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1. Introduction

The method applied for drying steam in the final stages of the steam turbine by means
' :]ner heating is based on an entire or partial evaporation of the fluid phase from the

:,_ je r.ane surfaces. The liquid phase upon the vane may appear in a form of the conti-
1 _: us film or non-continuous one formed by drops or rivulets produced by the separation

'_lr,ge drops which have a greater dynamic inertia than the flow of steam. The inner
l i;ting is based on thę application of guide vanes, referred to as hollow vanes [1]. The
l.r:in_s steam taken from intra-stage area preceding the heated stage or from one of the
:::jler stages of the turbine is supplied into the hollow vanę.

The steam condensing insidę thę heating spacęs heats and evaporate§ the liquid phase

-:.ln the Yane Surface.
This paper presents the results of the investigations of this subject which have been

_.:ied out at the Institute of Fluid-Flow Machinery, Polish Academy of Sciences in Gdańsk.

* Institute of F]uid-Flow Machinery, Polish Academy of Sciences, Gdańsk.
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2. Survey of heat transfer stuilies

The process ofthe heat transfer in a hollow vane Fig. 1 is composed by the heat transfer
due to the heating steam condensation, the heat conduction through the vane wall and
the heat transfer caused by the evaporation of the liquid phase upon the outer surface
of the vane.

The complex heat transfęr problem (the interconnection of condensation with eyapora_
tion occurs through the metalic wall of the vane) is a three-dimensional one. In ordgr to

huhn3

Fig. 1. Cross-section of the blade wall elenrent

/

/.ż/ \§--ĘL4 ł,*i

trig. 2. Scheme of the blade-ring with heating
blades

simplify the considerations the problem has been treated as a two-dimensional one, neglec-

ting the variability along the vanę axis. It has been assumed that the cross-section of the

vane remains constant along the vane length,

2.1. Models of heat and mass transfer proce§§e§

In ordęr to ęstimate the effectiveness of the system and its influence upon the performaa-
ce of a turbine, a method of analyzing the heat and mass transfer processes has been Ce-

veloped and thę influence of these pfoces§es on the evaporation of the 1iquid film and c*
the changes of the droplet structure in the wet steam has been investigated |2, 3].

To avoid complications which could make the computation method of no practi--:i

value, a number of simplifications has been assumed; a simplified sketch of a hollow va-:
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:as been shown in Fig. 2. Thę main principlęs of the model under consideration can be
:een from Fig. l.

The condensation of a heating steam inside the hollow guide vanes is being considered
under the assumptions of Nusselt's condensation model. The obtained heat flux value is
being averaged with regard to the vane height and with regard to the slope angle ofthe vanę.
Standing upon these assumptions the formulae for a heat flux density transferred from the
heating steam to the inner surface ofthe wall havę been derived.

The phenomenon of heat conduction along the circumfęrencć of the profile has been
mken into account when considering the heat transfer across the wall. This phenomenon
creates an additional perturbation of the process in question.

The steam flowing round a profile contains two kinds of the water drops:
a) very small drops which have been created spontaneously and which affects signi-

ncantly the thermodynamic state of the medium,
b) large drops originating in the preceding stages of the turbine which gather on the

surface of the profile (mainly on its concave part) creating a liquid film. This fluid flows
along the vane surface in the direction of the outlet edge mainly under the influence of the
shear stresses exerted by the working steam.

Within this water layer we deal with three phenomena: l) heat conduction in a perpen_
dicular direction to the surface, 2) the convection in the direction of the flow, and 3) the
eraporation on the interface.

