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ABSTRACT

ABSTRACT

The measuremerdf fluid flows is encounteredn mostengineering applicationsuch as oil and
gas, power etcLack of efficient and straightforwardnethod of flow measurementause
inaccuraciesn process controlOne of the instruments thate widely usdfor measurements the
five-hdle pressureprobe because of its effectiveness in measuring flow parameters sutte as

velocity of theflow stream, static and stagnation pressures

The present study describébe design, manufacture a@bmputation fluid dynamic€CFD) based

novel method of calibrationof conical and hemisphericVe-hole pressure probappropriate for
threedimensional flow field measurements, capable of improving calibration and flow
measurement accuracies. The conical and hemisphericahdleepressure probes have been
designed and tested mwind tunnel and hydraulic pipelinlows respectively. The correlation
between eacheometricahape of the probes and their yaw and pitch angles flow interference have
been investigatedMore specifically, the effect of each probe shape on the calibratibwe pfocess

in the wind tunnel havebeen investigated~urthermore, theffect of the hydraulic pipeline flow
regime and fluid properties on the calibration processbas investigatecand comparisons have

been madéor results obtained in air and water flows.

The novelmethodof calibrationis based orthe use of Computatnal Fluid Dynamics (CFD)
techniques to dealop calibration methods for fivieole probes and incorporating these calibration
methods into fluid flow measurements. Even though the concept of usingoGialy® the flow
around a fivehole probe numericallhhas been in practice for more than a decade now, there are
severe limitations to it. These limitations range from the accuracy of the numandal
experimentaldata. In the present studihesetwo factors lave beenthoroughly investigate,
leading tothe accurateintegration of numerical dataets into the conventional experimental
calibration datsets for both wind tunnel and hydraulic pipelineflows to cover a wide range of
applications.

The firstaspect of this study has beencarry out the calibration of a fideole pressure probe using
standird experimental methods, & wind tunnel and hydraulic pipeline flowsrespectively A
pressurenormalisationand data analysitechniqueintroduced by Paulkshoy coupled with sixth
order regression methodvebeenused for calibrationdataset analysis to improtiee accuracy of
calibration The a@alibration maps, calibration coefficients arabefficients of determinatiohave

been calculatedusing sectomg scheme However, due tcseveral sources of error in several
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calibration proceduresthe calibration coefficients ofleterminationare not usually up to the
expectedaccuracy level needed for accurfitev measurements. Therefotay first carrying out the
conventional calibration dhe five-hole pressurgrobeusingsectomg schemethe coefficients of
detemination, also known as calibration constants t(a &7) are calculated. Ae calibration

determinants which performedless than 90%, are assumed inaccurate are marked for

improvements.

The second method of calibration developedthis study (CFD based numerical calibration
method)has been to repeat the calibration of the-heée probe usingumericaldatsetsgererated
through the use of CFBimulationsunder the same flolnd systentonditions. The numerical
calibration coefficients, calibration maps and coefficients of determinatrencalculatedand
tabulated. The third aspect this study isto identify the sector othe experimentatalibrations that
has its coefficients of determination less than 90% assumed to be contribwifigctor of
measurements inaccuragig¢isis coefficientof calibrationis replacedby the highly accurateCFD
basednumericalcoefficientsof calibrationwith above 90%accuracy. lence integrating the two

methodologies to develop a novel calibration method

The process of integrating CFD based numerical datasets into experimental datdsetsecond

novel method of calibrations developed in this study, know&BB basedntegrationcalibration

The same calibration technique used for the previous two metb@gplied to the CFD based
integrated datasets to generate calibration coefficients, calibratips amd calibration coefficients

of determination and tabulated. The performances of the calibration method are tested by comparing
their resuts for accuracy For each wind tunnel and hydraulic pipelffev respectively and forthe
conicaland hemispherical fivbole probe, the calibration procedures for all the novel based CFD

calibration methods atbesame

The fourth and lastaspect of the of this study has been to extend the calibration #pigtésand
yaw) of the CFD based integrated calibration method of ghabes, through the use of CFbased
numerical simulationlt involves usinghe CFD techniqueto simulate each probe for £8t + 45|
under their respective flow conditions, acquire the pressure datasdtseapplythe calibration
formula, pressure normalisation, and data reduction igelrto obtain calibration data that can be

used in systems with larger flow angtescover a wide range of space for measurements.
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INTRODUCTION

Chapter 1 Introduction

This chapter provides an introductory discussion about fluid flow measurements usingateulti
pressure probed hese include studies on the operating principles of mulible pressure probes,

their calibration and data reduction processes, and error analysis. Furthermore, this chapter provides
with the details of the selection of the muble pressure probes for flow measuremente Th

research motivations and aims are the highlights of this chapter.
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1.1 Background

In this era ofsophisticatedelectronics and optical fluid flow measurement systems, in many
scenarios and applications, process parameters measurement usiAgolaybtiessure probes is
often more suitable. In cases where there is a teewasure the three components of velocity
vectors accuratelya welldesigned multhole probe excels in measurement accuracy of the
measurements compared to much modern equipment, at a fractional cost and effort. If flow
intrusion is not a primary problem, the simplicity of a mbltie probds often preferresver other

types of flow measuring instruments.

