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Abstract

A lookup method for extracting flow field information from five hole probe measurements is
presented. The look up table method consists of two step interpolation. In the first step, the
calibration space is divided into a large number of small intervals of yaw and pitch coefficients
(0.1, 0.05 or 0.01) and the required quantities are interpolated using local cubic spline
interpolation technique. The interpolated values are stored in a large square matrix. In the
second step, the measured values of yaw and pitch coefficients are used to determine yaw and
pitch angles by linear interpolation. Same procedure is used to determine total and static
pressure coefficients. Additional data taken during the calibration is used for validating lookup
table method and spline interpolation method. The errors from the look up table method,
particularly with the interval of 0.01 are about the same or lower than those obtained from
the spline interpolation method. The computational times for lookup table method are found
to be lower than that for the spline interpolation method. The lookup table method seems to
be attractive when a large amount of five hole probe data is to be processed and in cases where
online data processing is required.
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Nomenclature MAX = Maximum value of error
MIN = Minimum values of error
Cpprtcg = Pitch coefficient (Defined in the text)
Cpg = Static pressure coefficient (Defined in the text) Introduction

Cpyaw = Yaw coefficient (Defined in the text) Five hole probes are extensively used to measure three-

Cpo = Total pressure coefficient (Defined in the text) dimensional flows in many aerodynamic and turboma-
chinery flows [1]. The probes are available in different tip

b = Probe dynamic head (Pa) (Defined in the text) shapes [2]. A thermocouple added to the probe head makes

PM = Mean pressure (Pa) . .

p — Total (Pa) it suitable for compressible flow measurements. A probe
0 = rotalpressure (Fa with fast response pressure transducers directly attached

Pg = Static pressure (Pa) to the probe head or embedded in the tubes can be used to

measure periodical flows behind the turbomachinery ro-

g ; ;Etlz; Ziggl; ((Cili:gg)) tors. The pressures measured by the five holes can be used
o to determine the four unknowns, namely total and static
A = Error in interpolated value pressures and flow and spanwise angles. Either a polyno-
mial curve fit or local spline interpolation is used to
Subscripts determine these unknowns. Once the four unknowns are
determined, velocity and its three components can be

ABS = Average value of absolute error calculated.
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However polynomial fit or spline interpolation is cum-
bersome, as they involve two independent variables. This
problem is serious if large amount of data is to be proc-
essed or real time data reduction is required for periodic
flow measurements. Hence the present investigation is
undertaken to develop a computationally less intensive
method to process data from five hole probes, namely
lookup table method. Similar methods are developed by
Lueptow et al. [3] for a two sensor hot wire probe, Maciel
and Gleyzes [4] for a four sensor hot wire probe and
Wenger and Devenport [5] for a seven hole probe.

Objective

The objective of the present paper is to develop a look
up table method for processing the pressure data obtained
from a five hole probe to determine the four unknowns,
namely total and static pressures and flow angles in mutu-
ally perpendicular directions in an unknown three-dimen-
sional incompressible flow. Look up table method is
developed with different intervals. Additional data taken
during the calibration of the five hole probe are used for
validating the look up table method and the spline inter-
polated method and compared with the interpolated values
for accuracy. In addition the computer time required for
both the methods are compared.

Calibration Details

A five hole probe of 3 mm tip diameter is calibrated in
an open jet calibration tunnel with the calibration nozzle
diameter of 100 mm at a velocity of 50 m/s. The details of
calibration tunnel and its accessories along with the cali-
bration procedure are presented in Jangir et al. [6] and the
reader is referred to this paper for the calibration details.
The probe is calibrated in the yaw and pitch angle range
of £30° at an interval of 5°. Additional data taken are at
all the pitch intervals at two values of yaw, i.e. at -7.5 and
22.5 deg. These data are used for validating the lookup
table method and spline interpolation method.

