ' An air-propane mixture is eleEtrica].]J ignited in the-qham‘be_lr.
Propane suppiy, and hence 'bempe_rg‘bure, is controlled pneumaticaliy by
a Téylbr Instruments Temperature Cont'x’-oller.. The hot air .was typicail‘y_
supplied at 250F. The smount of hot air flov 1is controlled by a valve
or by'adjusting' _the compre'.ss'or cé.pacit'y. Alr flowrate can be vari_éd:
from two to four 1bm/s. The flow rate through the .ca:nbusti_qn'_ chamber

is measured with an orifice plate -flowmeter located upé‘tr_ea.m of the
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.- Emergency switch
.- Spark plug
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chamber, Fifteen heavy duty rubber hoses are used to provzde distribution

of bot air to the housing. The hot air is exhausted directly to the
atmosphere from ten openings in the housing,

Cooling air is supplied by a ten hp electric-driven'centrifugal.
blower. through two ducts. An orifice plate flowmeter_is placed in each
of these ducts to measure the amount of air flow. Sik flexible hoses,.
three on each duct, are used to provide cooling:in'the forward end af't
sldes of the housing;“”The blower provides air up to 1.3 lnm/s.. The

amount of air flow. can be varied by restricting the inlet of the blower.

The hot air3 cooling air and surrounding ambient air temperatures _

are measured with copper constanten thermocouples connected to a Leeds
end Northrup multipoint recorder,

A detailed schematic of the wheeispece ‘seal area is shown. in
Figure 2-2 and the working drawingsuof the wheelspace apparatus are
included in Appendix 1A. The 40 inch wheel acts as a rotor. Thelrotor-
to-stator rim spacing (A in Figure 2-2) can be.varied from 0.1 incn to
0.6 inch by edaueting the Jack bolts in the housing wvall, The inner
rotor-to-stator spacing (D in Figure o2 2) can also be adjusted in the
seme mammer from 0.75 inch to 1.5 inch. Seals and spacers of di-fferent
width and thickness are aVailable 50 that the radial seal clearances'

(c in Figure 2-2) as well as the radial seal overlap (B in Figure 2—2)

can be varied. The radial seal clearance can vary from 0;05:inch to 0.20'

inech. The rediel_seal overlap was held constant at 0.05'inch for all
tests reported,

Stationary bnckets at the axisl position of the wheel.and nozzles

wmnmrinr )
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E: Rim Gas Flow
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Figure 2-2. The Wheelspace Seal Nomenclature,




upstream_to these buckets are present, so the flow-behs#idr (direction
and maghitude of the velocity) is cgmparsblelro that of an actual turbine
wheel, |
Mechanical drsgings andlphotographs of the equipﬁent'are.presented

in Appendix I.

MEasurements

Thermocouple snd pressure tap locations are designated by sub-
scriptse(Txyz and Px#;). Thelfirsr_subscript (x)_indicstes the axial
location, the second (y):the radial ﬁbSitionjandtthe”thir& (z) the cir-
cumferential position. The coordinates for the positions are shdwﬁ in
Pigure 2-3, | |

It is convenient-to'averaée-the ralues of temperature or pressure
from different circumférentisl positions fbr.some &iScussions. When fhis :
is doné two subscripts (x,¥y) are used indieeting the axial snd radizl .
positicn, and the value reported is the average of the circumferential
locations for that x and y. | | |

'I’egp_erature Measurements

Fifty~six cooper~constaritan thermocowpies are.use&-to measure
'the-temperature st different locations. Twenty-eight ere on'the aft :
side and 28 on the forward side. Tﬁese'thermeeouples srefdistributed
radially at three circumférential positions 120¢ apart. They are
mounted on the wheelspace wall, radisl seal area and axially along the .
erossflow space, TFigure 2-k shows ‘the locations schematically Photo-'

graphs in Appendix I ~B show typical temperature and pressure sensor

~installations.
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By connecting the thermocouples to a Leeds apd Northrup
miltipoint recorder the:ﬁemperatures;are'dﬁtained; “Table 2-1 indicates
the relationship between recdr@er positiqn and thermocouple loéatidns.

Pressure Measurements

Seventy-eight static pressure taps are present. ‘Thirty pressure

taps are distributed-radially along the wheelspace walls and éxially
along.the rim flow space at two circumfereﬁtial locastions. Tﬁenty-fdur
pressure taps are'plaéed circumferentially (12.forwafd and 12 aft) alcng
the outér surface of the rim flow. These pressure taps are used to _
detect circumferential variations in the crOBSfldw; Locations of these
taps relative to the flow vanes are shown In Appendix III*D;

The static pressures are read ﬁn two‘commoanell manometers with
reference to atmoSpheric presaﬁre. Meriam No. 3 fluid with apeéifié
gravity of 2.§5 is used as & measuring fluid, The manometers can not
be read to an accuracy of better than 4 0.05 inch resultiﬁg in pressure
accuracies of about + 0.01 psi.

In sddition to the ahbove, there are 48 pressure taps placed in
24 pairs to measure the pressure differéncé acréss the radial éealé.
Twelve pairs are located in each of the.fOrward and aft sections. Théy
are located ¢ircumférenfially élong the redial seal. U-tube manometers
are used to read the pressure difference, Figure.Z—é aﬁd Iable 242 ahow

their locations.

Pressure and température.data were entered into & computer file

for analysis with the progrem presented in Appendix IIL A complete -

printout of the data for all tests is aveilable but not included in this

document.

R
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Table ' 2-1. Thermocouple Identification - December 15, 1975.

RECORDER - MACHINE

BANK T/ LOCATION BANK T/C - LOCATION
1 2 E73) S| ' 1 il
2 7 ' 2 c31} AFT
4 col 3 861 |
5 (74 5 B63|
6 71 - 6  B6A
7 c84h AFT 7 BSI
8 csl 8  B53
9 E8 3 Bai
10 £83 10 B3|
1 D81, N B4
12 F71) 12 B31 ¢ FORWARD
2 1 73| 5 1 B33
3 AT 2 82
2 871 3 B23
5 874 > FORWARD 1 B2
6  F8l 6 B11
7 881 7 A0
8 F83 8 D010 AFT
9 BS4 9  BO3 FORWARD
10 A81] 10 €03 AFT
n £71) 1 801
12 c44 12 U FoRWARD
3 1 cea| 6 1 BO4
2 €63 2 coa AFT
4 C61 3 )
5 £53 3
6 518 AFT 5
7 €43 6
8 c41 7
9 ¢33 8
10 C24 | 9
1 €23 | | 10 AMBIENT
12 21 o 11 CROSS INLET -
! V2" COOLING INLET

1/16/76
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CHAPTER IIT
TEST PROCENURE

Two test series were conducted, each with different seals cm
the rotor. Figure 3-1 shows the seal geometry fér the two test
series. | | _ _

- In both test':series, gtudies .of tﬁe effect -of rim spacing, rim
flow, _irmer rotor-stator . épacihg and radisl seall clearance are made.
In test serfes I, in addition to those four tests mentianed above,
wheelspeeds of 1200 rpm, 2260 rpm and 3000 rpm are also included. -
Table 3-1 .desc-ribe_s 1_:he conditions emﬁloy'ed. . |

| Each test consists of varying the cooling flow from the

meximun blower capacity to near zero, Four to six cooling flowrates

are used in a test.

‘ . Experimental Procedure

The steps taken for each test are as follows': The prlopane, |
engine and cdmpressor are turned on followed by‘ igniting the ai:;"— |
propaﬁé mixture in £he combﬁgtiqn.chambef. Once hot air is obtained,
the b]..c;wer.' 18 turned .ocn to supply cooling air. Due to the thermal
ti'ansient, generally 15 'minute.s or longer _'ié required for the system
to reach steady stete. The #ﬁeél spéed ig checked 'by ineai;s of a Hasler..
tachometer held against the shaft. Steady state is detérﬁiﬁédff:gm:the
teﬁperamré readings’ onthe mltipoint ;-ecbrder ang the .whéeis'peed.

Only steady state data _are:co‘nsi_dered in the present: studies. .

L




16

AFT
STATOR

AFT - FORWARD WD
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Figure 3-1A. Rotor Seal Geometry, Test Series I.

" RIM FLOW
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Figure 3-1B. Rotor Seal Geometry, Test Series 1I.
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Table 3 -1A. Test Description, Test Series I

RADIAL SEAL  RIM AXi ROTOR-STATOR

- - . CLEARANCE!  SPACING®  INNER SPACING3  RIM FLOW - WHEEL SPEED
* TEST NUMBER TEST EFFECT (IN.) (IN.) (N} (LBM/SEC) (RPM)
 FIAI Baseline 0.1 0.2 1.0 - 4.0 2900, 3100
A3 Speed 0.1 0.2 1.0 4.0 2200, 2300
A5 Speed - . 0.1 0.2 1.0 4.0 1200, 1300
F2 A6 ‘Rim Spacing ™ - 0.1 0.1 1.0 4.0 2880 - "-.
F3 A7 Rim Spacing : ' 0.1 0.4 1.0 4.0 2900, 3050 D
F4 A8 Rim Spacing 0.1 0.6 1.0 4.0 2535
F5 A9 - RimFlow 0. 0.2 1.0 2.9 2900
F6 A10 Rim Flow - | 0.7 0.2 1.0 1.84 2910
A2 ‘Rotor-Stator Inner _ ' _ ] o
| . Spacing - 0.1 0.2 - 0.75 4.0 2900
A13 Rotor-Stator. Inner ' | ' o |
- © Spacing: . 0.1 0.2 © 1.5 4.0 3150, 2500
F8 Al4 . Radial Seal Clearance 0.15 0.2 1.0 40 3000

F9  Radial Seal Clearance = 0.05 0.2 1.0 4.0 3000

]C in Figure 3.2
ZA in Figure 3-2
30 in Figure 3-2

8l




Table 3-1B. Test Description, Test Series Il

| ~RADIAL SEAL RIM AXIAL ™ ROTOR-STATOR, -
TEST NUMBER TEST EFFECT LR T INNE?Iﬁ??CING e Ry
" FI0A16  Baseline 0.1 0.2 1.0 4.0 2950, 3000