Multi-hole pressure probes are the extension of the Pitot tube concept. The known relative position
of each pressure hole allows the measurement of flow magnitude and direction, in addfi®n to
static and total pressures. Mditble probes come in different designs depending on the application.
Threehole probes are capable of measuring flow angle in the yaw direction, for example,
measurement of a twdimensional flow. Fiveéhole probes areapable of resolving two flow angles

i.e. pitch and yaw directionslhese allow the measuremestof a threedimensional velocity field.
Additional two holes allow a sevdrole probe to measure higher pitch and yaw angles than the
five-hole probesHowever it will require redesigning, fabrication, recalibrations, which aretime

consuming and not very cestfectiveBryer, D.W., & PankhursR.C. (197).

Multi-hole pressure probes have been in use to obtain velocities, pressure data and flow angles in
fluid flows. Numerous mukhole probe geometries habbeen developedver time.These include

certain probes that are applicatidrased, for example iturbomachinesetc. The principle of
operation, which most muitiole pressure probes have in common, is the calibration procedures
and the ability to determine flow velocity fromeasuredlifferential pressure and the. The specific
design of theprobedepends on interference effects, access, volume, response timenaitidity

Everett, K., Gerner, A., & Durtson, D. (1983)

1.1.1 Theoretical Analysisof Multi -Hole Pressure Probe

It would be advantageous if analytical procedures could determine the calibration characteristics
and response of a fiv@ole pressure probe. In actuality, other methods can assist in the theoretical
analysis point of view. One of these methods is thedyaamic projection method. For probes

head with complex head geometric features such as prism probes, any analytical procedure is
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complicated Huffman, G.D., Rabe, D.C., & Poti, N.D. (1980) suggest thes¢ complex
geometries, which areharactesed by sudden changes in the contour, are subject to flow

separation and viscous effects that cannahbdelledby computational methods only

However, the method of aerodynamic project®msedn addition to experimental studias well
as computationastudies. This method will appear to easily predict milble pressure probe
calibration coefficients, at least qualitativelgland, B.J, Hall, J.L. Joensen, A.W., & Carrol, J.M
(2977)

1.1.2 Multi-Hole Probe Design an&ghapes

Multi-hole pressure probewith simple geometry of contours such as conical probes, the
aerodynamic projection method is valldowever, the analytical relationship is worthwhile foe
characteriation of the probebehaviourand as a guide to the functionalrrfo of calibration
equations. Nevertheless, this will probably not be able to replagedaudual probes calibration
because of both performance constraints and production irregularities of probes. Regardless of the
accuracy of the theoretical analysistoguction irregularities always necessitatedividual
calibration of any multhole pressure probe, especiaiyniaturised probesDelhaye, D., Penagua,

G., & Fernandez.M. (2011)

Pawel R., Kamila, G., Przenyslaw, M., Lucas, S., and Daniel, B. (Xlifyyest thathe primary
goal of aminiaturised sized multihole probe is for it to cause the least interference in the flow field
as well as to measure the changes in differential pressure with reasonable accuradyol®ulti
probesare designedn a way that minimises the adverse effects of flow blockage and spatial
resolution in flow measurementEhe pressure holes of the pradre locatedhilong the probe head

at such places that they can register changes inpoessure of the flow. Figurelldepicts a five

hole pressure probe

Figurel.l. Five-holepressurgrobe
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The mostcommonly used muHinole probes aréve-hole and sevehole probesbecause they are
capable of resolving thredimensional flows. These probese designedn such a way that the
holesare locatedhlong the head of thgrobe Multi-hole pressure probes conmedifferent shapes
and sizesin addition to a prism and conical probes, there is a hemisphgriessure probe etc.

