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ABSTRACT

The findings of the experimental research of the two-stage turbine with the rotor drum
arrangement are presented. The thermodynamic efficiency of both stages established by
means of the torque measured by a torquemeter as well as the efficiency evaluated from the
temperaturesis considered. Theinfluence of the Reynolds number on measured parametersis
checked. The shaft steam sealing is modelled and the effect of the balancing slots covering on
theresultant efficiency isevaluated.

NOMENCLATURE

b stator blade chord Subscripts

Cc velocity, total state 0,1,2,3,4 measuring sections
G mass flow avg average

h, i enthalpy drop, enthalpy b bearing

Ma Mach number h hub

Mk torque IS isentropic

N output sb stator blades

p absolute pressure rb rotor blades

P output rv over-shroud seal
Re Reynolds number S seal

Ro stage reaction ST stage

s entropy t temperature, tip
T temperature tq torquemeter

u circumferential velocity ur shaft seals

n efficiency v windage

w angular velocity z axial direction

p reaction

Vv kinematic viscosity

K isentropic coefficient

INTRODUCTION

The rotor drum arrangement enables to extend the lengths of the blades to be installed on the turbine
with the impulse stages. This way the decrease of the proportion of the secondary loss is achieved. The
disadvantage is the lack of space to be able to install the balancing holes under the stage of the blade section.
The slots being the part of each blade are brought into use in practice. A set of small slots, whose number
corresponds to the number of blades, is used instead of several larger orifices. The steam from the shaft seal
gets directly to the slots throughout the circumference of each wheel. The differences of the pressures on the
slot as well as the flow angle to these slots determine the amount of the steam flown through the slots. The
number of the measurements at the stages of the experimental turbine with very short blades was carried out
whereas the effect of the flow parameters on the efficiency was tested Hoznedl et al. (2009, 2010, 2011) and
(Benetka and Valenta, 2003). The aim of the experiments described in this study is to specify the pressure
ratios not only on the blades and the over-shroud and shaft seals, but also on the balancing slots. There is an
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effort to estimate the impact of the steam leakilgeugh the slots and the seals on the thermodynami
efficiency of the individual stages as well as loa wvhole two-stage turbine.

DESIGN OF TURBINE STAGES

The design of the turbine flow section is illusttn Figure 1. The chart shows the pressure
and the temperature measuring the points and thkimgeof the local mass flows. The input steam
temperature J and the output temperatur€ are measured by means of the resistance
thermometers located in the input and output twlmhambers, i.e. in the areas with much lower
speed. The temperatures behind the individual stéie temperaturé, and T3) are sensed by
means of the thermocouples. The basic data onngatie individual stages are stated in Table 1.
During the experiments the clearance in the ovemghseals was = 0.22 mm. The flow through
the shaft seal at the first stage was maintainadlaes close to zero. The input steam parameters
are stabilized at the valu@s = 150°C angoavg = 0.873 bar due to the turbine control system. The
pressure behind the second stage was maintainetehys of the control system at valyes,y =
0.405 bar. The shaft torque is measured by a tongtex and by a water brake. The angular velocity
was changed in order to change the velocity ratidhe range from 2100 rpm to 4000 rpm.
Uncertainty of the efficiency measured by the terggt 0.53%.

Stage 1 Stage 2
Cascade
Stator blade Rotor Stator blade Rotor
blade blade
Chord b [mm] 27 19.8718 27 20.1735
Length | [mm] 22.7 23.2 25.3 27.8
Number of blades z [- 172 228 170 258
Aspect ratio I/b [-] 0.767 1.1675 0.937 1.378
Table 1 Turbine stage characteristic
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Figure 1. Pressure and temperature measuring padithe individual stages




MEASUREMENT RESULTS

Theinfluence of the velocity ratio on the flow parameters
The number of the parameters has the influencé®thermodynamic efficiency of the turbine
stages. Apart from the design, the final efficienajue is particularly affected by the level of Mac

