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ABSTRACT

In order to learn aerodynamic performance of swept blade, the super-critical steam turbine high stage cascades
were selected as prototype blade (PB). Chord-wise fore-sweep blade (SAWF) and chord-wise aft-swept blade (SWB)
were constructed and conduct off-design working condition numerical simulation of prototype, forward-swept and
aft-swept blade stages respectively. The simulation results indicated that three cascades stages maintain a good
aerodynamic performance in a wide range of inlet-flow. Forward-swept stage has the highest isentropic efficiency
and smallest axial thrust than the other two.
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INTRODUCTION

The design parameters of modern turbine machineryeqjuired to more rigorous, the aerodynamic perémces
are better, the off-design condition charactersnader and the sizes are more compact, which edult in that the
impeller machinery internal flow is more complexdadesign research is more difficult. However, toebi
machinery is the key part of gas turbine, stearhitier and aircraft engine and other important deyideplays a
decisive role in the national economy and natiatefense security and its internal flow has been afnthe key
research contents to science researchers.

Cascade load change is bigger when turbine unét umder off-design condition, velocity distribution the surface
of blade also has changes especially the bladénigadige velocity distribution. The overlarge ent@ incidence
angle (both positive and negative) may be causpdraton in the blade leading edge surface thusieguoss. It
exists an optimal attack angle for any blade tyidethe loss is minimal at this time. Incidence langss is one of
the off-design losses which have many researcHtseatihome and abroad[2-7]. The optimum attackieang

compressor is generally positive and the turbinasisally negative. Solomon[8] studied the effectwbulence
intensity and cascade consistence on boundary kgeelopment in the low pressure turbine underdeffign

condition in 2000. Gier et al[9] studied the effe€decreasing blade quantity on three-level loaspure turbine. In
2004, An Botao[10], et al have made valuable caichs through detailed studying the geometric patara of
blade oriented to off-design condition charactaristn this paper we will mainly study the aerodgma

performance change law under off-design conditifiarahe high pressure stage blade of steam turbimeis

transformed to forward-swept and aft-swept, dynaamd static blade are matched to investigate theking

performance of sweep blade level under off-desimymdition, that provide theoretical foundation aederence for
the design of turbine machinery.
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2. SWEEP BLADE MESH AND BOUNDARY CONDITION

The prototype blade is high-pressure stage blafleap®rcritical steam turbine unit, the bladesraaglified along
the chord-wise. The sweep angle is £10°, the swegght is about 30% of blade height. Sweep blaadgesis made
up by constructed sweep prototype static and rcéscade, there are three simulation schemes cowitledhe

prototype high pressure stage, it can be showigind 1. Three kinds of cascade stages are prodextidesign

condition simulation under variable flow conditiotws study off-design aerodynamic performance ofegwstage.
Discuss the effect of chord-wise sweep on turbimeugh the comparison of three kinds of cascadedgaeamic

performance.

Numerical simulation uses NUMECA software, the nesshre generated by the software package of NUMECA-
AutoGrid, using fluid calculation software NUMECA#e to calculate and the turbulence model is Spalar
Allamara. As shown in fig.2, H-O-O-C combined cortipg meshes are generated in the cascade toptdtie s
blades entrance sections of the meshes are Typtati; and rotor blades flow channel sections aneeTO, the
rotor blade exit section meshes are Type |, thed svhounts of mesh nodes are 1.03 million. The pdeaditions are
that: The total import pressure is 5.958 MPa, tiel import temperature is 625 K, the export stptiessure is 5.02
MPa, the rotate speed of rotor blades is 3000 RHM. static pressure value in intermediate diamatéine outlet
boundary conditions is given. Simple radial equililm equation is used to calculate radial distidoubf exit static
pressure and the adiabatic zero slip boundary tionds adopted for solid wall boundary.

Using numerical calculation to solve three-dimenalosteady Reynolds averaged N-S equations andcgriter
type finite volume method is used. Spatial diffeeischeme uses second-order windward differencarsghtime
discretization uses explicit fourth-order Runge{iduio accelerate convergence by using local- titap method.
The multiple and full multigrid methods are adoptediccelerate convergence combined with variabie step as
well as the residual smoothing methods, then treethets of grids are single-stage calculated c&sphy.

b) Prototype stage C)ft—SNept stage

Figurel. Three-dimension blade

a) Forward-swept stage

a) Blade root mesh b) Blade top mesh
Figure2. Mesh schematic diagram of bladeroot and top

3THE ANALYSISAND DISCUSSION OF NUMERICAL SIMULATION RESULTS

3.1 THE OFF-DESIGN CONDITION HIGH PRESSURE STAGE REACTION DEGREE, ISENTROPIC

EEFICIENCY,OUTPUTPOWER,AXIAL THRUSTCHANGEALONG WITH THE FLOW

It can be known from fig.3, the reaction degreeludrd-wise fore-sweep, chord-wise aft-swept andgtype stage
hadn't changed much in the flow range of 0.7 ~tim2s design conditions, the reaction degree kbap®&ally 0.5.

