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Abstract

The work explores data reduction methods used in turbomachinery linear blade cascade exper-
iment, such as area and mass averaging and Two-Dimensional Momentum Method, and their
properties. Definitions of the most common methods are listed and the methods are tested on
data sets acquired experimentally and also numerically. Differences in important characteris-
tics of the blade cascade, such as kinetic energy loss coefficient, total pressure loss coefficient,
or outlet angle, obtained by different methods are reported together with the change of con-
servative fluxes caused by reduction of the data. Information on the data reduction methods
used by selected European research groups is provided.
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Nomenclature M Mach number [1]
M* dimensionless velocity, Laval number [1]
Greek ! D static pressure [Pa]
o2 outlet anglfs [l ) r specific gas constant [J/(kg-K)]
vy heat capacity ratio [1]
. . i . T temperature [K]
n tangential (pitchwise) coordinate [m] .
. t pitch [m)]
0] general variable .
. . w vector of velocity [m/s]
£ kinetic energy loss coefficient [1] . ! .
. 3 z/H  normalized spanwise location [m)]
p density [kg/m’] L .
: Abbreviations and Indices
w total pressure loss coefficient [1]
Latin 0 total
Cp specific heat at constant pressure [J/(kg-K)] ! inlet
I mean momentum flux in axial direction 2 outlet
[kg/(m-s?)] A area weighted averaging
Ic mean momentum flux in tangential direc- MM  Data Reduction Method
tion [kg/(m-s?)] m mass flow weighted averaging
Iy mean enthalpy flux [kg/(m?-s )] MM  momentum method
I mean mass flux [kg/(m?-s)] VZLU method used at Czech Aerospace Research
Is mean entropy flux [kg/(s*K )] Centre

1 Introduction

Linear blade cascades, turbine and compressor, have been a popular object of the turbomachinery
experiment for decades. The elementary results reported consist of values of kinetic energy loss
coefficient &, total pressure loss coefficient w, pressure ratio 2/, , outlet angle ag, etc. As the flow
field within the measurement space is far from homogeneous, these values cannot be calculated
directly and the measured data, usually obtained by traversing in tangential (pitchwise) direction,
need to be reduced.

Generally, any data reduction method (DRM) studied in this work can be understood as an
operator that converts a vector of states X(x; = [p,», T;, Di, Poi - Wi wm]) into a single representative
state (x) = [(p), (T), (D), (Po), (W), (wy)], R : X (x). Typically, data are assumed to be period-
ical with the period equal to the pitch of the cascade t. Different DRMs used in turbomachinery
can lead to different results, making the reported values incomparable, especially in cases where
the DRM is not specified.
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DRMs can be divided into two families: averaging and mixing (ideally conservative) methods.
Averaging methods are, as the name suggests, based on weighted averaging of quantities of interest.
Mixing methods are usually defined with a physical conception of a mixing process with a goal of
conserving given quantities, typically fluxes of conservative variables. An AGARDoghraph [1, pp.
14-19], focused on testing of turbomachinery components, lists several averaging methods and one
of mixing type, Two-Dimensional Momentum Method, which, reportedly, ensures conservation
of mass, momentum and energy flux. Theoretically, its results are independent of position of
measurement planes. A method based on Two-Dimensional Momentum Method expanded for
non-homogeneous flows is documented in [2]. Strictly conservative DRM is described in [3].

From the point of view of CFD, the reduction methods are comparable to methods applied
to a so-called mixing plane boundary condition used for simulation of steady, time averaged flows
in regions in relative motion (for example stator-rotor interaction). While in CFD the mixing meth-
ods that preserve fluxes are generally considered superior [4], in experiment the simple weighted
averaging methods are usually preferred.

In this work DRMs are listed and analyzed on selected sets of experimental and numerical data.
Mass, momentum, enthalpy, and entropy production are reported for each of the studied methods
along with differences in kinetic energy loss coefficient £ or total pressure loss coefficient w (for
turbine or compressor cascades, respectively), outlet angle ap and Mach number My obtained from
reduced data.

1.1 Weighted Averaging methods

DRMs based on weighted averaging of traversing data can generally be used for any variable of
a tangential (pitchwise) coordinate ¢(7), resulting in an average value (¢).

