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Abstract

The paper deals with data reduction method for evaluation of the steam flow parameters.
Integrals of mass flux and momentum flux are solved from experimental or numerical data
distribution on the traverse plane. Balance equations of mass, momentum and energy,
supplemented by equation of state of steam according to IAPWS-IF97, are forming
the system of equations. The solution is performed using iterative procedure.
The application of the data reduction method is presented and analysis of achieved results
is performed.
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1 Introduction

Data reduction systems belong to a needful software equipment of aerodynamic
laboratories. They are applied for solving reference parameters of flow. The correct
system has to be based on the conservation equations for mass, momentum and energy
and is supplemented by equation of state. Consequently both, the flow data
and the homogeneous data, are equivalent with respect to the conservative physical
properties. The data reduction method has been developed originally for an ideal gas.
The data reduction method was presented in [1] and the method was developed for more
general cases. For example, total temperature distribution was approved in [2]
and distribution of concentration of another injected gas was presented in [3]. Analysis
of the reduction method was performed in [3] and its range of valid arguments was
derived. The existence of limits of valid arguments is related to the occurrence of effects
at compressible fluid flow. They are - existence of maximum mass flux, existence
of maximum velocity of gas flow, existence of limit load, existence of shock waves

in compressible fluid flow field, etc. Further analysis in [4] proved conditions for flow
parameters determined from double solution of the system of equations of the data
reduction method. However, the works [1] to [4] are based on theory of an ideal gas.

In this paper authors intend to present the data reduction method for steam flow fields.
The complex relations between thermodynamic parameters of steam are the reason
that the equation of state of an ideal gas cannot be applied. In [5] the data reduction
method was extended for solving two-dimensional steady flow fields of steam.
Thermodynamic properties of steam according to the IAPWS-IF97 formulation [6] are
recommended for this purpose. The data reduction method for steam flow fields
is described in this paper and an application to fictive data set will be presented.



152 Prague, February 11-13, 2015

2 Data Reduction Method for Two-Dimensional Flow Field of Seam

Let us have a line y in two-dimensional flow of steam according to Fig.1. On the line,
absdssa |OT| is an infinitesimal control volume having its length t. Upstream of this
volume are distributions of pressumgy), density p(y) and velocity vector (i.e.
distribution of flow anglea(y), velocity vector oriented to normal of abscissa |OT]|
and véocity absolute values(y)) of flowing steam distributed along abscissa |OT].
Let there are given distributions of pressusg), density p(y) and angle a(y).

It is possible to obtain distribution of specific enthaly) by means of the IAPWS-
IF97 from p(y) and p(y). Distribution of absolute value of velocityy) is solved

on the assumption that total specific enthalgly)n= hy = given constant.

The aim of the data reduction method is to solve homogeneous values of pygssure
density p, specific enthalpyh, ab®lute value of velocity vectov and anglea
downsteam of the control volume.

p(y), p(y), a(y)
h(y), v(y)

Figure 1: Parameters for two-dimensional steam flow.

The principle of the data reduction method is to solve conservation equations of mass,
momentum, and energy. Consequently integrals of massllumomentum fluxia

in normal direction to infinitesimal control volume (to abscissa |0T|), and momentum
flux Ic in circumferential direction to control volume.
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Integralsiy, 1a, andlc will be applied to calculate arguments of the data reduction
method. The balance equations have intedigl$a, andlc on their right sides.
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Mass: pVltosa =1, (4)
Momentum normal to y: pVkoSa+p=1, (5)
Momentum in direction of y: oV [tosy [$ina = | (6)
Energy: w0) = hy = hly) + YY) @
Equation of state of steam: Niapws-iFer = fh(p, p) 8)

The equation of state Eq.(8) is valid locally and globally. The system of equations, Eq.
(4) to Eq. (8), is the mathematical basis of the data reduction method and its solution
determines reduced parameters. For an ideal gas is the system of equations, Eq. (4)
to Eq. (7), supplemented with equation of state

h-const = K P (9)

kK-1p

and is modified into non dimensional form. Reduced parameters can then be solved
analytically [3]. The symbok is the ratio of heat capacities. For steam flows the system
of equations, Eq. (4) to Eq. (8), can be solved using iterative numerical procedure.