That means the enthalpy drop is basically equdiiwithe scope of the static and rotor blade caswdieh results
in the consistency of flowing, thus the steam fleslocity of steam turbine changes gently, the apigrated loss is
little in the range and isentropic efficiency igheér. It can be seen through comparing with figuthat reaction
degree and isentropic efficiency have consisteBay.the larger reaction degree shows that the pregdifference
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before and after rotor blade is very large, sortiter under axial thrust is very big. The reactitayree is largest at
0.8 relative flow rate. When relative flow is ledgn 0.5, the average reaction degree will decrehaeply, the
reduced reaction degree shows that isentropiciefity and rotor blade axial thrust also decreasapsh
Increasing design conditions flow will make reantitegree have decreasing trend, the prototype kesyes larger
reaction degree comparing with forward-swept atdakpt cascades.

Fig.4 shows the isentropic efficiency changing euof three kinds of cascades stage after alterimgking flow.
When relative flow is less than 0.7, the isentrogfiiciency will decrease sharply and it will chanlittle when
relative flow is more than 0.9. Forward-swept isepic efficiency is larger in the range of 0.8~feative flow and
it can be average increased by 0.2%. Howevervadpsis opposite which drops a little, but the niagte is very
small, the three kinds of cascade stages can lenigtpwork efficiency in this flow range.

We can know that from fig.5, the output power vi# increased along with the increasing of relafioes, the
output stage power of forward-swept can be somewlmat than prototype and aft-swept stage beforeyciag
flow operating point, but the forward-swept outpatwer which is deviating from design flow operatipgint has
not been improved. It shows that forward-swept adscis beneficial to average output power at defimm
operating point. It can be seen from fig.6, therdilade axial thrust is also increased among thaseades along
with the increasing of relative flow, but the axiliust of static forward and aft-swept is lessitpeototype stage in
the range of 0.7~1.2 relative flow. Sweep bladgoisd for steam turbine from decreasing rotor biadal thrust.
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15

15

. —H&8—— PB_STAGE
—A—— SWB_STAGE
I —O— SWF_STAGE

1~ —O— PB_STAGE
z | —A—— SWB_STAGE
/ L —O— SWF_STAGE

I I IR B e T
0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 12

M M

Figure5. Variable flow stage average output power Figure6. Variableflow stage axial thrust

3.2 THE OFF-DESIGNCONDITION HIGH PRESSURESTAGE REACTION DEGREE CHANGES ALONG
WITH THE FLOW

Fig.7 shows the curve graph of three kinds of cdsgastage reaction degree changes along with dlae Three
kinds of cascade reaction degree decrease witldebeeasing of relative flow on the whole, when bayahe
operating point, reaction degree is also redudsdvdriation trend is similar under 0.8~1.2 relatilow operating
condition and the extent of change isn't much. Reaclegree along the direction of leaves haglittange in most
area when its relative flow reaches to 0.5, itlaeger change only in the range of 20% blade tip.
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Figure7. High-pressure stage reaction degr ee changes along with flow
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3.3THE OUTLETFLOW ANGLE OF VARIABLE-OPERATING CONDITION HIGH PRESSURESTAGEWILL
BE CHANGEDALONGWITH THE FLOW
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c) Forward-swept rotor cascade outlet flow angle
Figure8. Outlet nodal distance average flow angle of high-pressure stage rotor cascade

Fig.8 shows three kinds of blade profile flow rotaiscade outlet nodal distance average flow angke flow angle
of aft-swept cascade fundamentally remains unchinifigv angle decreases obviously when it is insegla0.7
times relative flow rate, the flow angle in the rdas smaller increasing in the range of 0~0.1dlaafold. Flow
angle of the rotor blade gap will decrease as fl@areases, it explains that it can be more flurdsdavulged when
gap eddy get weaken. The flow angle doesn’t chamggh in 0~0.4 blade unfold range after prototypecade flow
has been changed which above 0.4 relative bladgthdioth have larger attenuation. Flow anglesdargated from
the design conditions whether it is a large flowsorall flow after changing forward-swept cascadsvflthen the
lack of deflection can be formed, flow angle wik lincreased lesser along with the decreasing of 8ad the
lacking deflection of 1.2 times relative flow istimost serious.

CONCLUSION

The variation trend of three kinds of blade staggction degree, isentropic efficiency, output pqQweial thrust is
similar in the flow range of 0.3~1.2 times desigmditions, as the reaction degree and isentropiciexicy don’t
change much, so it means the enthalpy drop is ddfsequal within the scope of the static and rditlmde cascade
which results in the consistency of flowing, thte steam flow velocity of steam turbine changeglgethe air-
operated loss is little in the range and isentreficiency is higher. When relative flow is lesgh 0.5, the average
reaction degree will decrease sharply. The outpwtep and axial thrust will increase along with thereasing of
relative flow. Forward-swept efficiency has a sniadirease within a wider off-design conditions dinel axial thrust
is smaller. It explains that forward-swept has mexeellent aerodynamic performance within wider-a#sign
conditions.
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