F11 "Rim Spacing 0.1 0.1 1.0 4.0 2900
F12 Rim Spacing 0.1 0.4 1.0 3.0 2900
F13 Rim Spacing 0.1 0.6 1.0 4.0 2850
F14 Rim Flow 0.1 0.2 1.0 3.2 2850, 3000
F15 Rim Flow 0.1 0.2 1.0 .87 2920
FI7 A17  Inner Spacing - 0.1 0.2 0.75 4.0 2800, 3000
F18 A8 Inner Spacing 0.1 0.2 1.5 4.0 2850

- F19 M9 Radial Seal Clearance 0.2 0.2 1.0 4.0 2850
F20 A20..  Radial Seal Clearance 0.15 0.2 1.0 4.0 2850

F21 A21  Radial Seal Clearance 0.05 1.2 1.0 4.0 2750

¢ in Figure 3-2

%A in F‘igur‘é 3.2

3D in Figure  3-2

61
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Data Handling

The temperature dats are non-dimensionalized according to the

dimensionless temperature parameter'

T o T~ Tcool
I S
hot cool
where
T = Yocal wheelspace temperature |
?cool = coolant inlet teuperature
ThOJG = hot air temperature at the inlet of the wheel,

This parameter can range from zero to one dependlng on whe'ther the lozal
temperature is the minimm or maximum possible, namely the’ cooling air |
temperature or hot cross flew tenperature respectively. These dimension-
less temperatures are further aversged over the three different circum=-

ferential locations having this same axial and radial positions. These

dimﬁnsionlessltemperatures'are presented in the form of plots in Appendix

3-A (Figures AT<1 to AT-23), < Tables of these data are available but not
included in this report. | | o
The stafic_préseure data determine the flow behavior end the

vheelspace pressufe. The data are taken directly from the experiment,

entered into the computer and averaged from two circumferential positions_:

for given axial and radisl position. The results of the pressure
measurements are given in psi and plots of tie average.pressure §Er9us.
cooling flow are presented in Appendix 3-B, (Figures AP-1 to.AP-23).

Tables of these data are available but not included in this report.
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The local ra&ial flow across the seal is proportiocnal o tﬁe
square root of pressure difference across the seal for a given seal
geometry. Therefore the pressure measured at radial.positidhs é and 3
indicate the local direction of flow and the square foot of thé pressure
difference represents the flow rate. The pressures méasured at radial
positions 2 and 3 are thereforé-cohverted.into square roots of pfessure
difference with apprdpfiate'consideration of sign.fdr direction &f the

flow (flow out of wﬁeelspace'is positivé). Thése data are plotted in
Appendix 3-C, (Figures AF-1 to AP-23). Tables of these data are aveil-
able but not included in this repdrt. The sguare roof.of_the seal prgs;
sure differenée cén be used as én indiecator of local seal flow.only
when the seal geometry is held constant (thﬁt is for test iﬁvolving a
given set of seals with common overlap and radial clearance).

Finally, the circumferential static pressure distribution at

radial position O (the wall of the casing) is evaluated and presented
in Appendix 3-D.




'CHAPTER IV
DISCUSSION OF RESULTS

The temperature and preésurerin the wheelspace as.well'és the
seal Tlow depend.oh-six fhctors:lthe rotating seal geometry, the rim
spacing between thé rotor and stator, the spmer rotor—to—statbr
spacing, the radial'séal clearance between the disk rotatihg seal
and the staﬁor.static seal, the amount of rim fléw and the wheelspeed.

The effect of each of these factors will bé discussed in this section.
Extensive detaiis of pregsures, témperatu;es, and seal'fréssure dir-
ferences for each run'willfbe found in éﬁefgppéndices of.the feport.

A high degree of accuracy in the fesplts caﬁ not be expectéd
due to the natu;e of the equipment and the presence of many outside
factors that camnot be controlled during the experiment., A fypical
uncontrolled factor is the ambient temperature which influences

cooling air supply temperature, heat transfer from the. unit, and

propane supply pressure. However, since the purpose of the experi-

ment is to evaluate how the different factors affect the cooling of

the turbine disk for actual turbine design, the trends in the data

are of primary importance,

Mbst of the following discussion is based on position Bl and on*

position.

for forward and aft sides respectlvely because this radial position

¥Position Bh or Cb refer to tle average of three circumferential

positions BU1, BU3 and BUL for forward and Chl, C43 and Chli for AFT

(See Figure 1-3B and position reference to Bi and/or Ch),

22
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is the outexmost location in"the wheelspace.-__

As expected the wheelspace temperature decreases as the eupply
of cooling air increases because the cooling air convects away the
heat conducted thfough the wheel and the etatof, and obstructs the
' inflow of hot'gaees frem'tﬁe rim flow.

For any given set of opereting*condifiohs the temperature in
the forwsrd wheelspace 1s ﬁigher than in £he aft'wheelspaCe. Figure
4-1A shews this effect at.fedial'position:h in’ bageline teSts flAi
and F10A16. The same effect can be observed in radial positiens 2y 35 5
and 6 by eamparing Figuree ATl—B and AT13-A. The diffErence between
forward and af't vheelspace temperetures for geveral other seal geem-
‘etries are shown in Figures 4-1B, 4-1C and h— 1D, Consistently
the temperatures at the forward wheelspace are higher than.thoee in the
aft wheelspace,

The lower aft wheelspace temperatures are due in part to the
fact that the forward riﬁ flow temperatures (TAO-end Tﬁoj aré'higher .
than the aft (T, and Tm)'

The rim flew temperature is reduced in the direction of flow as
a result of cooling by the surfaces and mixing of 1ower-temperature
cooling air from the wheelspace. Therefore the amount Oflconductidn
heating of the forward wheelspace should be gfeater than the aft and
any hot gas inflow in the forward wheelspace-wili have-a.greeter
influence on wheelspace temperatufes than a compsrable amount ef'infldw

to the aft yheelgpecegr T

L
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AVERAGE DIMENSIONLESS TEMPERATURE

F'igure 4 1A. Hheelspace Temperature in Fore and Aft Pos1tion
(B4 and C4) Tests F1Al
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Rotating Seal Geometry

Phree rotating seal geometries were év&iuated. Seals PT18 and |

PP1g were used on ‘the forw@rd side while on the aft side PT18 and PT18A

were used {See Figure h¥2)."To'eﬁalnate the effect of the rotafing seal

geometry the following conditons were emplo&ed: -3000 rpm ﬁheelsﬁeed,
L Ytm/s rim flow and.rim spacing, ragdgial seal Eleafance_and rotor-to-
stator inner spacing {4, C aﬁd D respéctiveiy in Figuré 3;2) of_0;2,
0.1 and 1.0 inches réspeciiéely.-.. |

On the forwara'side of the rotor; the wheelspace temperatﬁreé'_
are higher wheﬁ.éeal PTlS_is usgd: _Figuré 4;2:sh§ws the.température
difference'dUe'fo differeﬁt rbtatihg seal'geometries at radial positidn
Bh. Curve I in Figure 4-2 corresponds to seal PTl9_whilé Curve IT
corresponds to PT18.  For temperatures at different radial locations
(B5, B6, BT, F7, AT, A8 and B8) compare Figures ATl-A'and'Amlsz.

' Wheh”ﬁsing seal PT1G, thg wheelspace preSsufé'is_lower_(See'
Figure 4;3.fbﬁ,rdéial&§¢31£ibg_Bkmapdffar-other-rédial positions compare
Figures AP1-A and AP13-A), thevefore, hot rim gas inflow* is found
(Figﬁre Afa)wat“iOWTleﬁés of cooliﬁé_sﬁiﬁl& (m < ~ 0.1+ Jbm/sec).

cool?
Because of the presence of the lip.op seal'PT19,'it creétes gregter
resistance to coolent flow out of-thefﬁhé;lspace.
On thé aft sfdé ogﬂthé-rotor, wheelépace feﬁﬁeraturés using seal
PT18-A are higher thgn when using'PTlB. (See Figure 4-5'9r compare
Figures AT1-B ﬁnd'ATl3~B). The higher témperaﬁure is &ésociated with

the lower amount of local radial outflow (Eigure'é—?}."The presence

¥Pogitive /AP represents outflow, negative /AD represents inflow.
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of the "step"” in seal PT18A does not seem to influence the wheelspace
pressure (Figure 4-6) but does result in less coolant outflow.

Rim Spacing Effect -

In order to see the effect-ef rim' spacing (A in Figure 3-2), two
sets of experiments are ron. On the forward gide of the ro‘t.or rotating

seals PT18 and- PTl9fare uSed.- On the aft side seal PT18 is used, By

holding the wheelspeed, -xim flo‘w, radial seaal ¢learance and inner rotor-

to-stator spacing constant, at 3000 rpm, h l'bm,’s., 0.1 inch and 1.0 inch

respectively, the effect of r:i.m *spaclng o:l’:‘ 0. l, 0.2, 0.4 and 0.6 inches
are evaluated _

1Fv.Then rotat:mg seal P‘I'18 is used, the wheelspace temperatures at
either forward or aft posi‘bions are found to be _h:tgher for larger rim.
spacing. Figures 4-8A and 4-8B show the effect on wheelspace tempera-
ture of rim spacings at radial p‘osifions C2 and Ch respectively and

Figure 4 -8C shows the forward temperatures at position Blt'_._ (Also see

Figures AT1-B, ATL-B, ATS5-B, A'I;6_-B, AT13-A, AT1L, AT15 and AT16). The

wheelspace pfessure and the :deai outflow of coolant is not .arfected by
chenging the rim sp_aeings between the stator: and the rotor. (See
Figures 4-9 to 4 -12, also see Figures AP1-B, AP4-B te.AP6-_B, AFl-ﬁ\;
AFY-B to AF6-B, AP13A, AP1k4 to AP16, and AF13-4, AFh to AF6).