For the flow of the working fluid the balance equations which take into account the
iransport phenomena for various forms of the liquid phase will bę valid. Additional equa-
lions are formed by equations of the energy and momentum transfer in a boundary layer.
The laminar and turbulent boundary layers have been considered separately. As a result

Alłłnative IIl

0.1o

clnvex side of the profi'Le

o.7o

cancare siae of the profi'leZb]
Fig. 3. Relative change of the water film thickness on the heating blade strrface

(50 MW turbine, stage 22)
A]ternative l-stagę 22 heated by steam tappęd before stage 22
AlternatiYe I1* stągę 2ż hęated by steam tapped before stage 21
Alternative III- stagę 22 hęatęd by steam tapped before stage 20

ALłernałirc II]
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we obtain a complicated set of differential equations describing ail phenomena regarding
the heating vane. This of set equations may be used in two versions: for the external vane
§urface covered with water film and for a dry external vane surface. In each of these cases
a rnethod of solving numerically the appropriate sets of equations has beęn developed.

A simplified method of thę calculations permitting estimation of the expected results
of the heating has also been developed.

Using the above mentioned method it was possible to analyze [2)thę transport processes
and film evaporation on the guide vanes. Thę results of one of these computations are shown
in Fig, 3 where the variations of the thickness of the film (assumed as formed by droplets
which had been separated out of the stęam flow) due to the heating of guide-vanes at various
heating steam conditions are presented.

Another simplified model of the heat transport, based on the assumption that the heat
transport at the outer of the profile is dętermined mainly by the resistance of the laminar
film, has been described in [4]. Using the §ame assumption a method of determining the
two-dimensional temperature fi,eld in the wall of the vane has been proposed.

2.2. Studies on hydrodynamics and evaporation of liquid phase moved by the shear stresses on interface

The process of fluid film evaporation from a heated surfacę is composed by a number
of phenomena. One of them concerns the hydrodynamics of the film flow. In order to obtain
some information on this problem some preliminary qualitative experimental investiga-
tions of the water film flow in the gravitational fleld have bęen carrięd out [5].

The experiments have been perforrnęd on a vertical coppęr tube of 35 mm diameter
(d:35 mm) and 1500 mm length. Thę water film was produced by means of a special
device for wetting the outside surface of the tube. The experiments havę been carried oul
for a laminar film, the Reynolds number of which ranged between 8.6 and 184. On the basis
of these experiments it was possible to determine the minimum unit flow rate sufficieni
for covering the whole surface of the tube with a liquid fllm, This rate amounted to 2.I-^
,10-3 kg/ms. The observations made duringthe experiments in free flow conditions hare
shown that the most ipportanlfactor responsible for the creation of a thin water film on th:
ęxternal surface of thę tube lięs in the surface smoothnęss and cleanliness.Awavemotic:
of the film surface has bęen observed during the experiment. In ręlation to the flow rar;
there havę been various kinds of waves. The observations of the water film motion uncie:
the influence ofthe gravitational forces suggest the ęxistence oflongitudinal as well as tran:-
versal waves. The preliminary analysis of the possibility of the existence of the staŁ,_:

transversal waves is presented in paper [6] together with the observaticns of thin il,a:::
film flows.

The investigation of the water film evaporation was carried out on a research pla:_:

presented in Fig. 4 U,8]. The basic measuring element of the plant is a vertical cop,
tube placed in a glass steam-carrying channel of 104 mm diamęter whiclr enables to ca:1
out thę optical observations of the phenomena taking place during the water film fl.. *

on thę external surface of the tube.
The steam flow through the ring channel, consisting of a heated tube (over which i:=

film was flowing) and a surrounding transparent one, is directed downwards" The influen-:
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4
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Fig. 4. Scheme of the experimental installation for the investigation of the water film evaporation
_'- ilm evąporating pipe, 2- measuręBent tąnk for non-evaporated film, 3- film water temperaturę measurement tank, 4- film

water heater, 5 - heating water heater, ó- steam pipeline, 7- tubines, 8 - elstric heaters

..f thę steam flow was the main factor of the film motion. The water film flow rate was
contlollęd in order tb obtain the thinnest possible fluid layer entirely covering thę tęst
sćction. The ińvestigations węre perfolmed in the following ranges of parameters:

- saturation pressure (0.04+0,09) kGfcm2,

- steam flow velocity (118 + 161) m/s,

- film flow-rate Q9l+540) kg/mh,

- heat flux density (799+20750)kcallm2h.
The experiments regarding the film evaporation in above ranges of the parameters

r-aiues have proved that the coefficient of the heat transfer for the evaporated film may be
determined with a fair approximation on the basis of the heat conductivity of the liquid
lal,er. This fact indicates that under the conditions at which the experiments were carried
ćut the influence of the wayes upon the film surface, and also the influence of the mass
t:ansfer on the interface, were negligible.