In the first iterative step, the value of specific enthdipg chosen. Then the pressure
p(h) and densityp(h) are solved from following equations derived from conservation
eqguations.

plh) =1, -1, \/Z(ho ~h)- (I'—] (10)

M

olh) = \/2(n) _ :}) : (:j (1)

By means of the IAPWS-IF97, the specific enthdipyws.ire7iS determined

hIAPWS—IF97(h) = fh(p(h),p(h)) (12
and then it is consequently applied in Eq. (5) for the next iterative step until:
hIAPWS—IF97 = h (13)

Iterative procedure proved to be fast. A graphical aid can help to find solutions
of the system of conservative equations supplemented with equation of state of steam.
The points of intersection in diagram with curves hof= f(p) and hjapwsirez = f(p)
dependencies determine approximately the solution being sought. It is shown that two
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solutions of specific enthalply and the corresponding pressyreexist. It is essential
having an experience to determine proper solution.

The final calculation of the thermodynamic and flow parameters is performed by means
of IAPWS-IF97 functions and system of equations from data reduction method:

Density p=1(ph) (24)
Velocity V= \/(IA - p) + Ié/lM (15)
Flow angle a = arcsif(l¢ /(1,V)) (16)
Temperature T = f:(p, h) 17
Specific entropy s= f(p,h) (18)
Speed of sound a= f(p,T) (19
Total pressure P, = fo(s hy) (20)
Total temperature T, = f:(pPys hy) (21)
Dryness of steam x = f.(p, h) (22)

3 Application of Data Reduction Method for Two-Dimensional Flow
Fields of Steam

Two sets of data were prepared as a task for verification of the data reduction method
in steam flow field. The data were prepared manually to simulate 100 measuring points.
First dataset was split into two variants so for the calculation there were different input
data groups chosen. First part was composed fraoordinate p(y), oY), v(y), a(y)
assuming given velocity(y) and unknownH, and hg(y) so thehg(y) was calculated
according to the Eq. (7) and then total enthalywas calculated using the following
integral

I = %I hy(y)o & My)cosa(y)dy (23)

and consequently the total value of enthafigyequals to:

Hy= I—E (24)

I M
The second variant was composed frgiwoordinate,p(y), AY), ho(y) = const.,a(y)
assiming givenhy(y) = const. = 3000 kJ/kg and the velocidy) was calculated using
Eq. (7). The aim was to check whether the two resulting solutions will be the same
independently of the chosen values for calculation from the same dataset.
The second set was representing slightly different data, again givgrcdoyrdinate,
p(y), Ay), v(y), a(y) and the calculation was the same as for the first variant of the first
data set — for given velocity(y) and unknowrHy, ho(y) the total value was calculated
by Ho=Ig/ly. For details see the Tab. 1.
On the following graphs, there are simulated data plotted in Hse diagram
(thermodynamic properties) and the hodographv( velocity components). Both
solutions of the data reduction system are depicted in graphss(diagrams, there are
steic values for both solutions plotted).
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Figure 2: Data points from the first datasebhiadiagram.
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Figure 3: Data points from the first dataset in hodograpia).
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Figure 4: Data points from the second datasétsdiagram.
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Dataset 1 Dataset 2
* * %k
1% solution |2™ solution | 1% solution |2™ solution |[1%solution |2 solution
» Ia 413204 413568 189892
g) Ic 178345 178556 49746
S| n 421.908 422.144 226.525
— le 1265531631 1266430915 622063721
Ho [J.kg'l] 2999546 3000000 2746111
p- [Pa] 275830.00 90793.00 276140.00 90792.00 112760.00 65392.00
h, [J.kgil] 2857200.00 2618200.00 | 2857600.00 2618200.00 | 2664000.00 | 2571000.00
J23 [m3.kg_1] 1.2958 0.5521 1.2967 0.5521 0.6653 0.4122
s, [1.kg' K] 7332.80 724950  7333.00 7249.50 7275.30 7265.20
v, [m.s'l] 533.58 873.30 533.75 873.81 405.16 591.86
a, [rad] 0.91444 0.50527 0.91482 0.50529 0.57283 0.38013
& given velocityv(y) and unknowrHy, hy(y) the total value was calculated Hy=I¢/I
A givenhy(y) = const. = 3000 kJ.Kgand velocityv(y) was calculated