- When rotating seal PT19 is used, decreasing the rim spacing to

0.2 inch lowers the wheelspace tempefa‘bure at either .ra_'dial posi-'bioh 2, ' )

or 4 but the further decrease in spacing seems to be de:ti-imentai (See

Pigures 4-134 and 4-13B, or compare Figures AT1-A and ATh-A to ATH-6

for rim spacing of 0.1 inch). The reversal in trend with reduced rim
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spac1ng is also seen for the wheelspace pressure (Figure 4-15) and radial

seal flow (Flgure 4-14)

Comperlsone oft Flgures ATleB and ATI3-A, AT4-B and AT1h, AT15-B
and AT1S, end AT6-B- and AT16 show they have the seme slope for the forward
and aft side of the wheel for a. glven rlm spacing and rotating seal
geometry, Therefore, the rim- spacing plays an equally important role
on the forward as well ag the aft side of the wheel,

Rotor-to-Stator'InnEr §pacing

At & rim flow of 4 1bm/&, wheelspeed of 3000 rpm; radial seal
clearance 0.1l inch, rim epacinglo.a inch, the effect of imner rotor-to-
stator spaciﬁg (D in Figufe 3—2) of ¢.75 inch, i.o inch and 1.5 inch is
evaluated, The forward seal em@loyed is PTA8 and the aft is_PTlS‘cE
PT18-A.

On the forward side with seal PT18, wheelspace temperatufes .
decreese_for gmaller rotor-to-stator inner spacings (Fig;ur-e_ 4-16); It
is believed that the corresponding lower temperature at emaller_spacing
iz a result of the changing character of'the convection heat transfer
from the stater as the spacing decreases., For e canstanﬁ cooling flow
a decrease in rotor—stator'spacing increases the local velocity aed
hence tﬁe local convection coefficient. Compafisons-of the effect of
rotor-to~-gtator spacing for positions B2, 33, BS and B6 can be made b&.
examining Figures AT13-A, ATI9-A end AT20-A.,

On the aft 51de, using seal PT18, the temperature versus cooling -
curves for inner rotor-to-stetor spacing of 1.5 inch, 0 TS5 inch, and

1.0 inch are ehawn in Figure 4=17 for radial pogition Ch. The lowest
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wheelspace temperature is for a-l.O inch spacing. Figureé ATl-B, ATG
and AT10 can be compared to see the rotor-to-stator inner épacing effect
for position BE; BS,.B63 BT, AT, Ff} B8, A8 and F8. The sbove results
show the temperatﬁre éffect due to inner rotor-to-stator spacing ié.
significant when seal PT18 is used. However, when using seal PT18-A,
Tigure 4-18A.and 4-18B show the-whéeispace tempefaturé changes due

to different inner spacings between the rotor and stator are negligible.

Figures AT19-B and AT20-B are the results of rotor-to-stator spacings

of 0.75 inch and 1.5 inch.

For all the above ceses, on fhe,fofwafﬁ or aft side of the wheel,
the wheelspacé'pressure difference due to the different rotor-to-stator
inner spacing is amell. (See Figures 4-19, 4-20A ahd 4-20B and compare
Figures AP1-A, AP end AP0 and AP13, AP19 snd AP20).

' Compariéoﬁ.of-Figures 4-16, 4-17, and 4-18B witﬁ corresponding
cooling outflow (square root of pressure.difference) in Figures;4Q22A
and 4-21 and 4-22B respectively séems to present an incqnsiétaﬁcy, It
is exfected that when more cooling outflow occurs the wheelspace
temperature would be lower becauge (1) more cooling air is present to
convect away the heat conducted through the wheel and stator, and (2) |
less hot gas would peﬁetraté the wheelspace. However, this trend is
not present in the data. No eﬁplanation for this consistancy_ié

available at this‘tiﬁe.

Radiel Seal Clearance |
- The effect of radial seal clearance of 0.05 inch,_OQl*iﬁch and

0.15 inch are eva;uatéd. The ekpériments.wererrﬁn fﬁf‘several cooling
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supply rates, b ibm/é'rim flow; 3000 #pﬁ wheelsﬁeed, 0.2 inch rim
spacing and 1.0 inch rdtor-to-stator inner spacings. PTLB and PT1O
rotating seals are used on the forward side of the wheel and PT18
and PTi8-A on the aft side. The results are pfeséﬁted in:Figﬁreé 4-23
to 4-35. _ _ _ | |
With rotatingfseal PTi9,u10wer wheelgpace temperaturéa are
obtained when the radial seal clearance is 0.1 inchu(Figure 4-23,
424, for positions 53 and-34 for other pbsitions compafe Figures
AT1-A, AT11-A and AT12-A). At s smaller gap'(o.qs inch), the wheel-
space temperatufes and pressureslaie higher (Figure 4e23, 4-24 and 4425).
Apparently the small flow area between the static aﬁd rotating seals

obgtruct the heated coolant from flowing oubt of the whéelspace creating

~a high wheelspace pressure as shown in Figure 4-25 (or compare AP1-A,

AP11-A and AP12-A). Therefore, as the coolant is heated due to the heat

- conducted through the rotor-and_stator, the temperatures in the wheel-

space are higher. _ )

When seal PT18 is used on the forwgrd or aft side of'thé_wheél,'
the effect of radial seal clesrance is even leds profiounced than with
P19,  Thd differen¢é'inwwheelépgcg-temperatqrgslor:greﬂsures isIQOt
significant for the fange of géps atﬁdigd.. Fiéﬁfé;_4-273_4?28; 4;30
and - 3-31 show the'témperéture and frESSure Cﬁrves for radial‘pﬁsitiﬁns
3 and k; (Alﬁo see Figures AT13, AT2l to AT@3 for temperatures and
APIB, AP21 to AP23 for pressures at other radial poSitions.)

The results with PTL8-A seal show no difference in tempersture

or pressure at'positions C3 and Ch for différent'radial seal clearances
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(See Figures 4-33 and 4-34 and Figures AT13-B, AT21-B to AT23-B and

AP13-B, AP31-B to AP23-B). _
| Comparing the results of radial sesl clearance using séal"PTlB;
PT18A and PT19, it is found that the lip on PT19 seal has an effect
on the,whéelspace temperaﬁure an&\preSSure but not a'large éffect; |

| Figureg 4-26, 4-29, 4-32 and 4-35 show J/Ap across the séal but
must be viewed with qaution in the case of varying the radial se§l gap.
The /a&p was introduced ss & useful indicator of local flow across the
. seal when_tﬁe'seal geametry.is constaﬁt. However, compariscms canlnbt
‘be made from one curve to anothér in this éase because the seal gap is
being changed, | _

Within the rﬁnge of this éxpéfiment,'a 6.1 inch rﬁdiél-seal gap
seems to result in the lowésf wheelspacé temperatures, But ‘the radial
seal clearance does not fhfiﬁence wheelspace températﬁres to the exteﬁt
that rim spacing and rofor-tdéétaﬁor iﬁner,spgg;ng do.; |
Rim Flow R i -

At 8 whéelspeédiof‘306§ﬂrpﬁ, 0.2 inch ;iﬁ?ﬁpaéfng;:o.l inch
radial seal clearance, 1,0 1nch.ihner roterto-stator-spaciﬁg and using
rotating seal PT18 on the aft side and PTlB.or PT19 on thé Porvard side,
the effect of rim flow was studied.: o |

| Regardless of thé rotating seal géometmy'iﬂ forward and qft
locations, higher whéelspace pressures are present:#ith higqer-rim
flow (See Figures 4-36, 4-37 and 4-38, also compare Figures AP1, APT, -
AP8, AP13-A, APLT and AP19); This is to be expected beéause!wifh'high:

rim flow, the rim area pressure is higher hence restrictingithe outflow
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of cooliﬁg.air. : ' | /

Similarly, when seal PTlB is used on the forward side, lower
wheelspace temperatures (Figure 4-39) and greater local coolant outflow
(Pigure 4-40) are found with less rim flow. When this same seal is
used on the aft side of the whepl, the variations in wheelspace tempera~
tures and seal flow are not.as_pronounced (Figures 4-41 and 4-42).

The case vhere rotating seal PT19 is used is shown in Figufes

4«43 and 4-b4. The effect of rim flow on wheelspace temperature is

gmall in this case,

Wheelsgpeed Effeét

By using seal-PTlB, fim'sﬁacing 6f:0.2 iﬁch, fadiallse&l
clearance 0.1 inch, rotor-to-stator inner spacing of l.é_inch'and
L 1bm/s rim flow it is found that wheelspeéds_from 1200 to 3000 RPM
have little influence on wheelspsce fempergtures Or pressures.
(Figures 4-45 and 4-46 or compare AT1-B, AT2, AT3, 'Att'i_-B, AP-2 and
AP-3). |
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CHAPTER V
CONCLUSIONS AND RECOMMENDATTONS

Conclugions drawn from the_experimental resuits are:

1. The wheelspace temperature always décreases as the cooiant
supply increases. The-raﬁe:of temperature decrease depends on the
geometry of the rotating seal, the outer'rim spacing, the radiai seél_
cleafance between the rotating and statidhary seai, the‘inngr rotor-
to-stator spacing, the amount of rim flow and.the wheelsPeéd.

2. When rotating seals PT18 and PT19 are used on the forvard
| side of.the wheel,'the ﬁheelspace temperature using PT18 seal is highér
than using sea} FT19. Bﬁt thé wheelspace pressure is lower,.and with
PT19 seal.