Area Averaging method is defined by

@a=1 [ otan (1)

which is apparently the simplest reduction method used. As the traversing data are usually ob-
tained with constant sampling, the integration becomes a simple sum multiplied by pitch ¢.

Mass Averaging method is defined as

[ ot a9t a
(@) = 22 7 . (2)
/0 [p(n) we(n)] dn

Momentum Averaging is, according to [1], based on equation

(Il arons / [p(m) waln)] dy = / W@ o) ws ()] dn 3)

This equation complies with mass averaging of velocity ||w|| according to (2). The difference is
in the computation of the total pressure pg, which is, according to [1], with Momentum averaging
obtained from an isentropic Mach number relation, where the static pressure is taken as an area
average (p) 4. Similarly, the Enthalpy averaging and Entropy averaging methods are defined,
but as the definitions in relevant literature do not explicitly specify the way other quantities, such
as o, are obtained, they are not studied further.

Mass averaging method is usually used in Turbine Department of Institute of Fluid-Flow Ma-
chinery, Polish Academy of Sciences rather than area averaging for determination of enthalpy and
total pressure losses in turbines. It is also used at Department of Fan and Compressor, Institute
of Propulsion Technology, German Aerospace Center for reduction of 2D data.
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Turbine Research Ezxpertise Group at the von Karman Institute for Fluid Dynamics uses a com-
bination of Area and Mass Averaging. Static pressure is weighted by area, whereas total quantities,
such as total pressure are weighted by mass flux. Quantity defined as a combination of flow vari-
ables is computed from already reduced values. An example of such quantity is the kinetic energy
loss coefficient in which outlet static, inlet and outlet total pressures are combined [5, p. 2-48].

1.2 Conservative methods

Two-Dimensional Momentum Method (MM) is according to [2] based on conservation of
mean mass (), momentum (/4 and I) and energy fluxes. The relation (4b) can also be viewed
as a constraint for axial force equilibrium. With assumption of constant total temperature Tj
and fluid being an ideal gas, the representative values of variables can be obtained from the set
of equations:

I = [ ot s dn = (o) (ta)
0
fao=t [T ] dr (et o ()
Ic = % /0 [p() wa (mMwy ()] dn =(pyyina (W) vna (wy )vam (4e)
<wy>§/[M + <wy>12\/[M = 2¢,(To — (T)am) (4d)
(v = (p)vm 7 (L) (4e)

The set of equations (4) leads to quadratic equation and the root needs to be carefully chosen [2].
This method is used at the Laboratory of Internal Flows, IT CAS. Also it is used at Department of
Fan and Compressor, Institute of Propulsion Technology, German Aerospace Center for reduction
of 1D data.

Strictly Conservative Method is described in [3]. Mean flux of momentum in axial direction
is defined differently than in (4b), in accordance with classical physical concept of a flux. Mean
fluxes of enthalpy and entropy (I and Ig, respectively), with assumption of stationary adiabatic
flow [6], are added.

I = % / (1) wa ()] dn = (vaulwvay (5a)
0

Iy = %/ [p(n) wa(n)?] dn = (p)vzLu(wa)3zru (5b)
0

Ic = %/ [p(n) we(n)wy(n)] dn = (p)vzLu (W) vzru(wy)vziu (5¢)
0

t po(n) Po

Iy = 1/0 [P(U) we(n) <p(77) )W] dn = (P)vzLU (Wa ) vzLu P >\1T;114U (5d)

Is=7r 1/(: [P(W) we(n) In (<p01>A)] dn  =r (p)vzLu(ws)vzru(ln <p;1O>A>VZLU (5e)

t po(n)

Based on the set of equations (5) with the same assumptions as for Momentum Method we
obtain:

_1ls
(po2)vzru =(po1)ae "™ (6a)
1
(Tz)vzLu :TOTZ (6b)
1
{(ag)yzLu = arctan i (6¢)

(p2)vzLu =To (IH) o (6d)

Iy
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This method is used by Laboratory of High-Speed Aerodynamics, Czech Aerospace Research Centre.
By definition (as); is equal for mass averaging and VZLU approach.