Figure 12 depicts these three different probe heétlisc, G.G. (1989)

Figurel.2. Faceted, conicand hemispherical probe heafilliac, G.G. (1989)

When using the faceted shaped pressure probe, the highest pressure measured is at the stagnatio
point, and the pressure on the surface of the probe decreases away from this point. Conically shaped
pressue probe is the most preferred choice due to its superiority in spatial rescdunabinis easier

to calibrate. Furthermore, the conically shaped pressure pnoingnise nearwall flow blockage

effects, which are particularly strong for prismatic type proResliniotis, O, Hoang, N, &

Telionis, D. (1993)

In the case of hemisphericdy shapednulti-hole pressurgrobe, pressure on the tip of the probe is
necessaly the same as the pressure above the hemisphere because of the smooth surface of the
probe head. Thimherentcharacteristic of the hemispherical proba issefu approximation for the

flow solution as the pressure depends only on théQ@ui D Q GnaliibK pointwill @ause the

pressure coefficient to change. When hemispherical pressure probes are used to carry out flow
PHDVXUHPHQWY WKH SUHVVXUH RQ WKH VXUIDFH LV GHSHQ
and the point of interestinser, R.E, & Rediniotis, O K. (1998)

In theory, any head or shape should work for a nindte pressure probe. The principal criterion to
determine the appropriashape(for a particular application) is that the pressure recorded by the

pressure hole should yasmoothly with flow angle. However, due to some sharp changes in the
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FDOLEUDWLRQ FXUYH afldithereUndy Ve iDaQcur&thMsKHtbBieglesthat the

probe read. The different types of muible pressure probes used to carry out flowysishave
provided acceptable results. The most common of them are the conical and hemispherical heads.
However, faceted heads with flattened surfaces also show reasonable perfooppet P.,
Roduner, C., Kupferschmied,, R Gyarmathy, G. (2000)The difference between the performance

of smooth and faceted heads is the flow separation characteristics. Flow separatiorflaver a
surface is gradual and displaces smoothly over the probe surface, which is an attractive
characteristic for hemisphealk multi-hole pressure probe. However, a faceted probe is more
sensitive to unsteady stall effects that introduce errors in detecting dynamic phenatsnaaga,

S., Ishibashi, H., & Nishi, M. (1980)

The pressure hole located at the head of the fhok pressure probe must communicate with
pressure transducers. Metal tulaes connectedt the output terminal of each pressure probe and

the input terminal of the other end to the pressure transducer. The length of these tubes may vary
and can be as long @everal meters according to the requirement for applications. Measurement of
data and development of an interpolation procedure for the data analysis in the responsibility of the
probe user and must be developed to capture calibratiorNdaghton, J.W.Cattafesta Ill, L.N

& Settles, G.S. (1992)

1.1.3Operating Principles of Multi-Hole Pressure Probes

Any object introduced in a flowing fluid will experience pressheing exertedn its surfaceln

the case of incompressible flow over bluff bodies, the maximumessureis equal to the total
pressurg(Pt), which is the sum of the static pressurg) @hd dynamic pressure gFRediniotis,
0.K., & Pathhak, M.M., (1999)

’rmr_l— ’qr_rgEii_Z (1.1)

!l DQG 8 DUH WKH GHQVLW\ DQG Y le6pRdavely Thé IDwet lpkyssu@ehl R1 1O
the bodyis typically expected to be at the regions where the body inclination is almost parallel to
the freeflow, however is not always the case. Often, the flow over bluff bodies separates.
Separation of flow changes the local pressure distribution and leadsfdaeourablepressure

gradients in areas where the slope of the body surface decreases. For example, in the case of a
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laminar flow over a circular cylinder, separation occurs at abo@itf8@m stagnation point, rather
than at 9G , where the tangent to tisairface is parallel to free stream velodfiypferschmied, R
Koppel, P., Roduner, C& Gyarmathy, G. (2000).

The principle of measurement using miltile pressure probés basedn thelaw of a bluff body
immersed in a flow fieldi.e. the pressure acting on their surfaceselated to the flow velocityan

be mathematically expressasding Bernoulli's principlén equation (1.2)
, i 6 i 6
qr_r@ﬁ% 5 L qr_r@aE_E, 6 (1.2)

The potential flow solution for a circular cylinder givéee velocity on thecylinder by using
equation(1.3).

'E Lt eceE (1.3)
LV WKH D QJX O Dhe stagnatidf it FoHhd poitPof interest

To demonstrate the operating principle, consideubifhole probe consisting of a circular cylinder
HISRVLQJ SUHVVXUH KROHYV DQG LQ SLWFK S&YRasVWLRQ |
depicted in figure 1. If the free streams coming in the horizontal direction assumed tombemal

WR WKH D[LDO RI WKH F\OLQGHU WKH SUHVVXUH UHDGLQJ D
along the other pressure holes will be equal to each other. On the other hand, if the ipssyeed

in a twodimensional flow field inclined with & SHFW WR WKH D[LV RI WKH SURE
WKHQ WKH SUHVVXUH P H DM5 tahRetugn\ihy frBevgtr&m lvE€)osity magnitude