3. When rotating seal PT18 and PT18A are used on the aft side
of the wheel, the wheelspace temperatﬁre and pressure using PT18A

geal are higher. |

4, The effect of rim spacing on wheelépaéé temperature was

significant. - On either forﬁard or aft side, where seél PT18 is used,
smaller rim spacing cauges lower wheelspace tempefatures._ However, the
wheelspace pressure is not affected by the chenge in rim spacing. Iﬁ
neither case was hof.gas in flow found at low coolant supply (0.13
lbm/sec). . When PT19 seal was used on the forward side, the wheelspace
temperatures reached a minimum st a rim épacing éf'd.2_inch. Inflow:

of hot gases were always presenf at some locations when the rim




spaciné is large (0;h inch and 0.6 inch) regéfdless.of the amount of
cooling supply. The effect of.rotor-to—sﬁator inner spacing is also
important. When PTi8 seal is used on the forwafd side, lower wheel-
space temperaﬁures-were 6btained Wiﬁh smaller spaciﬁg. When PT18 is
used on the aft side, a spacing'of 1 inch resulted in minimum wheel-
space temperatures. Aiso no inflow is present even at low coolant
eupply (~ 0.15 lbm/sec),

When seal PT18A is used on the aft side, the rotor-to—sta%or
inner spacing has no pronounced effect on wheelspace.témperature;

5. TFor seals PT18 and PT19 wheelspace temberatures were

92

minimum for a radial seal clearsnce of 0.1 inch but the'vﬁriatioh of .

wheelspéce iemperature with radial clearance was small. For sesl
PT18A the effect of radial clearance was'even less.
| 6. Finally, at a given seal geometry, increasing the wheel-'

gpeed fesults in & reduction §f whéelspace temperature tut the effect
is small. |

Rim flow éffects wheelsgpace témperatﬁres as expected wifh
témperatures.increasing-ﬁith greater rim flow. |

"Of the varisbles studied the rim.spééing and the iﬂner_rotof—
stator spacing have the most proncunced effect on wheelspace

temperatures.
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" COMPUTER PROGRAM WS1 FLOW CHART
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PROGRAM WS1: ARSTRACT

THIS PROGRAM CALCULATES THE AUERQBE DIHENSIDNLEQS
TEMFERATURE AT DIFFERENT WHEEL LOCATION, AVERAGE WHEEL -
SPACE PRESSURE AND THE FLOW ACRUSS & CIRCUNFERENTIAL

SEAL OF THE WHEEL. IT REAI'S IN LATA TAKEN FROM THE
EXFERIHENT» SORTS THEM AND CONVERY THE DATAS T0 THE

AFPPROPRIATE UNITS. ONCE CALCULATIONS ARE DONEe THE

ORGANIZED UATA WILL RBE PRINTED OUT IN A FORM OF TARLES
AND BY USING LIBRARY SUBROUTINES PLOTTINGS OF DIMENSIONLESS

TEMPERATURE y AVERAGE FRESSURE AND SOUARE ROOT OF THE

"ABSOLUTE VALUE OF THE PRESSURE ACROSS THE CIRCUNFERENTIAL
SEAL VERSUS COOLING ARE DONE. -

THIS PROGRAM WILL HANDLE FORWARD TESTs AFT TEST OR
THE COMBINATION OF BOTH TO UP TO SIX RUNS. IT IS COMROSED

OF A FOUR PARTS MAIN FROGRAM AND FIVE SUBROUTINES.
DICTIONARY OF PRIMARY VARIABLES USEDR IN THIS PROGRAMS

AAl RIM SEAL CLEARENCE
AME! AMBIENT TEMPERATURE

AT AFT TEHPERQTURE
BC(I?$ PRESSURE ‘TAFS LUPQTIONS FOR FLOW QCRDSS THE
CIRCUNFERENTIAL SEAL.
BF{I)! PRESSURE TAFS LOCATIONS CIRCUNFERENTIALLY AT
. "0* POSITION.
BP(IyJ): CIRCUNFERENTIAL PRESSURES
BPC(IoJ) ! CIRCUNFERENTIAL FRESSURES ACROSS SEAL

B3! PRESSURE NIFFERENCE R33-R23
CA(I): AFT COOLING

'CC! RADIAL SEAL CLEARENCE

CF(I}: FORWARD COOLING
€Ot COMMENTS

CO0! COOLING TEMPERATURE

CRD: HOT INLET TEMFERATURE
C3: AFT PRESSURE DIFFERENCE C33-C23

D(Ird): TEMPERATURE DATAS
BAd DATE
DDh!. ROTOR-STATOR AXTAL CLERRENCE

DFCY) S THERMOCOUPLES LUOCATION

DFOCI) ! SORTED THERMOCOUPLES LDOCATION
BG{I): THERMOCOUFPLES LOCATION: AVERAGE VALUES

DF(I): FRESSURE TAFPS LOCATION

FAT: FORWARD AND AFT TEMPERATURES
FT: FORWARD TEMFERATURE

HF(1)! CROSS FLOW
N(I): RUN NUMBER (PRESSURE)

" NBA? NUMBER OF AFT RUNS (TANGENTIAL. LODQTIUN)

NBF: NUMBER OF FORWARD RUNS ¢(TANGENTIAL LDCATIDN)
NE$ NUMRER OF RUNS

NRA! NUMBER OF AFT RUNS

NRF: NUMBER OF FORWARD RUNS

NT(I)1"NUMBER OF RUNS (TEHPERQTURE)
NTA! NUMBER OF AFT RUNS (TEMFERATURE)

.NTF?! NUMEER OF FORWARD! RUNS (TEMFERATURE)

NTR? NUMBER OF RUNS (TEHPERQTURE}
N1:i: NUMISER OF RUNS

PUI)! PRESSURE AT DIFFERENT RADIAL LDCQTIDN

I S Ll
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65
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47
468
&9
70
71
72
73
74

75
74

77

78
79
80

81
82

83

84
85

86
87
88
8%

?0
?1

92
93
94
95

P4
97

98
99

100
101
102
103
104

105
1046

107
108
109
110

111
112

113

114
115
114
117
11e
119
120
121
122
123
124
123

124
127

128
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FA(I»J) S AUERAGt PREQPURE FROM CIRCUNFFRENTIA[ PﬂSIfiDN:
FRDC(I): FRESSBURE TAPS UEFINIT]DN

FOF: SUBROUTINE, FRINT OUY FGRHARD TEHFFRATURES

RPM! WHEELSPEED.
SE: FRESSURE TAFS IDENTIFICATION FOR FRESSURE DIFFERENTIAL

ACROSS THE RANIAL SEAL

T{I»J): DIMENSIONLESS TEMPERATURE
TACIyJ)IAVERAGE DIMENSIONLESS TEMPERATURE FRDH 3 CIRLUNFERENTIGL

FOSITIONS

TN TEST NUMEER
TTC1)! CROSS TEMPERATURE

PROGRAM HﬁIN(INFUT:DUTFUTvTﬁPES“INPUTrTﬁP&é BUTEUT)

DIMENSION RFM(S) sHF (&) s TT(&) sCF(8) yCALIB) s NL(A) pDI(5D98) y
*NT(é)rDS(S?;é)r?(J?réJrTﬁ(QSvB)vHF(b?)sHFD(S?)pr(”B)

DIMENSION BF{(30)rF(30+r4)+N(G)rPA(22,8)PD{2

BSOS 45 QS0 B TS (i gBron i oy sr 12,

DIMENSION TN(?):DA(Q)rCD(?)vITITF(Ql:ITITﬂ(Q)

DIMENSION ARKF (&) s AKAC(S) +BKF (&) s EKA(S)
DIMENSION TIRUF(512)

PART ‘1! GENERAL _
THERMOCOUPLES IDENTIFICATION

DATA DF/'C?S'b'u71','co1-g'c74f,'c71';*can':fcai';
X"E81°,°CB3*» 081", "F71"s "F737, "A71"»*B71"+ "E74"

X FBL s "BB1",*FA3"y "BBA Y "AB1 "y "E71"» "C44°, "[44%,
X°CoH3"y"Co1%5 "CH3"» "CSL*»."CA3 ¥ "CA1 "y C33" ,'c24' “ca3Y,
X'C21°y"C11°»"C31"+"BAH1°s "B&3 "y *RE4 "y "RS1 " » "R53Y,
X°B41%,*E43*, "B44" y "RI1L "y "RIZ ¢y "R21Y,"R23%, "R24°,
X°B11*;"A01°, 001" » "ROZ*»"CO3 "y "BO1"s*R04"y "CO4"
X"AMB®y *CRO®y "COD"/

PATA DFD/"A01%»"A71*:"AB1*y "BOL1" ¢ "BO3", "304' *Ri1" '321'
¥*B23"y "B24%,*B31%,“B33°,y"R41",*B43" s "R44" '351' '353'
K BA1*y "RBAZ vy "BAA"y *RB71 "y "RB74" s "BO1° ¢ *RAA" s "F7/1°+ "F73",
KOFB1°"FE3"+ 'CO1*r"CO3"» "CO4° s "C11* s (21" ¢ "C23"» 24"
X "C31*» L33 "2 *CA1° 2 "C43" s CA4" s "CH1" s "C53" s *CE1 "+ "LE3"»
KoCAA s C71 s "C73 ¢ "C74" »"CB1"» "CHBI» *CBA D01y *D71 %,
X*D81°y"E71%: "ES1 "+ "AME"r *CRO" » "C;00"/ : _

DATA DG/ *A0°*r*A7°"s*A8Y,*BO®y *B1%,“B2%,"EK3",*B4*, "B5",
K BA6 "y R7 s "EB " »"F7 s *"FB8" s "CO*»"C1"s"C2"5 "C3"»"C4",
KPCS " Ca r L7 2 "CHB DOy "N7 " »“NIB" y "E7"» "EB*/

PRESSURE TAPS IDENTIFICATION

DATA PD/®CO"» fCi':"CQ')'C3'¢'C4';FCS'r'C6'E'E?‘:'E?.3':
X *E7.6"»"EB*y*RO*s"R1"y "R2"y "B3"y"R4", 'BW' ‘B& s *F7"»
X'F7.3°0"F7.6""F8"/ L ' :

DATA DP/°"CO04", 'BOQ' sCO3% s *HOZ* 9 *CL3" 5 *C23°»°C24", "€C33",
*'843' “Ca4°, '853' '664' "E13"» 'BQ3'I'BZ4' y'R3I3y
X"B43"r "R44" f353' "BAAT P "E73"rE74%y 'E?.34°r"E7. 64"
X"EB4°,"FZ3° ¢ "F74" s "F?.34"»*F7 .64 »"FBA"/ ' .