Calibration data are given in terms of five pressures,
viz. central (P(), left (P ), right (PR), top (P) and bottom
(Pg) hole pressures for each pair of o and . They are
non-dimensionalized by dividing them with the settling
chamber pressure. The calibration coefficients Cpy s,
Cpprrcns Cpo and Cpg are calculated from the non-dimen-
sionalized pressures as per the definitions given below:

PM = (PL + PR + PT + PB)/4

D=Pc-PM
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Cpyaw = (PL - Pr)/D
Cpprrcu = (Pr - Pp)/D
Cpo = (Po - Po)/D
Cps = (PM - Pg)/D

The calibration coefficients are presented in Fig.1 as
follows:

CppitcH VS- Cpyaw for various values of yaw and
pitch angles, o and B and

Contours of Cp and Cpg with yaw angle, o and pitch
angle, B on the X and Y axes.

Gridlines in the Cppypcy VS. Cpy aw calibration curves
are also shown. For the sake of clarity, only representative
grid lines are shown. These grid lines are necessary for
developing the look up table method.

Development of Lookup Table Method

The aim is to generate lookup tables for a., B, Cpg and
Cps as a function of Cpyaw and Cpprcy from the given
calibration data. The procedure is divided into following
three parts:

¢ Input/ Output operation.
e Interpolation for o and f3.

¢ Interpolation for Cpg and Cpg.

Input/ Output Operations: Input/ Output and calling of
interpolation functions are done in the main function of
the program. Calibration data for Cpy s CPPITCH, CPO
and Cpg are read from excel file and stored in different 2-D
arrays. Input of interpolation interval is taken.

Interpolation for o and [3: Data of yaw and pitch coeffi-
cients, Cpy oy and Cpprpcp are given as a function of o
and B. It is required to generate lookup tables for o and f3
at the specified intervals of Cpyaw and Cpprrep
Piecewise cubic local spline curve is used to form the
curve passing through given data points, then values at
interpolated points are determined at the desired intervals.
This is done using spline interpolation method described
below. Same procedure is used for generating lookup
tables for both yaw and pitch angles.
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Interpolation for Cpg and Cpg: Data of total and static
pressure coefficients, Cpq and Cpgq are given as function
of o and [ but it is required to generate lookup table for
them at the specified intervals of Cpyaw and Cpprreg-
This is achieved by using lookup tables for yaw and pitch
angles which are generated in the last step. Again
piecewise cubic local spline curve is used to form the curve
passing through given data points, and then values at
interpolated points are determined at the desired intervals.

Validation of Lookup Table Method

Validation is done by searching and locating input
values of Cpyaw and Cpprrey in the four lookup tables
of a, B, Cpg and Cpg. The value may not be exactly present
in lookup tables so a grid of four points in which input
value lies is located. The values corresponding to these
grid points are two dimensionally linearly interpolated to
get the desired values of ., 3, Cpg and Cpg in respective
lookup tables.

Spline Interpolation Method

In this method calibration space is directly interpolated
to get the required quantity. For every input value of
Cpyaw and Cpprrcp. separate interpolation is done to
determine different parameters. Piecewise cubic local
spline curve is used to form the curve passing through
given data points, and then values at the interpolated points
are determined at the desired point. Calibration data and
validation data are stored in 2-D arrays. This technique is
well established and used by many investigators for proc-
essing measured data from five hole probes, Treaster and
Yocum [1] and from seven hole probes, Venkateswara
Babu et al. [7].

Results and Discussion

Lookup Tables

Data from the lookup tables for o, B, Cpg and Cpg are
presented as contours with Cpy aow and Cpprrcy on the X
and Y axes respectively in Figs.2 to 5 respectively. Con-
tours of constant yaw angles are nearly vertical in the
region near zero yaw angle, while contours of constant
pitch angles are nearly horizontal in the region near zero
pitch angle. In all the figures, interpolated data in the
centre region follows the trends similar to the calibration
data. In the zonal boundary region there is some diver-
gence from the calibration data. This is due to extrapola-
tion in that region. For both look up table and spline
interpolation methods, the first step is to check if the
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values of yaw and pitch coefficients calculated from the
measured pressure data fall inside the calibration space of
the Cpprren Vs Cpyaw calibration space. If any of these
values fall outside the calibration space, the corresponding
data is rejected.