Table 1: Results of the data reduction method.
4 Results and Discussion

Results from the first dataset were for both variants (as described in Sec. 3) identical
asexpected, proving, that the method is independent on the input data chosen
from the data set. For both cases there was necessary to decide, which solution
is the proper one. For judging this there was a major help using the hodograph
visualizing the velocity components to see, where the solution is placed by means
of the velocity and angle (or velocity components, that is equivalent)h-Braiagram

may not be sufficient for reliably identifying the proper solution.

5 Conclusions

The data reduction method is extended for solving parameters of two-dimensional flow
fields of steam. The method is based on mass, momentum and energy balance equations
and on equation of state of steam IAPWS-IF97. Solution of system of equations was
prepared and verified. Further development of the data reduction method will continue.
Distributions of parameters of testing data from sections of steam flow field are used
for evaluation of balance integrals. Then the system of conservation equations
supplemented with equation of state for steam (enthalpy calciias@d r97= fu(p, 0),

p is pressurep is density) is solved by means of iterative numerical procedure. Results
by means of data reduction method for steam flows are solved and presented. Proper
solution was identified.
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Arguments are solved from quantitiég:is balance integral of mass flubg, is balance
integral of momentum flux in axial directiofs is balance integral of momentum flux

in circumferential direction.

In the region of transonic and supersonic velocities, the system of conservation
equations has two solutions. Identification of the correct solution should be studied
in more detail to be able to develop robust mechanism to identify the proper solution.
Achieved results, and further development and applications of the developed method
are the basis for further discussions and development of the data reduction method.

Acknowledgments

The support from the Technology Agency of the Czech Republic in the frame
of the Project No. TA03020277 "Aerodynamics of Extremely Loaded Profile Cascades"
is gratefully acknowledged.

Thanks to Doosan Skoda Power Ltd. who contribute this research possible.

References

[1] Amecke, J..Data Reduction of Wake Flow Measurements with Plane Cascades,
AVA-Report 67 A 49, Gottingen, 1967. (in German)

[2] Oldfield, M.L.G., Schultz, D.L., Nicholson, J.HLoss Measurements Using a
Fast Traverse inan ILPT Transient Cascade. In: Proceedings of'6Symposium
on Measuring Techniques in Transonic and Supersonic Flows in Cascades and
Turbomachines, Lyon, 1981.

[3] Amecke, J., Safék, P.: Data Reduction of Wake Flow Measurements with
Injection of an Other Gas, DLR-Forschungsbericht N0.95-32, Goéttingen, 1995

[4] Safaik, P.: Multicomponent Mixture Flows in Flow Parts of Machines, thesis,
Czech Technical University in Prague, Prague, 1999. (in Czech)

[5] Novy, A., Safdik, P., Hajdman, M., Jicha, DOn Data Reduction Method for
Flow Fields of Seam, pp.81-84. In: Topical Problems of Fluid Mechanics 2014,
Proceedings, Prague, 2014

[6] Revised Release on the JIAPWS Industrial Formulation 1997
for the Thermodynamic Properties of Water and Steam, IAPWS, 2007

[7] Safaik, P., Novy, A., HajSman, M., Jicha, [Range of Valid Arguments for Data
Reduction Method in the Steam Flow Fields, pp.245-248. In: The Application of
Expaimental and Numerical Methods in Fluid Mechanics and Energy 2014,
University of Zilina, Zilina, 2014