PRESSURE{BIFFERENGE ACRUSS TANGENTIAL SEAL IDENTIFICATION

. DATA BF/"ROH"» 'BUG“ 'EUF‘ , *BOE" » ‘HODfi'BDC';'BﬁB'r?BUﬁ'!
X°BOJ"y *EOK" » "BOL* » “BOM* / . e ) S

DATA Bﬁ/‘CUH'r'COG’rﬂCDF‘;?CDE'r'CDD‘!‘COC':'COB'r'COﬂ'!
*¥*COJ" , "COK*»*COL" y “COM* / - : '

DATA BCF/"BIH-BR2H" s *R3IG-R2G" s "B3F-R2F*+ "BIE~RIE" »

X B3D-B20" ¢ *B3C~B2C"y "RIE-E2R"y "BIA-B2A" ¢y “BIJ-B2J"
X*B3IK-B2K" ¢ "B3L~B2L "y “BIM-B2M"/ o .
‘DATA ECA/"C3H~C2H"+*C36-LC2G"»"C3F- F?F' *CIE-C2E® ¢ "C30-02D0"y
X'CIC-C2C" r "C3R-C2B" y "CIA-L2A"» *C3I~C2J* » *CIR-C2K"»

XICIL-C2L "y "C3M~C2M"/
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130

131

132
133

134
135
136
137
138
139
140

1M

142
143
144
145
144
147
148

149

150
151

152
153

154

155

1564
157

158

159
1460

141
1462
1563
1464

165
166

147

148
149

170

171
172

173

174
175

176
177
178
179

180
i81

i82

183
184

185

186
187

188

187
190

191

192
193

194

QO o

[w kol o]
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CALL PLOTS(IBUFsS1259500)
CALL FLOT(1,019=3)

READ IN DATA

READ(S»701) TN
701 FORMAT(7A10)
READ{S»702)DA
702 FORMAT(2410)
READ¥» AA»CCy DD
READ(S,703)C0
703 FORMAT(7410)

READK » NRF s NRA
IF (NRF ,GE +NRAYGO TO . 704

NR=NRA

G0 TO 7035
704 NR=NRF

705 READX» (Nl(I)rI 1sNRY -

READXy (RPH{I)rI=1¥NR)
READY¥s (HF(I)sI=1+¢NR)

READXr (TT(I)sI=1sNR)

- READ¥s (CF(I)sI=1yNRF?}
READNKr (CACI)»I=1sNRA)

CALCULATIONS

DD 707 I=1+NRF-

707 CF(I)=‘309t&GRT(CF(I))
‘Do 708 I=1sNR

708 Ch(I)-.EO?*SRR?(CR(I))
PRINT 'OUT 1

MRITF(é!?ll)TN : '
711 FORMAT(10XsT25s ' TEST NUMBER:'»T39s7410)

WRITE(S&¢712)DA

712 FORMAT(1H v/:T25r'ﬁﬁTE 1 T32,2A10)
WRITEC(S¢7133AACC»IND

713 FORMAT(1H ¢/»T205,*RIM SEAL CLEARENCE IN INCHES: "
KTEOFA.29//»T25y "RADIAL. SEAL CLEARENCE IN INCHES

KTE60sF4,29//¢T25y "ROT- STﬁT ‘AaX., SEAL CLEAR.IN INCHESX'

KTEOsFAL 29 /)

WRITE(A6¢714)00 : S
714 FORMATC(1H »T25, *COMMENTSS " »T35+7410)

WRITE(&6r710)NRF yNRA

710 FORMAT(/»T25y"NUMBER OF FORWARD RUNS? \rTSOrIIr//v
*T25s *NUMBER OF AFT RUNS!®»T505119/7)

WRITECHy715) (NL1CI)»I=1 »NR)

715 FORMAT(T3y "RUN NUHBER"!T“S!éIB!/)
WRITE(&3»718)Y (RPMC(I)»I=1sNR) .

716 FORMATA /9 T3 » " WHEEL SPEED IN RPME* !T25!6F8{0!/)
CWRITE(&rZ717Y{HF (X)) s I=1pNR )

- 717 FORMAT(/» T3, "CROSS FLOW IN PPSI"»T20,6F8.2+/)

Q0N

WRITE(6718)(TT(I)»I=1sNR)

718 FORMAT(/+T3»"CROSS TEMF.IN DEG FI1®"T25+6F8.09¢/)
IF(NRF.EQ.0XG0 TO 720

WRITE(69719) {(CF(I) s T=1sNRF)

719 FORMAT(/yT3y"FOR COOLING IN PFS"vTQSréFB.‘r/)
720 IF(NRALEQ.0XGD TO 723

WRITECH, 7213 (CA(T) s I=12NRA} .
721 FORMAT(/»T3r"AFT COOLING IN PPSI®rT25946F8.2+7)

FART II: WHEEL TEMPERATURE

723 READXs NTFeNTA
IF(NTF.GE.NTAYGD TO 731
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195
194

197

198
179

200
201
202
203
204
205
204

207
208

209

210
2112

212
213
214
215

216

217

218

219
220

221
222
223
224
225
226
227

228
229

230

231
232

233

234
235

236

237
238

239

240
241
242

243
244

245

244
247
248
249
250
- 251
252
203
254
255
236
257
258

oon

731
732

781

782
783

- 784

B rEsly

'*RxlzB

ac o

259

260

789

786

740
761

762

743

741
771

772

773
733

NTR=NT®

G0 T0 732

NTR=NTF

REAIk, (NT(I),I=1yNTR)
IF (NTF.ER.0)GD TO 740

IF(NTAEQ.0)GO TO 741
FORWARD AND AFT TESTS

DD 781 I=1,i0
READKy (DT yd) s J=1rNTA)
DO 782 I=11,20

READKy (D(Ipd) s J=isNTF)
Do 783 I=21+35 '

READK, (DCTrdd s d=1sNTA) -

N0 784 I=34550
REALDKs (RCIsd)p )= erTFJ

READKy (R(5150) s J=1eNTA) -

READK (DOS2,J) s =1 e NTF)
REQD*r(ﬂ(53!J)rJ=1rNTﬁ)

DD 785 I=54:5

REQD*:(U(I!J)yJ IrNTF)
REAINKy (LI(B6yJ) s =1 NTAD

R0 786 I=57,59

READKy (DN(Iy Yy d= lvNTR)
CALL POF(DGyDSyDFOsTrTAsNTFeNT»DsCF 3 TH)

CALL PUﬁ(DGrDS!DFU!TrrﬁrNTﬁrNT DrCﬂ!TNlﬂ
GO0 YD 233

AFT TEST ONLY

DO 741 I=1,10

'REﬁD*r(D(I;J)rJ 1:NTA)

Do 7462 I=21,
REQH*!(U(IrJ) JﬂlvNTﬁ)
READXy (RC(T1sJ)r J=1NTA)
READX s (I(S3+ Y rd=1¢NTA) .
READXy (D{(S6rJ)r J=1rNTA)
N0 763 1=57,59

READRKs (II(L» J) » J=1NTA)
CALL PDQ(DG!DS;DFD!TrTArNTﬁ!NTrDvCﬂrTN}'

il TU 733

FOR“ARD TEST DNLY

Do 771 1= 11920
READK s (DT rd) rJ=1¢NTF)
Do 772 I=36+50

REﬁD*!(D(ItJ)rJ—LrNTF)
READRy (D{(52»J)y J=1sNTF)

READ%s (N(S4rJ) s J=5 s NTF)

READXy (B (55 JY» J=1 s NTF)
o 773 I=57259

READKy (B (Ir3) s =1y NTF)
CALL FOF (DGsDSsDFOsTyTAsNTFsNTyDyCFrTN)
REALXsNAPNF

PART IIIZ UHEEL PRESSURE

IF(NF GE.NQ)GD TD 1

NR=NA
6D TO 2

NR=NF :
READXs (NCI) v I=1sNR)

IF(NF.ER,0)YG0 TO 301

IF(NAER.OXGG TO 302
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261
262

263
264
265
2646
267

248

269
270
271
272

273
274

275

276
277

278
279
280

281
282
283
204
285
286

287

2e6
289
290
291
292
2?3
294

299

294

297
298

299

300
301

302

303
304

305

306
307

308
309
310
311

312
313

314

315
314

317
3ia

319

320
a2
322
323
324
325
324

nan

e inRy

Mmoo

oan

322
321

302

343

344
324
323

326
329

328

327

FORWARD AND AFT TESTS

REALKy ((F(I1y12) s I221,NR) » I1=1+y30)

DO 321 I=1,30 -

DO 322 J=1sNR

PCIrd)=,1085%F (150}

CONTINUE

CALL APF (FAyPIyP s NF CF » DF» AKF » BKF » CKF ¢ B3 s TN+ ITITF)
CALL APACPAYPDIFyNASCAYDP s AKAY BKASCKAYC3» TNy ITITA)
GO T 320

FORWARD TEST ONLY

READKy (F(2yI2) s I2514NF)
READXs (F (4, X2)yI2:=1sNF )
DO 343 I1= 13920

READX sy (F(I1sI2) s I2= erF)
DO 344 I1=24,30

READKs (F(11y12)»I2=1NF)
DO 323 1I=2s452

‘IO 324 J=1sNF

P{I:0)=,1065%F (1))
CONTINUE

DO 325 1=13,20

Do 326 J=1NF

FUTs )= 1065%P(I5J)

CONT INUE
00 327 1=26s30

Do 328 J=1sNF

FOLy )= 1065%P(TIrJ) .
CONTINUE

CALL ﬁFF(Pé’PD!PvNFnCFsDPrAhFJBKFrCﬁFsB3rTNrITITF)

: GD TU 320

301
357
358

331
330

333

_332

335
334

320

nan

AFT TEST nNLf

READK (P(1,12)512=15NA)
READX» (F(3,12)»12=1sNA)

00 357 I1=5,12° - '
REALks (F(I15s I2)rI?=1rNh) .