Validation of Lookup Table Method

Lookup table method is validated by using additional
data taken during the calibration data as the input to the
look up table method. Validation is done for the three
interval values 0.1, 0.05 and 0.01 for which look up table
data are available. The interpolated results from the lookup
tables for the three intervals are compared along with the
values obtained from the spline interpolation method.
Minimum and maximum values of the errors and average
of absolute errors in yaw and pitch angles and total and
static pressure coefficients are given in Tables-1 to 4
respectively. From the tables it is clear that the errors for
the lookup tables with intervals of 0.1 and 0.05 are nearly
equal and slightly higher than those for the lookup tables
with intervals of 0.01. However the errors are still lower
than obtained from the spline interpolation method.

Requirements of Computational Time

The computational times required for generating
lookup tables and required for data reduction are given in
Table-5 along with the time required for data reduction for
the spline interpolation method. The time required for data
reduction is for 10 times the validation data as the valida-
tion data is given 10 times as input data to both the
methods. From the table, it is clear that the time required
for generating lookup table increases with the reduction in
the interval. However the time required for data reduction
remains nearly constant with the interval and is about 7
times lower than that required for the spline interpolation
method. Although the total time (time required for gener-
ating lookup table and time required for data reduction) is
more for the look up table method with an interval of 0.01,
it has to be understood the time required for generating
lookup table is one time requirement. Hence the look up
table with a small interval is preferable when a large
amount of five hole probe data is to be interpolated and in
the case of real time data reduction required for periodic
data acquisition using a five hole probe with fast response
pressure transducers.

Although the look up table method is developed for
use with a five hole probe with the calibration done at
equal ranges in both yaw and pitch planes, the method is
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Table-1 : Error Table of Yaw Angle
AomiN Aoamax AoaBS
Interval: 0.10 -0.36 0.98 0.31
Lookup Table Method Interval: 0.05 -0.41 0.97 033
Interval: 0.01 -0.41 0.97 0.33
Spline Interpolation Method -1.24 1.09 0.44
Table-2 : Error Table of Pitch Angle
ABMIN ABMAX ABABS
Interval: 0.10 -0.71 0.61 0.28
Lookup Table Method Interval: 0.05 -0.70 0.61 0.28
Interval: 0.01 -0.70 0.61 0.28
Spline Interpolation Method -0.65 0.80 0.29
Table-3 : Error Table of Cpo
ACpoMIN ACpoMAX ACpoABS
Interval: 0.10 -0.025 0.015 0.006
Lookup Table Method Interval: 0.05 -0.027 0.015 0.006
Interval: 0.01 -0.014 0.015 0.005
Spline Interpolation Method -0.050 0.028 0.013
Table-4 : Error Table of Cps
ACpsMIN ACpsMAX ACpsABS
Interval: 0.10 -0.006 0.002 0.002
Lookup Table Method Interval: 0.05 -0.006 0.002 0.002
Interval: 0.01 -0.006 0.001 0.002
Spline Interpolation Method -0.004 0.010 0.003
Table-5 : Computational Time for Interpolation Methods
Time Required for Time Required for Total Time
Generating Lookup Table | Data Reduction (sec)
(sec)
Interval: 0.10 0.85 2.08 2.93
Lookup Table Method Interval: 0.05 1.89 2.11 4.0
Interval: 0.01 16.76 1.95 18.71
Spline Interpolation Method Nil 13.39 13.39
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successfully applied for data reduction of a four hole probe
with the calibration done at unequal ranges in yaw and
pitch planes [8] and an ultra miniature three dimensional
wake probe [9].

Conclusions

The following conclusions are drawn from the present
investigation.

o The look up table method is as accurate or more accu-
rate than the conventional direct interpolation method
and also computationally less intensive.

e The look up table method seems to be attractive when
large amount of five hole probe data are to be proc-
essed. This method can also be used with four hole
probes also.

e This method is also attractive when real time data
reduction is required from fast response five hole
probe. From the processed data, the measurement po-
sitions can be conveniently adapted in real time.
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Fig.1 Calibration Curves of the Five Hole Probe
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Fig.2 Interpolated Results for Yaw Angle : Lookup Table
Method (Interval:0.01)
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Fig.3 Interpolated Results for Pitch Angle : Lookup Table
Method (Interval:0.05)
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Fig.4 Interpolated Results for Cpo: Lookup Table Method Fig.5 Interpolated Results for Cps: Lookup Table Method
(Interval: 0.1) (Interval: 0.1)