U, the pitch angle, and the static and dynapn&ssures Rediniotis, O. K., Jwisen, E.S., Tsao, T.,

Seifert, A. & Pack, L.G(1999)

1.1.4Basic Conceptof Calibration and Measurement Relationship

Multi-hole pressure probes anandytools for studying théluid flow fields of any flow facility.
However, due to desigmperfectionsas well as fabrications and manufacturing defects, all multi
hole pressure probeseedcalibration before they can be used to carry out flow measurements.
Calibration of a fivehole pressure probe requires the probeet@ibjectedto a known flow fieldat
various comkations of pitch and yaw angles plamaesl the pressure data on the halesecorded

for further analysisThe physical quantitiesf the fluid flowthatare expected to be obtainedthg
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user of the probare the localfluid flow velocities, the static and total pressure at the point of
measurement. These quantities are functions of the pressasired by the pressure holes located
at thetip of the pressuregprobe. Figure B depicts a typical numbering of fifele pressure probe
holes related to the calibration methimhansen E.S., Rediniotis, O.K., & Jones, G.S. (2001)

Figurel.3. The rumberingof afive-hole pressurgrobe holesohansen E.S., Rediniotis, O.K., &
Jones, G.S. (2001)

Before pressure measurement on the flow fildnade the orientation of the proke adjustedo

two anglegositons 7TKHVH FRXOG EH D FRQH DQBZURO®V3GRELEW
figure 14. The measuringsystems 3 DQG . DUH LadthéldomviErBidp behieerO H
themis shownin the goniometric relations in equations {laad(1.5). In the present study, the two
DQJOHV XVHG DUH SLWFK . DQG \DZ DQJOHV

=L —f®: - fEecsT; (1.4)

SL —f®eceE.'T; (1.5)

Figurel.4. Graphical representation tdw velocitiesJohansen E.S., Rediniotis, O.K., & Jones,
G.S. (2001)

When the probeis subjectedto an unknown velocityfield, the hole registeringhe maximum

pressuras identified Appropriate coefficients arthenevaluatedusingthe correspondingectory V
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equation The flow angle is determined usitige correspondingalibration functiornthat describe
calibration coefficientgorresponding to the ita&es of Cpiota and Cpsaiic. The velocitiesof the flow,

truelocaltotal, and static pressureanthen becomputedusing equation (1.@hrough(1.10.

v L B B (1.6)
wl oco=; e o> (1.7)
< L LR > (1.8)
ey L Lo e (1.9)
"qr_rgal Ty (1.10)

L §mv (1.11)

Where ” S sthe difference between the approximations of stagnatnd total pressures aBRgly is

the average pressure all the holes.The calibration dataf the multihole pressure probe are
discrete datatherefore when a fivehole pressure probe is to measure flow velocity, the measured
guantities fall between thdiscretecalibration dataSpecial software is required to interpolate the
discretedataso thatit can return measurementsgardingthe calibration coeitients Kerrebrock,

J.L, Thompkins, W.T & Epstein, A.H (1980)

The basic calibration parameters areftoe angles that determine the probe orientation, Reynolds
Number (Re) and Mach number (Ma). The calibration coefficients are unique to each pressure
probe. However, even when two mtfiible probesare designedand manufactureth the same
computercontrolled machine with the same specifications, their calibration coefficients will differ
from each othebecause themallest mechanical diffenee on the surface dlfie probecancause
significant differences in the calibran coefficientsAchenbach, E. (1971Y herefore, each muiti

hole probe musbe calibratedeforeit canbe usedor measurements.

In the present study, the conical and hemisphericathfole pressure probes halieen usedor
fluid flow diagnostics in wind tunnels and hydraulic pipelines. mbeanulling sector method of
calibration hadeen usedFurthermorepressurenormalisationanddata reduction technigadave

been employedvhere the pressure measured by dbetrehole of the fivehole pressure probe is
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taken into account while defining the ndimensional presure coefficients. A sixth order curve
fitting polynomial regression technique has been used for data analysis and interpolatrtdrer

improve calibration and measurement accuracies
1.2 Applications of Multi -Hole Pressure Probs

In many complex flow fields like the ones foundturtbomachinesthe experimental measurement

of the steadystate velocities of the flovg often requiredHowever, the free jet and flow field the
systems exhibit strong velocity gradients induced by the blade wakes as well as by the hub and
casing boundary layers. Hash measurement environments make thénateuliressure probes
particularly attractive for measunent of flow velocities and pres&s These types of probes are
becoming more popular and useful with the development ofeftesttive computer controlled
traversingsystems, fast response transducamns, computebasd data acquisitiariThe choice of a
multi-hole pressure probe deperats the fluid flow to be measured. Fluid flow can occur in two

main types of systems for which measurements are likely to be necessary. These are:

1. The attached boundary layer flow systems wharge changes in the flow direction are limited to
the planes arallel to the surface.
2. The rotational flows systems such as the wake or#eaih vortices in which arbitrary flow

changes can occur on any plane.