U2
and Reynolds number as well as by the velocit)oréul;h/cST)avg = 22: " whereasuy, is the

circumferential velocity at the hub of the indivadustages antls is the isentropic drop through
both stages. The definitions of Reynolds and Maamlvers for I or 2" stage, respectively, are as
follows:

Cesr LD
Regr = % [1]
k-1
MaST - 2 pbeforestage -1 [2]
K _1 pbehindstage

As the turbine operation takes place in the sulosthoww area as shown in Figure 2, it may be
assumed that the influence of the Mach number eretficiency is irrelevant. The used profiles are
subsonic. The Reynolds numbers are in the areaewtherloss is strongly depended on them and
thus they have the certain impact on the efficiehtgwever, their values during the experiments
practically remained unchanged. The decisive imibgeon the efficiency course consequently has
just the pressure distribution and the velocityosagit the stages. The steam leakages through the
over-shroud and the shaft seal as well as the figwihrough the balancing slots are brought into
use here.
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Figure 2: Mach numbers at the stages Figure 3: ®dymumbers at the stages

The amount of the steam flowing through the turlbohehe individual stages is specified by
means of the condensate trapped in the measuntky Tdhe measurement results are stated in
Figure 4. The mass flow through the stage 2 ofstla¢or blades is decreased by the steam flow
flowing through the shaft seal.
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Figure 4: Steam flow through the blades FiguretBa® leakage through the seals

The steam leakage through the shaft and over-shseal$ is established from the measured
pressures and temperatures. Their values, depeodirige velocity ratio, are stated in Figure 5.
The steam flows through the shaft seals are pedisticonstant in all operating modes. Only the
steam leakage through the over-shroud seals va#tiegery low velocity ratios the back flow may
appear here.
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Figure 6: Pressures on the first stage slots FiguRressures on the second stage slots

The steam flow through the balancing slots shal &lave the influence on the efficiency of the
individual stages. The explicit data have not bestablished for the calculation of the mass flows
through the slots so far. The character of the 8taw may be evaluated from the pressures
measured on both sides of the slots. The relevasspre values are stated in Figure 6 and 7. The
pressure at the hub of the rotor blades is caoigdere too. The back flow on slots seems to occur
under the certain conditions. The change in theacheristic pressure distribution at the first stag

occurs at(u/ c)avg ~ 042 and at the second stage as late 48 /atl:)avg = 048. The reaction stage at

the hub of the individual stages corresponds tdlie reaction represents the proportion of the
enthalpy drop per a rotor blade and the total grepa stage. Figure 8 shows the stage reaction. The
blading geometry of the individual stages primalilgs the influence on the reactions. Lower
enthalpy drop appears to be processed at the setage than at the first stage and consequently
the actual velocity ratio is higher than at thetfstage here.
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Figure 9: Steam temperatures behind the

Figure 8: Reaction at both stages
second stage

The variation in the reaction and the steam flomulgh the balancing slots are also evident in
the course of the temperatures behind the secaagk.siThis is presented in Figure 9. The
temperatureT; represents the local temperature in the channefrecebehind the stage. The
temperaturdy, is the average value from several thermometeegddcin an outlet chamber. It may
already be affected by the steam flow through #edssand the slots. The influence of the steam
used for shaft steam sealing of the experimentddirta rotor may also become evident here.
Temperaturdy, is higher than temperatufig. Both temperatures show some atypical dependencies
on the velocity ratio, which is probably connectedthe variation of the pressure ratios on the
balancing slots. These abnormalities do not becewdent behind the first stage in the course of
the temperature. The variation in the flow direstibrough the balancing slots of the first stage
becomes evident up to the second stage.