The experimentally dętermined values of the heat transfer coefficient of the liquid
;:lrn plotted against the temperature difference ltf:t.o-t" are shown in Fig. 5 [9].

eatiag xater ) )ńlet ./ /
../l' i

§żź§
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difference for various steam rn:ilFig. 5. Experimental heat transfer coęfficient versus temperature

flow rates

An essential ploblem which arose during the investigation consisted in the break dtr*-
of the liquid film into §epafate rivulets. This problem has been already discussed in i,._
with regard to steam turbinęs guide vanes.

The problem of the shear driven liquid film stability on the surface under the in]flue r,:§
of shear stresses constituted the subject ofour theoretical and experimental investigatit::.
The analysis of the interface stability based on the theory of small perturbations has b<er
presented in [4]. This kind of analysis gives however approximate results only with leg:::
to the conditions of the film breaking, as it neglects an important parameter, viz: the c:.:-
tact angle responsible for the stream formation. An improved analysis of the liquio . r
stability which takes into account the contact angle influence is presented in [11].

In [1 1] a new parameter _- a ratio of the wettęd area to the total one has been intr _-,: ._
ced. The energy of the post-break down liquid rivulets proved to depend upon this :--,i_
metęr. This fact can be described by an appropriate set of equations resulting from:

l-b-źl5[ĘlałsJ
l-ń, - zt6tqńs7
o-ĘF =ąp Iq/ńĘ]
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_ the principle of energy conservation of the film before break down and of the ri-

rrrlets after the film is broken,
_ the principle of rivulet stability after the film is broken, consisting in the exigence

that the energy of the rivulet flow be minimum,

- the principle of mass conservation before and after breaking.

F;g. 6. Dimensionless 'thickness of the broken
film versus the angle of contact

*f!-1L Lfr,)

Fig. 7. Broken film thickness versus shear stress

on the film interface

During the analysis thę both the kinętic and the sufface energy were considered. It can

be easily proved that the cross-section of the shear driven liquid rivulets is similar in shaPe

:Lr a sector of the cylinder. Taking this into account the following equation for determi-

:in_e the dimensionless thickness of a breaking film has been obtained (Fig. 6):

h* :3 .2, ( 0o. _ 
"o, 

0"\*ł, ̂  - sin 0^

\sin0o - / '+q(0o\+;ir.r-" -cos06), (|)

,* here

llnę+o}:':!. Q)
bp- o

In the course of the theoretical investigation of the film stability the conditions undel

.ltllęOęSięąl gun/e
|o ape"t eatat poirts
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which the continuous form of liquid phase changes into non-continuous rivulęts have
been deflned.

It results from the analysis that the fiIm breakdown depends on the magnitude of the
shear stre§Ses on the interface, on the saturation pressufe and on the contact angle. The
contact angle depends in turn on the kind of liquid, on the material of the wall as well
as on the quality of its surface. The probability of thin film existence on the surface is the
greater the higher is the saturation pressure and the larger shear stresses on the interface.

The theoretical results havę been confirmed by our own experimental investigations
and those of other authors,

Preliminary investigations of film break down have also been carrięd out in the experi-
mental plant as shown in Fig. 4,

The film thickness at which the fllm breaking occurred was determined on the basis
of the measured flow rate G, according to the formula:

l,,": P!G,'\p'r (3)

The comparison of the experimental values of the thickness of a broken film h) with those
resulting from the theoretical analysis (formula (2)) is shown in Fig. 7. The calculations
have been carried out for the water at the saturation temperature of t,-_ 40oc and for
a contact ang.e equal to 0o:4g" (which value seems to be close to the correct one). It can
be seen from Fig. 6 that the qualitative theoretical results are in fair agreement with the
experimental ones.