For both (1) and (2) conditions, flow parameters are obtained by separate local measurements using
different measuring instruments eachsetting Due to errors in the positioning sliccessive

devices, these methods, including the time needed to make measurements, have proved not to be the
right methods. It evident that the first step forward is to usengrnoved technique to find a single
measuring instrument that can be used to measure all relevant flow parameters at once with

reasonable accuracies. To this effect, the-fiske multihole pressure probe is the best choice.

The fivehole pressure probese simple to design, robusime savingand costeffective for all

local measurements. Because of #mall nature of theprobes they do not affect the flow
significantly. Furthermore, fivdole pressure probeme typically usedn areas where pressur
measurement is necessary. Most importantly,-figke pressure probes can operate in harsh flow
environments, and in transparent and opaque flows. In the present study, the conical head and

hemispherical head fiveole pressure probes are the two typesolti-hole pressure probes used
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for wind tunnel anchydraulic pipeline flows. Fivehole pressure probes remain one of thest

straightforwardand most robust means to measure fluid velocities, pressures and flow angles.

Five-hole probes provide robustly, casffective alternative to nemtrusive optical, and laser flow
interrogation techniques. A fivieole pressure probe can be used to perform superior teflovgh
analysis, which can provide simultaneous and apdint measurements for statistical analysisain
wind tunnel environmentShevchenko, A.M., & Shmakov, A.£017) suggest the use ofd-hole
pressure probes providagnificant measurement capacity within a compact design and with a
minimally intrusive package for wind tunnel experiments and numerical stégese 1.5 depicts

a wind tunnel laboratory where the services of a-figke canbe usedor optimal operations of the

systems.

Figurel.5. A typical wind tunnelShevchenko, A.M., & Shmakov, A.&017)

Bonham, C., Thorpe, S., Erlund, M., and Stevenson, J.J260ggests the use ttie stagnation
pressureprobe in gas turbine exhaust du@sd enginesin many gas turbine laboratories
experiments, due to the robustness and-effsttive nature of fivéhole probesijt is used to
examine the auxiliary gas turbine exhaust components and other performance measurements that
provide flow velocities, static pressure, and Mach numbers. Figure 1.6 depicts a gas turbine jet

engine and its internal components descriptions

Figure 1.6. Gas Turbine Jet Engirigonham, C., Thorpe, S., Erlund, M., and Stevenso2017)
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This engine can produce flows in the engine components of about 2.5kg/s of hot air at a temperature
of about 600°C. These flows are typically highly three dimensional with high velocity and pressure
gradients. There ia needto take measurements of pressure, velocity, and temperature of these

flows both inside the engine components and at the exit planes.

Local velocity measurement is usually carried out in one of the three main methods océrusing
optical probe, hotwire, ah Atot tubes. Optical techniques include laser Doppler anemometry
(LDA) and particle velocimetry (PIV). These methods use lasdattiminate the flow locallyand

the behaviourof seeding particles that pass through the area of interest is recordgd usgh

speed camera or Doppler phase shift. However, dhalengingto implement laser methods of
measurements for Gas engine flows because of high initial mass flow rates vagtamounts of
seedlings materials, and seeding of secondary ejees flodifficult. Hotwire methods measure the
current flow through the heating wire and correlate heat loss fromithao flow velocities over

the wire. High-temperature hot wire and hbiim type probes are availablédowever they are
expensive, and ¢h tips of the probe itself can be fragile and thus not suitable for such
measurements. Given the scale of devices tested in these hash measurement environment and the
manufacturing tolerances in some convex and welded sheet metal ducts, there is & ligtt ris
these type of measurement techniques and probes would collide with walls and edges of these ducts
Sieverding, C.H, Art, T. Denos, R., & Broukarert.JZF000)

Five-hole pressure probes are the most attractive option for measuring flow inforimatiarsh
environments mainly due to its mechanical strength and relatively low cost. Hotwire and laser
systems can cost more than £25,000, whereas amaldtipressure probe cée producedor less

than £15000. Fivdole pressure probes cha maddrom stainless steel that is corrosioesistant.

They can provide full threedimensional velocity and pressure measurement in a single
measuremensomething that ieot possible with optical or hatire probes.