It is evident, but still certainly worth pointing out, that operations performed within data
reduction in gas dynamics are not necessarily commutative. It makes a difference if we first
determine the mean pressure and the mean total pressure and then, from the averaged values,
we compute Mach number, or if we compute local Mach number and then average it. In our
implementation, if the method is not specific about reduction of any quantity, it is computed from
already reduced data, e.g. (Ma); = Ma({(p);, (po):)-

2 Results

The DRMs were tested on several test cases, all obtained with air (y = 1.4, r = 287.1):

Schreiber84 - rotor blade element of a transonic research compressor [7]. Data were extracted
from results of in-house - 2D periodic - numerical simulations performed employing an implicit
coupled solver described in [8] implemented within the OpenFOAM library [9]. This test case
allows for comparison of methods without any disturbance caused by violation of the periodicity of
the flow. For one of the regimes (M;=1.18) the traversing plane passed through a region of large
separation and the data are slightly spoiled. This regime is chosen to highlight the behaviour of
the methods.

Kobra - compressor first stage rotor tip section, is based on an in-house experiment. The
cascade is described in [10]. Inlet Mach number M; = 0.8, but each of the five tested regimes has
a different inlet angle.

SPLEEN - Low Pressure High Speed Turbine Cascade, is an open access database [11] de-
scribed in [12, 13]. It was chosen for the low Reynolds conditions achieved by the decrease of po;.
Good periodicity of the flow field is reported. All regimes were measured at zero incidence. From
this database not only midspan data, but also those obtained at 1 % of span (z/H = 1 %) were
reduced to asses the influence of the planarity of the flow on the differences between the DRMs.

TRW?2 - central section of turbine rotor blade with transonic line, in-house data obtained at
atmospheric inlet total pressure and zero incidence, outlet Mach number My € (0.6, 1.7). This
data were chosen as an estimate based on Holder’s inequality shows that the upper limit of entropy
production by Mometum method depends on gradient of entropy in the traversing data. Here the
gradient is caused by the intersection of the traversing plane and an oblique shock wave.

The data are reduced by the methods listed in the Introduction. Outlet angle (as);, the outlet
Mach number (Ms); and kinetic energy loss coefficient (£);

=1 gy =1~ k) ™)

for turbine cascades and total pressure loss coefficient (w);

o (po1)i — (po2)i
i = (po1)i — (p1)i ®)

for the compressor ones! given by each method are compared (an explanatory matrix (a key) is
shown in Fig. 1)

The relative error of the fluxes (%7 /7, .. —1)-100[%],j € {M,A,C,H,S}, where I; is a flux
calculated from reduced values and ;e is obtained by integrating the original data. Relations
(5b) are used for the computation of I4 and Ia¢rye-

The results are shown in Figs. 2, 3, 4 and 5. Each row of matrices is dedicated to one regime.
The first three matrices in each row compare as, My and £ or w for turbine or compressor cascades,
respectively. The last matrix in each row shows the relative errors in fluxes. The colors used in
the figures are selected to represent relative differences, values larger than the average / true ones

1For data except SPLEEN, inlet total pressure for calculation of ¢ and w is assumed constant pg1 (n)=const.
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are highlighted in red, the lower ones in blue. In the matrices comparing fluxes the color scale is
constant and the full opacity is reached at +10 % error, in the others the scale is relative to the
tested regime.

Momentum Method - . (D) arar-(D)m .
area (A) 1 . .
mass flux (m){ ¢~ /.3 (o) .

A m VZLU

Figure 1: A key for comparison matrices

The two problematic data sets (SPLEEN: z/H=1% and Schreiber84: M;=1.10) proved to be a
weak point of the DRMs. Where the method allows it, the conservative fluxes are biased.

Differences between resulting Mach numbers are negligible in most cases. On the other hand,
differences in outlet angle in an order of one tenth of a degree even for numerical and therefore
nearly perfectly planar and periodic data should raise at least a slight concern.