The processes of the rivulet generation, their hydrodynamics and their evaporation
uPon the guide vanes has not been yet sufficiently explained. An attempt has been made
to determine theoretically the heat transfer coefficient for the fluid phase being in form
of rivulets I12]. It has been assumed, for any given conditions, that the rivulet dimensions
are such as to en§ulę its stability. Moreover it had to be assumed that the cross_section
of thel rivulet is a circular segment. On the basis of these assumptions a simplifled model
of thó rivulet was formulated-,

i.S. The problem of an inner condensation in a hollow vane

The water steam condensation in a laminar condensate flow over a non-circular cylin-
drical surface is analysed in [13] from the viewpoint of the inner heating problems, The
flow trajectories of the condensate upon an arbilrary non-circular cylinder and the local
heat transfer coefficients resulting from the local thickness of thę condensatę have been
calculated using the known Nusselt assumptions.

In order to determine the condensate trajectories the planar development of the non-
circular cylinder surface has been ęxamined. Sincę thę motion of the condensate upon this
plane is due to the influencę of the variable gravitation component, the streamline of the
condensate is curvęd. The computation of the thickness of the condensate layer allowed
to dęterminę the trajectories ofthe condensate. Further on, taking into account the influence
of the wave motion of the condensate [14], the dependence of the mean value of the hear
transfer coefficient on thę condensate trajectory has been obtained.
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Fig. 8. Scheme of the experimental installation for steam condensation in the hollow vane
_ _:!eam generation units, 2-control station, 3-te§t srction, 4-reasuement tank§, 5-upper water tank, Ó-bottom water

:!:t. 7 _ ]vatęr pump, 8 - flow-meter, 9 - differential pre§§ure gauge§, 10 - vacuum pump, -l1- watęr cooler, ,l2 - circulating pump,

__. lemperaturemea§urement,-ly'-pressuremeasurement, 15-steampipeline, 1ó-waterpipeline,ZR-controlvalvę,ZB-safętY
valve

On the basis of this dependence numęrical calculations of the hęat transfer coemcient
]rrr & nol-circular cylindrical surface ofthe hollow vane have been carrięd out. For the sa-

::ie purpose the experimental investigations have also been performed. The investigations
:gre been carried out at pressure p":0,8 bar for various blade angle values B,lying within
:he rangę of l]:15'+165'. The morę detailed data concerńing the experiments and the

:lethod of determining thę heat transfer coemcients can be found the reference [13]. The
;heme of the tęst stand is shown in Fig. 8. The comparison of the computed values of the

:eat transfer coefficient with the experimental data is shown in trig. 9, indicating a very good
:!:reement between them.

It has been indicatęd that the wave motion of the film influences the heat transfer coe-

icient values. This effect may be taken into account by introducing a correction factor
.: a way similar to that used for ana7yzing the condensation on vęrtical surfaces. The
-.elidity of thus derived equations have been proved for the forms considered geometrical

-1ere.

2.4. Investigations of the heat conduction in the blade shell

The temperature field in the blade wall is a three-dimensional one. This is due to the
..riable working steam temperature around thę circumference and along the vane length

;_. rvell as due to the variability of the coefficients of heat transfer inside and outside the
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Fig, 9, Theoretical and experimental condensation n.", ,r"".*;,j.'rj. 
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vane shell, To simPlifY the Problem the temperature has been averaged along the vanelength thus making Possible a two dimensional analysis. The boundary conditions areof III tYPe, while the heat transfer coeffcients are thę power functions of temperaturedifferences, This Problem has been solved using analog and numerical methods. An electri_cal analogY has been used to perform an experiment on a continuous model made of aconducting PaPer [15]. For the application oi the analog methoJ it is necessary to makestep-by-step approximations when modelling thę boundary conditions (heat transfer

.,'_:*illi?_'ince 
theY dePend on the temperature difference, which itself is the object olthelnvestIgatron.

on the basis ofthe analogous studies it has been proved that the heat conduction in thevane circumference direction considerably levels the distribution of the temperature ina shell and therefore should not be neglected.