Aschenbruck, J., Hauptmann, T., & SeundeR. (2015) established the influence wiulti-hole

probesin axial turbinesDrilled elbow pressure probes can be used to measure the performance of a
diffuser designed for a gas turbine. One probe is used to measure the inlet flow conditions to the
diffuser to demonstrate how flow would exit the turbine in-reatld applicationsThe conditions

that are measured are the radial distribution of flow angles, pressures, and Mach number to ensure

the system is outputting the desiredflow to the diffuser. On the outlet of the diffuser, another
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vastdrilled pressure probe can be inlgtd to measure the outlet flow from the diffuser. Figure 1.7

depicts the schematic arrangement of a gas turbine for power generation.

Figurel.7. Gas Turbine Diffuser for Power Generatidschenbruck,.,Hauptmann, T., & Seume,
J.R.(2015)

By comparing the measured inlet and outlet flows as depicted in figure 1.7, the static pressure rise

and the total pressure drop across the diffusebeatetermined.

Furthermore the probe is also used to gather dethiflow maps used to validate computational
predictions that will enhance the performance of the diffuser. The measurements can be recorded in
numerous simulated operating conditionsctdlect data for multiple operational scenarios of the
diffuser. Also, Techsburg uses-ghaped fivenole pressure probe in the linear cascade wind tunnel

to measure the total pressure drop across turbine vane rows. These measurements are then used t

calculate and study the vane's efficiency

In addition to the above appétions, the use of fivhole pressure probe céne extendedo other

fluid mechanic measurements studies such as cooling systems, the design of hydraulic systems,
other areas of wind tunnel studies related vibrations, noise radiations, and lift andt dagy.

equally be extendedo compressors research involving both reciprocating and rotating types of
machinery. It is, however, essential to understanding fluid mechanics and dynamics dfalefive
pressure probe fouseful experimentation, interpolationand interpretation of results and for
estimating deterministic errors because of flow modification by the probe wiseiminersedn a

flow field. The purpose of measurements and the problem should be understood.
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Nearly all types of measurement methatepend on the nature of the flow under test and this in
turns guide the selection of measurement instruments. Almost all fluid measurements are direct.
Moffat, R.J (1988) suggests thabif that reason, the methods of measurements rely heavily on the
physical interpretation of the physical quantity measured from the Tlberefore, it is necessary to
have a clear understanding of the problem, the principle of fluid mechani¢awtbéoperation of

the flow instrumentation, and the elements of die#ik analysisGroth, J. & Johansson, A.V
(1988) Without data taken with fivlole probes, these applicable systems are just fancy
noisemakers. It isnperativeto calibrate a fivehole pressure probe successfully and accurately map
the flows around anthrough thesystemsIn all, applying the use of fivhole pressure probes in
any application helps to measure flow velocity and directAdso, it helps to provide a better
understanding of design efficiencypdarecommend design changes in othenmiproved system

performancd.aws, E.M., Livesey,.lL. (1978)

The flowchart shownin figure 1.8 clearly summaries this chapter gndvides insight on the
approach followed in this study. Furthermore, it depicts the flow link between the research

motivation, background, aims and objectives and the entire thesis structure.

Figurel.8. Chapter lowchart
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1.3 Research Mbtivation

The ability to accurately measure the propertiésa complex threglimensional flow field is
essentialin modern fluid dynamics and aerodynamics. Such measurements contribute to the
fundamental understanding of fluid dynamiasdthey can be used to understand and improve the
performance of fluid system#ccurate threelimensional flow field measuremerdse critical to
validating andenhanang modern CFD toolsWithin thefluid industries, it has beaecognisedhat
accurate flonmeasuremestcan lead to higher profits in the areas of production monitoring, flow
assurance and productionsteffectivenessTheaccurateknowledge of flow properties, including
velocities pressureetc. is of utmost importance for theptimum design and operation of
compressors, blowers, fans and turbiddany experimental techniqueanbe usedo study three
dimensional flow fields with the most common being hotwires, optical techniques such as LDV or
PIV and multihole pressure probes. Hotwires and LDV can be used to measure the mean and
fluctuating velocity at a pointand PIV can mean the mean amdrying velocity over a twe
dimensional plane. Of the many possible techniques, {molléi pressure probe, particular five-

hole probes are unique because of their ability to measure all three components of the velocity

vectos as well as thexactlocal total and static pressures.