Generally, most noticeable entropy production can be assigned to area averaging and Momen-
tum Method. In most cases the entropy production by mass weighted averaging is negative, which
is against the second law of thermodynamics, but mass averaging does not claim to be physically
supported. Apparently, the supersonic regimes of TRW2 support the estimate of the link between
the presence of large gradients in the data and the entropy production by Momentum Method.
The entropy production by reduction strongly influences the resulting loss coefficients. Considering
the physical background of the Momentum Method, the homogenization by mixing, the entropy
production may not be viewed as a pure deficiency. Differences in other - conservative - fluxes are,
for cases aligned with blade cascade experiment assumptions, nearly negligible.

3 Conclusions

Data reduction methods used in linear blade cascade experiment were tested. Two of the tested
methods are based on weighted averaging and two on conservation of fluxes. The methods were
tested on several geometries, including both compressor and turbine blade cascades, with different
regimes imposed.

No right, preferable, or superior method can be chosen. Each of the methods has its own
advantages and disadvantages. The goal of this work is to highlight the need to report on the DRM
used if any reduced data are communicated. This recommendation holds not only for experimental
results, but also for numerical ones.

Regarding this, the indisputable advantage of more complex method like Momentum Method
is that it explicitly defines the way dependent variables are computed, while for weighted averages
this is usually not the case. While once the Momentum Method is referred, any other raw data are
easily comparable to the reduced results, reference to any of the averaging methods is not enough,
and the order of operations should be stated.

”In-house” data, their preprocessing and implementation of the studied data reduction methods can be
found in a dedicated GitHub repository (github.com/kreuzter/reductionMethods).
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Schreiber84: Ma; = 0.95; pg; = 1.0-10° Pa; oy = 8.5° ; z/H = 50 %

-0.003

g~ 39.473°

-0.003
0.000

-0.001
g R 38.537°

-0.001
0.000

-0.141

41.349°

-0.141

oy & 0.000

-0.006 -0.006

-0.001 -0.001 0.001
My~ 0.555  0.000 w=~ 0.032 -0.000
Schreiber84: Ma; = 1.03; po; = 1.9-10° Pa; oy = 10.0° ; z/H = 50 %
-0.002 -0.002 0.002
My~ 0.601  o0.001 w~  0.047  -0.001
Schreiber84: Ma; = 1.10; pg; = 1.0-10° Pa; ay = 13.0° ; z/H = 50 %
-0.012 0.013 0.007
My~ 0.673  0.004 wa 0.114  -0.005
Schreiber84: Ma; = 1.18; pg; = 1.0-10° Pa; oy = 8.5° ; z/H = 50 %
-0.002 -0.002 0.003
My~ 0.598  o0.001 w=~ 0.057 -0.001

ay &~ 40.807° -0.000

I Ia Ie In Is

0.000 -0.355 0.000 0.042 [4:602
-0.030 -0.337 -0.346 -0.002 {643
0316 0.316 0.316 0.308 -1.248
0.000 0.000 0.000 0.000 -0.000

Iy Ia Ic Iy Ig

0.000 -0.694 0.000 0.092

-0.060 -0.636 -0.640 —0,004-
0.592 0.592 0.592 0.577 -1.276
0.000 0.000 0.000 0.000 -0.000

Iv In Ic In Is
0.000 [E5¥895] -0.000 0.629
0.908 -2.120 -2.604 1.255

4.512 4.512 4.512 4.399 -0.658
0.000 0.000 -0.000 0.000 0.000

Iy Iy Ic Ip Is

0.000 -0.873 0.000 0.114

-0.076 -0.816 -0.837 -04002.
0.766 0.766 0.766 0.743 -1.133
0.000 0.000 0.000 0.000 -0.000

MM
area
mass flux

VZLU

MM

area
mass flux
VZLU

MM

area
mass flux
VZLU

MM

area
mass flux
VZLU

Figure 2: Comparison of Data Reduction Methods on compressor Schreiber84 testcase

Kobra: M; = 0.802, po; =~ 0.984-10° Pa; a; = 57.7° ; z/H = 50 %
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Figure 3: Comparison of Data Reduction Methods on compressor Kobra testcase
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Figure 4: Comparison of Data Reduction Methods on turbine TRW2 testcase
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Figure 5: Comparison of Data Reduction Methods on turbine SPLEEN testcase
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