0 358 Y1=21,25

REAIKy (F(ILrI2) » I2=1sNA)
0o 320 I=1,3,2

ng 331 J=1sNA

P(Iy )= 1060XF (I )
CONTINUE

o 332 I=5,12

DO 333 J=1sNA '
F(IsJ)=, LOG0XF(IsJ)

CONTINUE

Do 334 I=21,25
DO 335 J=1sNA

PeIsy )=, LO&TRF (I )
CONTINUE

Call ﬁPﬁ(PA:PD:P!NﬁvCﬁ:BP;QKQ:BKﬁrCKﬁrCZrTN’ITITﬂ)

PART IV: FLOW ACROSS CIRCUNFERENCIAL SEAL
READX,NEF yNEA .
IF(NEF .£0,0)60 TO 400
IF (NEAEQ.0)B0 TO 401

FORWARD: AND' AFT TESTS
WRITE (6+402)
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99
327 402 FDRHQT('1'://!T76,'FDhNéRD PRESSUR& }

328 (CALL_TRAC(RPF, BFCF s NEF » CF » BF » SBF » BCF » AKF # BKF » CKF B35 TN» ITITF)

329 WRITE(61403)

330 403 FORMAT(®1*,//+ 126 *AFT PRESSURE*)

331 CALL TPAC(BFAsEBPLAyNEBArCAsBArSEBAs BCArAKA»BKA»CKAC3» TN, ITITA)
332 G0 TD 499

333 C _

334 C FORWARD TEST ONLY

335 C _

336 401 WRITE(67402) .

337 CALL TPACCRPF » BFCF  NEF » CF » BF y SBF y BCF » AKF » BKF » CKF » B3 TN» TTITF)

338 GO TO 499 :

339 C

340 C AFT TEST ONLY

341 C

342 400 WRITE(&,403) .

343 CALL TPﬁC(BPévBPCA:NBﬂ:Cﬁ:BﬁvSBﬁ,BCﬁpﬁKﬁ:BKﬁrCKﬁ:C3;TN:ITITﬁ)

344 499 CALL PLOT(0.,0.5999)

345 STOP

346 END

347 SUBROUTINE TPAC(BFsBPCsN»CyBsSEsBCyAKs BK>CKyAZ» TNy ITITL)

348 | DIMENSION BR(12,4)sBPC(12,6)C(8) /B(12)8H(12,6) /BC(12)

349 DIMENSION EK(&)rAK(&) s SAK(S)

350 DIMENSION SE1(13y8)»Y1(8)

351 DIMENSTON TN(7)»ITITL(2)

as2 DD 452 I=1,12 |

353 452 READK, (BF(Is.0) 7 =178 » (BRC(Isdyrd=17N)

354 DO 412 I=1,12

3599 DO 411 J=1sN

356 BP(1r.J)=0 1065KEF (15.4).

357 BPC(I!J)-.OSéI*BPC(I!J)
358 411 CONTINUE . _

359 412 CONTINUE

360 ¢ :
381 € PRINT OUT TANGENTIAL PRESSURE

362 C '

363 _ WRITE(6,454)

364 454 FORMAT(®0%,//,T25,"CIRCUNFERENTIAL PRESSURE (FSI)*)
365 . MRITE(65457)(C(I)rI=15N) _

366 457 FORMAT(//»T7»*COOLING (FFS):%,T25,6F7.25/)
367 DO 455 I=1,8 .

368 455 WRITE(&s456)E(I)s (BP(1s0) s =1sN)

369 WRITE(6r456)CKy (BK(I) 5 J=1sN)

370 DO 476 I=9,12

371 476 WRITE(65456) B>y (BP(Isd)rd=1sN) ‘
372 456 FORMAT(T?sA3sT25,6F7.2)

373 C

374 C PRINT OUT ACRDSS SEat. PRESSURE

375 C

376 WRITECS» 441)

377 441 FORMAT(//»T1i2» "PRESSURE DIFFERENCE ncnnss SFAL (FSI)*)
378 WRITE(SAS?I(C(IY 2 I=1sN)

379 DO 482 I=1.8

380 A&2 WRITE(S»483)BE(I)y (BFC(Ir ) rJ=1siN)

381 WRITE(&6r463)A3y (AK(J) » J=15N)

382 . DO 477 I=%y12

383 477 uRITE(6!463)BC(I)9(BPC(I!J)!J—I!N)
384 - 463 FORMAT(T7sA72T2594F7.2)

385 C .

386 C TAKE SOUARE ROOT OF PRESSURE DIFFERENCE
387 '

388 BO 469 J=15N

389 O 467 I=1,12 - _

390 IF(BFC(TsJ)WLT.0.0060 TO 448

391 SBUIyJI=SORT (BFC(Ird))

392 " GO TO 447




393
394
395
394
397
398
399
400
401
402
403

404

405
404

407

408
409

410
411
412
413

414
415

416
417
418
419

420
423

422
423
424
425

426

437
428

429

430
431

432
433

434

435
434

437

438
439

440

441 .

A42
443

444

445
444

447
448

449

450
451

452
453
454
455

456
457

458

anmno

oo ann

448

467
449
470
471

- 481

480

472

483
473

10"

(TR
ke B

- 20

21
22

A=~BFC(IsJ) 100

AN=GORT (A) = ' , /
SE(IyJ)=-AN

CONTINUE
CONTINUE

WRITE(45471)

FORMAT(//»T12s *SQUARE ROOT OF PRESSURE DIFFERENCE: )
WRITE (65457 (CCI) v I=1yN)

DO 480 J=1yN

IFCAK(J) .LT.0,0060 TO 481

SAK(J) =SART(AK(J))

GO TO 480

P=—AK(S) ¢

FN=SQRT(P)-

SAK (J)==FN

CONTINUE '
no 472 1=1,8

WRITE(G2473)BC (I (SE(TrdY v d=1sN)

WRITE(S+s4723)A3r (BAKC(JY s I=1 M)
ho 483 I=9,12

WRITECS&2A73)BC L) (SE(I»J)eJ=10N)

FDRHGT(T?vﬁ?rT2S!6F? 2)
00 11 J=isN

D0 10 I=1,8
SBACI»d)=BR(Isd)
SB1(9y L) =5aK (D)

D0 12 I=10+13

SB1(IrJ)=SB(I-154)
CONTINUE .

PLOT SGUQRE ROOT OF ABSOLUTE PRESSURE Vs COOLING

DO 20 I=1,13 -
SB1(IsN¥1)=-.4

SB1CI,N$2)=,2

CIN41)=.0 & CAN+2Y=.1

YACNHL)==,4 $-Y1(N#)=,2 . :
CALL AXIS(O0.r0vsITITLs=1747.50,+0.0541) | L
CALL AXIS(0.r0.y"SGRT FRESS. DIFF.* 11706.990 r=sd502)
N2=N+2

RO 22 1=1513
RO 21 J=1sN2

Y1(J)=SR1(IrJ)
CONTINUE

cALL LINE(C!YI!N!lr-lrI)

CALL SYMBOL( 425575142 TN»0,0525)
CaLL PLOT(Z+70u,~

RETURN
END

. TEMPERATURE SUHRDUTINES

PRINT OUT FORWARD

"SUBROUTINE PDF(DGID?;DFU!T:TﬁvNTFrNT:DrCFsTN)
DIMENSION DG( 3)!05(59;6)!T(59!6)rﬁFﬂ(S?):TA(“GrB);NT(&)rD(S?ré)v

*CF ¢8) . | -

DIMENSIDON Y1(B)
DIMENSION TN(?)
D0 P06 I=1sNTF

DS(1,1)=D(50+])
DS(2,1)=I(13,1)

DS¢3,I)=N¢2051)

DSC4I2=I(54,])
DE(S,I=0{52,1)

DSCLTI=N(55,1)




459
450
261
442
463
464
465
466
467

448
449

470

471
472

473

474
475

476

477
478

479

480
481

482

483
484

485
486
487
488
489
490
491
492
493
494

495
494

497
498
499
500

501
502

503
504
505
506
- 507
508
509

510
511
512
513
514
515

916

- 6517
518
819
520
521
522
523
524

aon

aoon

DSC(7,I)=N(49, 1) 101
D58 T)=N(4bs 1)
DS(PrII=I(4A7,1)

NS(10sI1)=N(4851)
DS(11sI)=D(44,1)

DS(1251)=D(A5,1)
DS(13,I)=D(41+1)
OS{14,I)=0(42,1) -
NS(15,I)=0(43s1)
DSC16,10=D(39,1)
DS(17:1)=DC40,1} -
DS(18sI)=D(36+1)

R5(19:1)=N(37:1)
0S(20,1)=DC¢38,1)

DS(2151)=0(14+1)

DS(22,IX=0C1G, 1),
BS(RIyIy=0(1721)

DS{(24,I)=DC(19s1) -
DS(25:X)=0(11,1) _
sRB8(26)=D¢129T 2. - .
. DS(27sI)=DC16e1) . T

- D828y I =N{(18,1)
DE(S7»1)=0{S7+ 1}
DS58,y I =N(38,1)
DS{S9»1 )=D(59:I)

" 9046 CONTINUE

WRITE(&4+701}

201 FDRHRT(// T10+ *FOR, TEHP.HQT FOLL WHEEL LﬁCéTIbN'(DEB;F)S'r

*//
URITE(év?OO)(CF(I)rI I:NTF)

900 FORMAT(//»T7» "COOLING (PPB)! ';T25;6F?q2:/)
DO 902 I=1.,28

902 WRITE(&»FO7)IDFOLI) » (BSCI> ) rJ=1,NTF)
907 FORMAT(T71ASyT25:6F7.0)

CALCULATIONS FOR DIMENSIONLESS TEMFERATURE

ng 9204 J= 1!N7F
DO 909 I=1,28

909 T(I»Jy=(DS(IrJ)- DS(S?!J))/(DS(SBvJ)*DS(S?:J))

904 CONTINUE

WRITE(6,911)
?11 FBRHQT(//;TIOr'FURUﬁRD DIHENSIONLESS TEMP DIQTRIBUTIONt'
*)

WRITE(SyRO0YCCF(I)»I=1sNTF)

L0 203 I=1.28
903 WRITE(S»ROSODFOCLI) s (TLI v LYo =1 NTF)

205 FORMAT(T7 A5, T25:6F7.2)
TAKE AVERAGE UIMENSIONLESS TEMPERATURE

oo 220 I=1eNTF
Do 921 J=1,3

721 TA(SsII=T(dsI)

TA(421)= (T(4pI)+T(5rI)+T(6rI))/3.
TA(S»I)ST(721)

TASs DI=(T(B, DI4T(I, II+T(L10,1)3 /3,

TA(Z2I)=(T(11,IX4T(12:1)) /2,
TAByII=(T(13»I)+T (1A L4 T(1G¢ I3 /3

TA(Py II=(T(L&, 124TCL7v 102720

TA(10+I)= (T(lBrI)+T(19rI)+T(20vI))/3.
TA(L12I)=(T(21,204T7(22,1)0/72,

TA(12, 1) =(T(23,I)+T(24,1)3 /2.