The efficiency of the individual stages may only bstimated from the course of the
temperatures. However, the question is to whainéxte obtained data are exact and reliable.
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Figure 10: The temperature efficiency for the Figure 11: The temperature efficiency for the
stage 1 stage 2

If the efficiency of the individual stages is exgged just by means of the temperatures and/or
enthalpy, obtained by IAPWS_97 wet steam functievesget the courses shown in Figures 10 and
11. The following is valid:
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[3]

It is obvious that locally measured temperaturesiakoexactly reflect the energy conversion at
individual stages and that the results here anrtiesl at some stages. The efficiency of the first
stage may partly be improved to the detriment efsacond stage. The enthalpy established from
the isentropic dropifs, isis) does not include the influence of the outputastreenergy that may be
utilized at the contingent subsequent stages. Titiereht enthalpy drops are processed at the
individual stages. The different velocity ratioxochere too. If we carry out the partial efficiessc
depending on the actual velocity ratios u/c, wethetcourse stated in Figure 12. It is apparerit tha
the variation in the flow of the individual stageffects the local temperature. The efficiency
established from the temperatures is not trustworth

The more accurate efficiency specification for bstlges may just be obtained from the turbine
shaft torque.

In this case the efficiency is defined as follows

M, Lw+N, +N
v = c2 I::z I : 2 ¢? [4]
G h 4+ 0 _ T2z +G h.+ 2z _ ~4z
shil I:E is1 2 2 j sh2 [ﬁ is2 2 2 j

whereasM is the torque measured by a torquemetethe angular rotor velocity and;-fNy
represents the output thwarted in the bearingshgrde friction of the rotating disk surface of bot
stages. The other expressions arise out of Figaredlof the expansion process stated in Figure 13.
The steam leakage through the shaft seal of thediageGgy; is negligible Gyr/Gspr = -0.0033).
The same mass flows practically flow through batlges. However, flowing through the shaft seal
is considered at the stage 2.
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Figure 12: Eff_lClqn_c:y from temperatures at the Figure 13: Expansion process at the stages
individual stages

The efficiency of the two-stage turbine establisfredh the measurement of the toromg by a
torquemeter is shown in Figure 14. The obtainedt shdput and the output needed to cover the
bearing and the windage losses are shown in Fitfird he output set from the mass flow and the
enthalpy drop is also considered in the diagrame Témperaturels should reflect the steam
conditions affected by the seal steam throttlind lay the disk friction in the minimal quantity.i#t
obvious that there are the operating conditiongreds the losses are minimal, and the conditions



correspond to the expected losses. All losses be@went by the rise of the final temperature and
by the drop of the obtained output. The experingiwed that the attained efficiency level is

significantly lower than the efficiency establishiedt the same aspect ratio of the blades of the
classic stage design, but operated at higher \adl&& number Hoznedl et al. (2009). Consequently

the efficiency decrease in this case may be priynatiributed to the influence of the lower value o
Reynolds number and the steam flow through thenbaig slots of the individual stages.
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Figure 14: Comparison of the torque and the
temperature efficiencies
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Figure 15: Shaft and blade output

Influence of Reynolds number on efficiency

In order to estimate the real impact of the lowueabf Reynolds number on the efficiency it
was necessary to operate the turbine at its vasablhe other parameters having also the influence
on the efficiency such as the velocity ratie and Mach number had to remain at the same level.
The required variation was achieved by adjustiregghessure parameters at the individual stages.
The pressure courses are shown in Figure 16. Téxage value of the velocity ratio WAgC)ayg =
0.505. The variation scopes of the velocity raBosl Mach numbers at the individual stages are
shown in Figure 17. The variation of both paransetauld not affect the efficiency of the stages.
The steam leakage through the seals is proportiontie stage steam pressures as well. This is
presented in Figure 18 and Figure 19 whereas #gesind the seal mass flows are stated. The
attained efficiency is carried out in Figure 20 eTihfluence of the Re number on the efficiency is
confirmed. The efficiency grows with the growthR& number too. During the experiments on the
model turbine the Re number varied only within testricted range. The areas, where the influence
of the Re number on the efficiency is already thadrcould not be reached. Based on the previous
experiments (Benetka and Valenta, 2003), the eficy growth may be achieved up to several
percent.
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Figure 18: Stage mass flows Figure 19: Steam fgakaough the seals
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Figure 20: Influence of Reynolds number on thecedficy