7' ł.heic,rettbąl vąlues for naty condensąle 
-Z-theoreticąl values fo" roi-norg condensąće
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The applied numerical method was based on averaging the temperature across the thick-
ness of the wall. This method was discussed in [16], The method is relatively simple and

fast convergent which facilitates carrying out the calculations on a digital computer. The

appropriate dependence of the heat transfer coefficięnts on the temperatures of respective

surfacę may be obtained regardless of the temperature averaging by introducing an addi-

tional "function of unęvenness" on account of which both surfacęs of the wall will show the

d.ifferent temperatures.
The problem which remains for the further consideration consists in connecting the

description of the thin-walled shell (where the method presented above may be used)
T ith that of the "tail" part of the blade, which may be regarded as a rib,

3. Thermodynamic analysis of the heating effects

Using the method described in [2] an analysis of the thermodynamic effects of steam

heating for sęveral types of condensing turbines has been carried out assuming in each

4pe of the turbine the various alternatiyes of tapping the heating steam (thus various

values of thę thermal parameters of the heating steam).

It has beęn shown that guide ,vane heating leads to most essential results (amounting

to the evaporation of the whole film or a considerable part of it) if the heating steam is

tapped from one of thę former stages where higher steam temperatures prevail. On the con-

trary, if heating steam is tapped from the stage immediately preceding the heated quide
.,,ane, the evaporation is only slight (and occurs on the convex side of the profile only)

although this layout is very favourable from the technological point of vięw. Such outcome

is due to both the chatacter of the working steam flow around the profile and to the typical

development of the phenomena of the large droplets separation.

The influence of guide vane heating on the turbine performance and on the energy

balance ofthe unit has been considered in Il7, l8, 19, 20]. The energy effects consist in a de-

r-rease of thę thermal efficiency of the cycle (because of tapping the heating stęam from the

turbine stages and because'of the heat supply to the working steam) and, in a certain increase

t'lf the internal efficiency due to the increase of working steam dryness.

The positive or negative sign of the resulting change of everall efficiency will depend upon

the choice of the thermal cycle including the choice of points from where heating steam

is to be tapped (hence thę thermal parameters of the heating steam) and the choice of the

guide vanes which are meant to be heated. The absolute value of the changes of the turbinę

output wil1 depend on the heating intensity, i.e., on the Ęeating steam fluxes and will be

limited by the heat transfer in the guide vanes.

The most essential components whiclr are responsible for the overall change of the tur-

bine output power are:

- power gains in §tages, following the lreated one, due to the increase of working steam

enthalpy and its dryness (this include§, among others, the effect of internal efficiency in-

--rease),
_ the power loss caused by the heating steam tapping (occuring in stages following

:he point from which heatin_s steam is being tapped),
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- the change of the output power caused by changing the tapped steam flow-rate
(relevant for turbines with regeneration system),

- the change of the power needed for driving the cooling water pump.
Ca]culation of the energy balance in the several types of the turbines have been carried

out in [17, 78,21].
An essential effect of the steam heating consists in thę decrease of the size of the da-

maging droplets in the working steam. It leads to economic proflts due to the prolongation
of the life-time periods of LP blading systems and preserving their internal efficiency from
the decrease caused by the erosion damage of their surfaces.

From the viewpoint of the energy balance the more advantageous are such layouts
in which the temperature differences between heating and working steam afe as small
as possible. In this case, however, the decrease of the content of the damaging moisture
is small. In the reverse case i.e. whęn the intensity of the heat transfer increases, the drying
of the working steam becomes more effective; hence the lifętime of the LP turbine btadin_g
increases but the certain energy loss has to be expected. An essential indication for choosing
the layout of the hęating §ystem consists in avoiding too complicated constructions.