Although various instruments and measurement methods are available to measure flow properties,
accuracy in flow measurement is often questionable with conventional measurement methods.
Many intrusivedevices have failedto account for errors introduced by the unsteadiness in flow
fields and on pressure dependent flow velocity measurements. Moreover, presestol@aulti
pressure probes can only measure flow properties at a severely restricted range of floanahgles
velodties. Hence, in the present study, a novel calibration methodology has been developed for
conical and hemisphericdlve-hole pressure probes. The developed calibration methodology
integrates the numerical data with the experimental tdatahance the aaracy of theprobe The
calibration methodology haseen extensively testeahd verified against standaekperimental

tests. Further investigations have been carried out in the present study to use numerical methods for
the extension of the measuremeaanige of the fivenole probes. These experiments were carried out

in both wind tunneland hydraulic pipeline flows, using a hemispherical and a conical head five

hole pressure probes.
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Based on the global demand for accurate measurement of velocitieseasdres especially in the
power, chemical, and oil and gas industries, mnriperativeto review the current calibration and
measurement methsaf flow using five-hole pressure probes addvelop a new calibration and
measurement methadA systematicstudy of the effectiveness and limitais of the existing
methodshasbeen carried out to identify nemethodsof improving calibration and measurement
results in internal and external flow systems. Computational fluid dynamics (CFDpeeas
considereds an effectivetool to integrate with experimental results andegigate flow velocities
and pressures in pipelines and wind tunt@lsapturelow fields. CFD would provide a platform to
simulate andanalyseconical and hemispherical fiveole pressur@robes.Furthemore numerical
results would also allow direct comparison twiéxperimental results artabth results have been

integrated where necessaryioreaseaccuracies.

1.8 Research Ams

The ams of the current researcare @ntred on the development of a novel calibration
methodology, and measurement technique, for intrusive flow measurement usingléy@essure

probes in a variety of flow conditions. The specific aims of the research work are:

1 Development of a numericaind exyerimental based calibration method tmmnical five-
hole probes fowind tunnelflows.

2 Developmentof an integrated calibration methddr hemisphericalfive-hole probes for
wind tunnel flows
Extensionof the calibration range @onicalfive-hole probsfor hydraulic pipeline flows
Extensionof the calibration range diemisphericafive-hole probes in hydraulic pipeline

flows.

The studycan overcome theknowledge gap between the use of experimental aDBD based
numerical calibratiomatasetsandmeasurema of flow information usindive-hole probeshaving

defined the research airtt alsohasenormougotential to significantly improve the accuracy in the
monitoring of internal and external flow systems. Furthermore, the research has tremendous
passibilities for process and instrumentation applications. The need €alibration method of five

hole probes tha is capable of measuring flowelodty with high precision is highly desirabte

obtain realtime flow information for internal and extaal flows. Also, the study catbe appliedn
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the physical monitoring of a harsh environment that is crucial for intellectual control of modern
energy production systems such as improved gas turbies.the research offers an alternative
method for using a sophisticated but easy and-efbsttive approach to read data from a remote
miniaturefive-hole probe specially designed to operate in a particular flow and condition. Based on
the challenges anddmeed for the research identified above, the objectives for this tstaidgan
assist in bridginghe knowledge gaps identified earlier are as follows:

1.9Research Objectives

Based on the thorough literature review carried out, the objectives forrtieatcstudyto bridgethe

knowledge gapare identifiedas follows:

X To develop ©mputationalFluid Dynamics (CFD)integrated calibratin process for the
conicalfive-hole probe and increase the accuracy for wind tunnel flows measurements.

X To extend the ddoration range of conicdlve-hole probe using CFD in wind tunnel flows.

X To estimate the accuracy of velocity asered bya conicalfive-hole probe in wind tunnel
flows calibrated with integrated calibration method.

x To develop CFD integrated calibratigmocess for the hemisphericile-hole pressure
probe and increagle accuracyof measuremdras well as establishprobehead effect in
wind tunnel flows.

X To extend the calibratn range ofthe hemisphericafive-hole probe using CFD in wind
tunnel flov and establisk probehead effect.

X To estimate the accuracy of velocityeasured bya hemisphericaprobe in wind tunnel
flows after calibrating it with CFD integrated process and establish probe head effects.

X To develop CFD integrated calilti@n process of the conicdive-hole probe and increase
the accuracyof measurement in pipeline flows and establish performance characteristics
when used foanalysiswith different fluids.

X To extend the aibration range of conicdive-hole probe using CFDni pipeline flows and
establish performance characteristics when used for measurement with different fluids.

X To estimate the accuracy ofleeity measured by conicalpressure probe in pipeline flows
and establish performance characteristics when usedegasurement with different fluids.
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X To develop CFD integrated calibratioropess of the hemispheridate-hole pressure probe

and increase accuracy in pipeline flows and establish performance characteristics of probes

with different shapes when used foeasurement witkiariousfluids.

X To extend the calibration range ofnhisphericalfive-hole pressure probe using CFD in

pipeline flows and establish performance characteristics of probes with different shapes

when used for measurement witiriousfluids.