TA(13,])= (T(25rI)+T(”6rI))/
TALA» I)=(T(27»I)4+T(2Bs 132 /2

920 CONTINUE




529
S26
527
528
529
=30
331
o532
533
534
535
336
o337
538
539
340
541
542
543
544
545
544
547
548
549
950
351
852
553
554
5595
956
a57
358
noe
580
561
562

563

J964
565

568

&7
568

569

370
571

572
S73

onn

ann

11
12

e Ry Ry

574 -

575
576

577

576
579

- 580

581

582

o83
584

585
586

587
a8

. 589

590

P23

10

102
FRrNT OUT DIMENSIONLESS TEMFERATURE

WRITE(S,922) : o
FORMAT(/»T10» *FORWARD AVE, DIMENSIONLESS TEMF DISTRIBUTION®:

WRITE(S:,200) (EF () v I=1»NTF)
Do 923 I=1,14
URITE(ér?OS)DG(I)v(TA(IrJ)rJ“l!NTF)

PLOT. FGRUARD DIHENSIDNLESS TEHFER&TURE Vs CDOLINE

Do 10 I= 1234 .

TACIyNTF+1)=0, o"
TACI P NTF42)=,2

CF(NTF+1)=0.0 % CF(NTF+2)-.1,K-”
Y1(NTF#1)=0.0 & Y1(NTF+“)-.

- CALL AXIS(O0.:0.7"FOR.. CDULI+Gu(FPS)lr“IG!?o!O.!O 0:.1)

CALL AXIS(0.70,s*DIMENS. TEMP.®71595.790050.05.2)
NTFP2=NTF+2 -

DO 12 I=1,14

DO 11 J=1,NTFF2

Y1 =TACT )

CONTINUE . . :

CALL LINE(CF»Y1iNTF#2y=17I)

CALL SYMROL(.2516,7,14,TNs0.0r25)
CALL PLOT(9.70.s-3) . o
RETURN

ENI

PRINT OUT AFT

SUBROUTINE PDQ(DB!DS!DFD!T!TQ!NFQ!NerrCﬂ!TN)
DIMENSION DG(“Q)rHS(59!6)rT(5996)9DFU(59) TA{28¢8) yNT(E}sDI{516)

*CA(8)
DIMENSION Y1(8)

DIMENSION TN(7)

D0 9546 I=1sNTA
DS(29,I)=D(3: 1)

NS(30¢I)=D(53+1)

DS(3121)=D(56+1) :
DS(32y1)=D{34,1) ] .

" DS(33,10=D{33+1)

. DG(345T2=D(32,1)
DS(3T»1)=D(31+ 1)

DS(36,1)=D(3S,1)
DS(37yT)=D(30+1
DSC38:TI=D(29»1)
DS(39+1)=D(28,1).

BS(401)=D(2251)
DS(41s1)=D(27+1)

DSCA2y13=D(26:1)
DSCAZy I )=0(25, 1)
DS{(44,12=D(24+ 1)
- D45y 1)=0(23¢ 1)
DSCA4 T )=D(5, 1)
DS(a47:s10=D(1s1)
DSCAB, I 2=D{4, 1)
DS(A9s 1)=D(7¢1)
DS(50»13=D(%»1)
DS(S51sI0=N{&sI
DE(52,y13=0(01 1)
BS(S3s I)=0{(2:1
DBS{S54,1)=D(10» I}
BS(SS,yIx=D(21s1
OS(541)=2D(8»I)
NS(S7:s1)=D(57+ 1)




a991
392
5993

594
a995

596
o7
598
59¢

400
401

602

603
404

605

606
&07

608

&09
610

611

612
613

614

615
&1&

617

é18

619
620
621
622
623
624
625
6246

627
628

429
6320
&31
632
633
4634
&35
&3é

637

638
639
640

641
442
443
644
443
646
447
648

649

650
451
652

653

654

&35
656

QoOon

0o

956
951
950

P52
?37

959
954

961

953
955

DS(S58,I)=D(SH 1)
0S¢59»1)=0(59»1)
CONTINUE

WRITE{S5,951)
FORHQT(//:TIO:'GFT TEMP AT FOLL. NHEEL LOCATION (DEG F):

URITE(é:?SO)(CA(I),I 1y NTA)
FORHAT(/!rT?r'CUOLING (PPS)'!T25;6F? 23/)
DO 952 I=29,55
wRITE(6v957)DFO(I)r(DS(IrJ)rJ-l NTR)
FORMAT{T73AS»T25:6F7,0) :

CALCULATION FOR DIMENSIONLESS TEMRERATuRé

DD 954 I=29,54
DD 959 J=1sNTA

T(Irdd= (DS(IrJ)*DS(S?vJ))/(DS(SB!J) NS (5% . 4) )
CONTINUE .

WRITE(S,961)

FURHAT(/!flOr'DIHENSIUNLESS TEMP HIRTRIBUTIDN")
WRITE(S+950) (CACT) »I=1sNTA)

Do 953 I=29,54

URITE(&:?SS)DFU(I)9(T(Iyd)uJ"erTﬁ)
FDRHQT(T?!RﬁrT25'6F7.2)

TAKE ﬁUERﬂGE'DIHENSiONLESS TEHFERRTURE

Do -970 I=1rNTA :
TA(15:I)=(T(29vIJ+T(JOnI)+T(3191))/3.

S TA(R&yE0=T(32SI)

Y80

- 970

0 nn

ama

971

973

10

11

TALiZs )= (T(33vI)+T(34wI)+1(35:1))/3.

TA(18s I3={T(36+vIIH+T(3Z7,1) /2,
TA(LP e D) =(T(IB+» 14T (IP>IX4TCA0T) ) /3,

TAROH» D)={T{(41, D) +T (4212 ) /2,

TA21» ID=(T{A3y II4T{44:-ID+T{45: 1)) /3,
TA2Z2»D)=(T(46,T)4T 47 1)4TABS 1) 3 /3,

TA(23,1)= (T(49sI)+T(50:I)+T(51;I))/3‘

DO 980 J=24,28
TACI Y IY=T(I+281)

CONTINUE _
FRINT OUT AVERAGE DIHENSIBNLESS.TEHPER&TURE'

WRITE(&»971)
FORMAT (/2 T10s *AFT AVERAGE DIMENSIONLESS TEMF DIST!')

WRITE(SL»PTOI(CA(I) »I= erTA)

bo 273 I=15.28
WRITECS»9S5)D6(I)» (TA(Tr Y r =1+ NTA)

PLOT AFT DIMENSIONLESS TEMFERATURE VS CDOLING

D0 10 I=15,28

TA{I:NTA+1)=0.0

TA(IYNTA+2)=0,2

CAINTA+L)=.0 ¢ CANTA+2)=.1

Y1(NTA+13=0.0 $ Y1(NTA+2)=,2

CALL AXISC(0.s0,.s "AFT COOLING (FPS)*r~17-7+20.50,0+.1}
CALL AXIS(0.»0,y"DIMENS, TEMF.*215+5.590.,70.0r.2)
NTAP2=NTA42 :

Do 12 I=15,28

I2=1-14

DO 11 J=1yNTAP2

Y1{J)Y=TA(I».d)

CONTINUE

CALL LINE(CA»Y1sNTAsLy~1s12)
CALL SYMBOL{.2558.7.14:TNy0Q,0»25)

CALL PLOT(?,:0,¢~3)

103 |
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657
658
4659

660
661

662

663
664

645

666
667

668

E-LX4
670

671
672
&73
674

675
674

677

&78
679

680
681
682
693

484
&85

486
687
488
489
690
&91
692

493
694

695

694
697

698

699
700

701

702

703
704

705
706

707

708
209

710
711
712

713

714
715

714
717
718
719
720
721
722

o0 o0

164

RETURN
END

‘f

PRESSUR& SUBRDUTINES

1ﬂ°UBRDUTINE ﬁPﬂ(PﬁrPDrPth9DA:DP:GKA:BKQ!CKArPSrTNrITITA)

s Eelw]

313

310
311

350
3351

00

810
801
809

804
802

803

31

onon

10

"DIMENSION Pﬂ(’QrS)vPD(223vP(30v6)rCA(6):DP(30)

DIMENSION ﬁhﬁ(é)’BKﬂté)
DIMENSION Y1(8)
DIHENSIDN TN(?):ITITA(”)

" PRINT DUT AFT

WRITE (4 313) : .
FORMAT (1H r//rTlZ:'ﬁFT PRESS. AT FOLL. WHEEL LOCATION (PSI)"!//)

FORMAT(/ /277 "CODLING (PPS)":TZJ:&F?.~r/)
FORMAT(LIH +T72ATsT2354F7,2)

WRITECS»310)(CACI) »I=19NA)

WRITE(A:311) DPCL) e (FCLyT1)sI1=1sNA)
WRITE(S6:311) DP(3)r(F(3511)T1=1sNA)

O 350 I=5,12

WRITE(62311) DP(I)!(P(I;II)!II 1sNAD
D 351 I=21,25

WRITE(6+311) DP(I)!(P(I!Ii}vIl 1:NAY
TAKE AVERAGE aFT FRESSURE

00 810 I=1sNA
PACLy I)=(P(IyIIHP{1I))/2,

FA(2yI)=F(5:1)

FA(S» D) =(P(4,IX+F(T7s 1)) /2,
FA(4»1)=P(ByI)

CPAGS, T)=(P(+ I)4F (10,121 /2,

PACGyI)=F(11s1)
PA(7,1)=P (12, 1)

PA(BsI)=(FP(21+s1)4P(22+1))/2,

PA(P21)=P(2351)
PA(10sI)=P{24,1)

PA(LL,I=P (231}

CONTINUE '
WRITE(&.801) ,

FORMAT(1H r//’TISv’ﬁFI AVE . FRESS, (PPS) )

WRITE(&»BOR) (CA(I)»I=1rHNAD
FDRMAT(//:T?;'LDDLINB (PEIYI"sT25¢6F7.29/)

no 803 1=1,11

WRITE(&sBO2IPD(IY v (FACTr ) s J=1, NA)
FORMATC(IH »T7:A5:T2S24F7.2)