Influence of the covering balancing slots on the efficiency

The resultant efficiency is certainly also affectsdthe steam flow through the balancing slots.
It depends on the fact whether the steam at thye steenters the shaft seal or is evacuated. During
the experiments it was only possible to graduatlyer the slots at the stage 1 and then at both
stages. The variants with the steam sealing of blodift seals and variants with the steam sealing of
only the stage 2 shaft seal were always verifidte $team from the shaft seal at the stage 1 was
either evacuated witt,1 = -20 kg/h or maintained at the value Wiy, = 100 kg/h. The natural
steam flow through the seals and the slots With = 100 kg/h was set at the stage 2. The final
efficiency for the optimum velocity rati@/c), is shown in Figure 21.
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Figure 21: Effect of slot clogging on the turbirféaency

The shaft steam sealing always leads to the dfifigiedecrease. The covering of the stage 1
slots causes the slight efficiency deterioratioowdver, covering the balancing slots of both stages
paradoxically led to the efficiency improvement.eTsteam flow through the balancing slots may
cause higher losses than the losses arisen byethie £ntering the blade area from the shaft deal. |
always depends on the stage response and on thehfeiher the steam from the stator blade enters
the slots as well or whether there is the back flloreugh the balancing slots. It is recommended to
use the balancing slots for the impulse stages piteferable not to use them for the other stages.

CONCLUSIONS

* The thermodynamic efficiency of the 2-stage turliloes not correspond to the expected level
for the given aspect ratio. The main cause congidfse low value of Reynolds number, which
is lower by one digit position than the area of Rags number and by 2 digit positions lower
than its operating value on the actual turbine. fltwe effect through the balancing slots is also
likely to be occurred.

» The efficiency for the individual stages may onby ¢et from the temperatures measured in the
centre section. The local temperature effect utidierchanged operating parameters should be
also taken into consideration.

* The thermodynamic efficiency for the two-stage agement turbine is established from the
rotor output, from the measured bearing losses,faomd the supposed windage losses on the
rotor. The proper value of the windage losses cabroconfirmed by the measurement. The
available experimental data are the basis.

» The different enthalpy drops are processed atrttizvidual stages. The different values of the
velocity ratiosu/c at the individual stages are the result. At thenapm valueu/c of the two-
stage turbine the velocity ratios of the individaalges differ from their optimum values.

» Covering only the stage 1 balancing slots causesiéicrease of the thermodynamic efficiency.
However, covering the balancing slots at both stdgads to the increase of the circumferential
efficiency. Flowing through the balancing slotslpably causes greater output of the losses than
the steam entering the stage blade section froraltag seal.

* The influence of the Reynolds number on the efficieis substantial. The efficiency on the part
may be up to 10% higher than on the tested model.



» The efficiency established from the enthalpy deteeth by means of the measured
temperatures and pressures does not correspor tefficiency evaluated by means of the
torque on a torquemeter. The efficiency from thegeratures up t@u/Clyg = 0.42 increases,
then it suddenly breaks and falls. @¥c).q = 0.42 the stage 1 the hub reaction changes from
the negative to the positive values. Modificatidntiee flow character through the balancing
slots may occur.

» The steam temperatufig entering the condenser should be affected byredhpmena leading
to the rise in the temperature, then by the lossethe disk as well. There is such an idea that
this happens until the limit is exceed@dc).,g= 0.42, when the positive reaction at the stage 1
blading hub is attained at the same time.

» The temperaturds; measured in the centre section right after thgest should theoretically
corresponds to the state involving the profile éssgcluding the influence of the Reynolds
number as well as the impactwt variation on the efficiency. Many facts show ttieg reality
is different. The temperatuig is already affected by a kind of the additionalsloThe findings
indicate that the blade efficiency established Bans of temperaturély, T, and Tz may be
untrustworthy.
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