4. Conclusions

In the above mentioned reference papers the fundamental phenomęna connected with
the hydrodynamics of working and heating steam flow as well as with the problems of heat
transfer occurring in inner heating systems has been explained. Among them the heatin_e

steam condensation inside the hollow vane, the stability and evaporation of the shear
driven water films moving at high velocities of the steam phase and some probłem§ con-
cerning the heat conduction in a vane have been consideręd.

Thę theoretical modęls of the transfer processes and the methods of computation oi
energy-balance processę§ have also been described.

The calculations o| the effects of the liquid film evaporation from the guide vane sur-
face and of the changes of the ęnęrgy balance caused by the steam heating have been carried
out for two types of turbines: a 50 MW unit and a 200 MW reheat turbine, It has been
shown that the appłication of the guide vane heating leads to alterations of the ener€].
balance which can be reduced to the negligible amounts, thus ensuring the possibility oi
decreasing the content of damaging moisture in the working steam and thęreforę increasin_l
the life-time of the blading.

From the authors' point of view it appears necessary to carry out both the theoretica_
and experimental investigations of the above problęms. Thesę investigations should tt
followed by a full-scale experiment on a turbine stage in which the guide vane heating _s

applied.
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Problemy wymiany ciepła w podgrzewanych kierowniczych łopatkach powłokowych
turbin parowych

. streszczenie

Łszkodzenia erozyjne niskoprężnych stopni turbin kondensacyjnych, przez które przepływa para
:*żej wilgotności, są spowodowane obecnością stosunkowo dużych kropel, pochodzących z filmu
:aego powstającego na powierzchni łopatek kierowniczych. Aby ograniczyć formowanie się illmu
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wodnego na powierzchni łopatek i tym samym zmniejszyć ilość dużych kropel niesionych przez patę,
zaproponowano metodę polegającą na ogrzewaniu parą od wewnątrz łopatek kierowniczych. Para
grzewcza kondensuje się wewnątrz łopatki oddając ciepło parowania poprzez ściankę filmowi powodu_
jąc jego częściowe lub całkowite odparowanie.

W artykule krótko omówiono prace badawcze poświęcone tym problemom, wykonane w Instytucie
Maszyn Przepływowych PAN w Gdańsku.

Zbudowano ogólny model sprzężonych procesów wymiany ciepła i masy, uwzględniający główne
procesy składowe: kondensację paty gtzewczej wewnątrz łopatki, przewodzenie ciepła ptzez ściany ło-
patki otaz przepływ pary w kanale łopatkowym z oddziaływaniem na powierzchnię filmu. Na podstawie
tego modelu opracowano odpowiednią metodę obliczeń.

Wykonano badania eksperymentalne w celu wykrycia najważniejszych czynników wpływających
na wymianę ciepła i masy. Zbadano kondensację paly wewnątrz łopatki powłokowej ptzy różnychką-
tach nachylenia względem poziomu. Na modeiu analogowym przeprowadzono badania dwuwymiarowe-
go pola temperatur w ściankach łopatki. Przeprowadzono także eksperymentalne i teoretyczne badania
stabiinoŚci filmu wodnego na zewnętrznej powierzchni łopatki. Ustalono teoretycznie wartości krytyczne
związane z przepływem filmu.

Przęanalizowano wpływ podgrzewu wewnętrznego na obieg termodynamiczny i sprawność turbin:,
atazprzer)rowadzono obliczenia sprawnoŚci dwóch typów turbin kondensacyjnych wyposażonych w pod-
Erzewane łopatki. Wyniki obliczeń wykazały, że podgrzew wewnętrzny, prowadzący do istotnego zmniej-
szenia szkodliwej zawartości wody w parze roboczej, jest termodynamicznie i ekonomicznie uzasadnion!,.
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3po:uołrrłrte [oBpexAenl4q crynerreń HĄ rrołr6errcaqłoHnblx Typ6uu, qepe3 ł(oTopLIe [poTeKaei
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