CONTINUE

CKA=*C03"
£3=*C33~-023"
ITITACLY="AFT COOLIN"

ITITA(Z2)="06 (PFS); :
N0 31 J=1sNa

BRACLI=F{(3+J)

ARAC ) =F(Bs )~ P(6uJ)
CONTINUE

PLOT AFT AVERAGE PRESSURE VS COOLING

nog 10 I=1,11

FACTsNA+]L ) =1,
PACT»NA+2)=.5

CA(NA+L)=.0 ¢ CQ(NA+2)J.1

Y1(NA+L)=-1. % YL(NA+D)=.5
CALL AXIS{(0.s0.s"AFT COOLING (PPS)'!~17!7.!0.9.0!.1)

- CALL ﬁXIS(O.vO.r'ﬁUE. PRESS. (FSI)"r1754.990.9~1.9.:5)

L R,

e i o r———— o =




723
724

725
724

727

728

739
730

731
732 -

733
734

735
736

737
738

739"

740

741
742

743

744
745

746
747
748
749

750
751

752

753
754

735

7594
757

758

759
760

761
762
763
744
743
764
767
768
769
770

771
772

773

774
775

774
777
778
779

780
781

782

783
784

785

7846
787

768

NnOoo

g Eeiy]

nno

11

io05

K=NA+2
DO 12 I=1,11

D0 11 J=1;K

WY1CI=PACT )
CUNTINUE

CALL LINE(CG!YI!Nﬁrlv-lrI)

12ACDNTINUE

catl SYHBDL(;25:7.:.14:TN!0 0,25)
CALL PLOT(%:¢0.2-3)

RETURN
”END

SUBROUTINE ﬁPF(PﬁrPDrPrNFrCF:DF:HKF!BKF!CKF!BB:TN:ITITF)
DIMENSION PA(22sB)>FD(22)sP(3054)sLF(8) sDF(30).

" DIMENSION ﬁKF(é)iBKF(6)~

312
310

341

342
311

820
811
815
g12
813

30

'DIMENSION Y1(8)

DIMENSION TN(?):ITITF(Q)
PRINT DUT FORWARD

URITE(Sy312)
FORMAT {1H !//!T1?v'FORNﬁRD FRESS AT FDLL WHEEL: LOCATION (PSI)'

CWRITE(SH»310)(CF(I) s I=LsNF)}

FORMAT (/7217 *CODLING (PFS):" s T2526F7.2¢/)
BRITE(S2311)DP{2) s (F(2sI1) 9 I1=14NF)

WRITE(Hr311)DF{A)r(F(A4yT1)sT1=1sNF)
DO 341 I=13,20

WRITE(&6r311) DF(I)¢(P{IrI1)sl1i=1sNF)

DO 342 I=26y30
WRITECS62311) DPCIdy (P(I;Il):IINI!NF)

FORMAT{IH »T7»A5:T25,4F7.2)
TAKE AVERABGE FORWARD PRESSURE

DO 820 I=1sNF

PA{12:,1)= (F(4rI)+P(°!I)3/
PA(13:1)=P{13s1) '

PAC14»I)=(P(14,1)+F(1G:1))/2,
FA(1SsI)=F(1&s1)

PACL6»I)=(F (17, 1)4P (18513172,
PA{1791)=P(19+1)
PAC18»I)=P(205I) _
PACLPs 1) =(F(26, 1)4P(27,1))/2,
PA(2051)=F(28+1)
PAC21,I)=F(29,1)
PA{2251)=P(30,1)

CONTINUE
WRITE (4.,811>

FORMAT(1H v//rTlEr'FDR AVE, PRESS (FSI)*)

WRITE(&9815) (CFCI) ¢ I=1oNF)
FORMAT(/79T75 "COOLING (FSI):*»T25,6F7.25/)

DO 813 I=12,22

WRITE(6+812) PII)y(PACIsJ)yJ= IrNF) =
FORMAT (LR »T7sAS5»T25¢6F7.2)

CONTINUE
CKF="RO3"
B3="R33-p23" ]
ITITF¢1)="FOR COOLIN"

ITITF(2)="6 (PFS)*"
D0 30 J=1sNF

BRKFCJ)=P(4,.)

AKF(J)=P (14 J)~FP(14, )
CONTINUE

FLOT FDRHARD'AUERAGE PRESSURE US.COULING

DD 10 I=12,22




789
790

791
792
793
794
795
- 794
797
798
799
800
801
802
803
804
805
806

" 10

PACTsNFH+LY=~1,
PACTINF+2)=,5

CFINF+1)=,0 $ CF(NF+2)=.1
Y1(NF4+1)==1, $ YI(NF+2)=.5

- CALL AXISC(0.+0.+"FDOR. COOLING (FFS)*»=1B827.90.7.05.1)

1

12

CALL AXIS(0.s0.»"AVE., PRESS.: (PSI)"»17746.¢904r-1.49.5)

K=NF+2

Do 12 I=12,22
0 1i J=1,K
YL(D=PalIrJ)
CONTINUE
I12=]-11

CALL L1NE(CFrY1;NF:1r~1rI2)
CONTINUE

CALL SYMROL(. 25!?0?014!f~!0 0-25)

CALL PLOT¢(2.20.»-3)
" RETURN

END

106




107

'COMPUTER PROGRAM FLOH CHART
ABSTRACTS
IDEFINITIONS

THERMO- - \ -
COUPLE AND Y
RESSURE TAPY -

PART I:
GENERAL

720

- ra _.
ﬁ%=NCF _INR=NCA.

READ: :
N1 ,CPM,HF,
TT,CF,CA

FALCULATIONS T o \ | o
CONVERT CF & _ L ]
CA TO LBM/SEC | - - - |

WRITE:
TN,DALAA, .
CR,DD,CO, °
ETC.

L

PRINTOUT 1:




740

[ AFT ONLY.
READ D. |

CALL POA
S .. 1
CALL AFTPLOTS

$--r*"’f“"“‘i

[ FORE ONLY
READ D.

108

741

CALL POF

't CALL POA
| & por

'CALL FORE & |
CAFT R |

PART II1:  WHEEL PRESSURE

" READ

NA, NF

Vi




301 |

AFT ONLY
READ P
WRITE DP,P

CALL APA

302

READ P

CALL APF
—.‘/—.

-
E FOREPLOT

FORE ONLY /
[MRITE DP P/

109 -

FORE & AFT
READ P
WRITE DP,

CALL APA, APH.

CALL FORE %
- AFT PLOTS

PART IV:

NBA

PRESSURE DIFFERENCE
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CALL TPAC

(AFT ONLY) |
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(FORE ONLY)

CALL TPAC

CALL
FORE PLOTS"
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CALL TPAC
{FORE & AFT)

TFORE & |

CAFT PLOTS

| 499
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~ APPENDIX I

GRAPHS OF TEMPERATURES, PRESSURES, AND SEAL
" PRESSURE DIFFERENTIALS AS A FUNCTION OF COOLING
FLOW RATES FOR TESTS LISTED IN TABLE §-1




LIST OF GRAPHS FROM APPENDIX 3A, 3B AND 3C

FIGURE NO. (PHASE 1)
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TEMPERATURE  PRESSURE  SORT P.0.  FORE ~ AFT TEST NUMBER
(AP. 3A) (aAP. 38)  (AP. 3C). -
AT1-A - APT-A  AF1-A X 'FIA7 Baseline
AT1-B AP1-B AF1-B F1A7 Baseline
AT2 AP2 AF2 ' A3 Speed Effect
AT3 AP3 L A5 Speed Effect
AT4-A AP4-A AF4-A - X F2A6 Rim Space
AT4-8 AP4-B AF4-B | X F2A6 Rim Space
ATS-A APB-A AFS-A . X F3A7 Rim Space
AT5-B APS5-B - AF5-B " X F3A7 Rim Space
AT6-A AP6-A AF6-A X - F4A8 Rim Space
AT6-B. AP6-B AF6-B X F4AB Rim Space
AT7-E . RR7-A ¢ AF7-A X F5A9 Rim Flow
AT7-B AP7-B . AF7-B X F5A9 Rim Flow
AT8-A " APB-A AF8-A- X F6AI0 Rim Flow
ATS-B ‘AP8-B AF8-B F6A10 Rim Flow
AT9 - AP9 AF9 A12 Rot. Stat.
AT10 _AP10 CAFI0 X A3 Rot. Stat.
AT11-A APT1-A AF11-A - X ' F8A14 Radial Seal
AT11-B AP11-B ~ AFV1-B X 'F8A14 Radial Seal
AT12-A AP12-A AF12-A X F9A15 Radial Seal
AT12-B AP12-B AF12-8 X

F9A15 Radial Seal
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' APPENDIX IITA

FIGURES ATl - ATZ23

'DIMENSIONLESS TEMPERATURE PLOTS
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Figure IIID-1. The circumferential Tocation of the pressure taps
with respect to the buckets and nozzles at the wall
of the casing

Figure IIID-2 and IIID 3 shows the c1rcumferent1a1 pressure distribution
on the forward and aft side respectively for different cooling rate for

4 1bm/sec axial throughflow and: 3000 rpm wheelspeed. Pressures are gage
pressure measured relative to ambient.
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Figure [11D-2. Forward Outer Rim Circumferential Pressure Distribution
for Various Cooling Flowrates.
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PHOTOGRAPHS OF WHEELSPACE APPARATUS
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Figure 1Bl1,
Figure 1B2Z,
Figure 1B3,
Figure 1B4,
Figure 1BS.

" PHOTOGRAPHS OF WHEELSPACE APPARATUS

Overview of Wheelspace Test Facility,
Side View of Wheelspace Test Apparatus.

Inside View of Aft Wheelspace with Wheel Removed.

Rim Cover with Blades and Rim Flow Instrumentation.

Seal Area Instrumentation.
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Figure B2.

Side View of Wheelgpace Test Apparatus.

242,

-




F:I.gure B3.

Inside View of Aft Wheelspace with Wheel Remowved.
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Seal Area Instrumentation.
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