X To estimate the accuracy of velty measured by hemispherigadessureprobe in pipeline

flows computed by CFD integrated and CFD extension of range calibration data and

establish performance characteristics of probes with different shapes when used for

measurement witkiariousfluids.

1.10 ThesisStructure

Chapter 2

Chapter3

This chapter discusses the results of gheviols works carried out in the area of
multi-hole pressure probes, with a focus on the different calibration methods. The
chapterincludes a critical analysis of the published literature on the effects of multi
hole pressure probes shapes, design patterns and fabrication principles. Furthermore,
various research works that detail pressures and velocities measurement using
multiple types of multihole pressure probeme presenteth this chapterAlso, it
discusseshe stateof-the-art researches carried out in the area of anake pressure

probes

This chapter discusséise experimental methodologies adopitedhis study which
includes the mechanical design and construction of the probes to achieve the aims
and objectives of the research studty.further discusses the novel calibration
methods and techniques involved in the use of conical and hemispligeable
pressure probes used in wind tunaed hydraulicpipelinesflow in a systematic
approach and the processof error analysis carried out for the study. Also, it
describeghe pressur@ormalisation and sectorirtgchniques irthe study in detasl

Lastly, it discusses thmethodof sixth order polynomial regression analysis and the

process otoefficientsand threedimensional velocitgalculations

DEVELOPMENT OF NOVEL COMPUTATIONAL FLUID DYNAMICS (CFD) BASED CALIBRATION METHODS FORPIPELINE FLUID FLOW

MEASUREMENT

BY CHUKWUBIADAM OKWUIKPO, SCHOOL OFCOMPUTING & ENGINEERING, UNIVERSITY OFHUDDERSFIELD, UK (2019

42



Chapter 4

Chapter 5

Chapter 6

Chapter 7

INTRODUCTION

This chapter discusses the CFD simulation methodologies insdds study. It
describesthe numerical setupsof the CFD basedhovel calibration methods and
techniques involved in the use of conical and hemisphericathfile pressure
probes in wind tunneland hydraulic pipeline flow domains It includes the
mechanicabdesign of the probeasnd simulation procedures involvéd achieve the
aims and objectives of the study. Alsd describes the numericaiodeling and
simulation techniquessuch as solver settings, meshing techniques atit

appropriate boundary conditie specifiedor the simulations.

A novel caibration method for conicdiive-hole pressure probes for wind tunnel
flows hasbeen developeth this chapterlt hasbeen ahievedthrough the use of

both the experimental an€€FD numerical techniques. Fthermore, this chapter
discusseshe integration of th@umericaldata with that of the experimental data
enhance the accuracy of measurements from the tdiveghole pressure probes.
Also, the calibation range of theonicalfive-hole pessure probe has been extended
usingCFD basedumerical methods to covarwide range oflow measurements in
wind tunnels. The validation of the calibration method developed has been carried
out at different angular positions of the praoacerninghe flow.

This chapter presents a novel calibnatinethod for hemispherictie-hole pressure
probes for wind tunnel flows:or this purpose, botthe experimental and numerical
techniquedavebeen usedThe numericapressurelata hadeenintegratedwith the
experimentalpressuredata to enhance the accuracy of measuretsefrom the
hemisphericafive-hole pressure probes. The calibrationgeiof the hemispherical
five-hole pressure probe hbeen extendedising numerical simulations, tmver a
wide range oflow measurements in wind tunnel flows. The validity of the extended
calibration method halseen checkedgainst a known flow field. Furthermore, this

chapter discusses the effect of the probel Isb@ape omccurde measurement

This chapter quantifies the effects of the flow regime on #i#ration of both
conical and henspherical fivehole probes. Therefordoth the experimental and
numerical vorks have been carried out hydraulic pipeling, where the flow is

internal, complex and thredimensional. An integrated calibration method bhaen
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Chapter 8

Chapter9

INTRODUCTION

developedor both the probes. The range of calibration for bothpttedeshas als
been extendedThe suitabilityof the wind tunnel catiration equations, for both
probes has been checked imydraulic pipeline flows. Furthermore, this chapter
discusses the effect of conical and hemispherical head prolblesftow regime and
propertiesmeasurementccuracyon both probesin wind tunnel and hydraulic

pipeline flows

This chapter presents the comparisonpesformances of the CFD based calibration
methods of theonical and hemisphericéiVe-hole pressur@robes in air and water
flow fields. The calibration sector maps the probeshave been generatednd
comparedusing calibration datasets for air and water fléeld respectively
Furthermore, the conical and hemispherfmabehas been used toeasureair and
waterflow and using their respective datasets to compute flow informatioh as
threedimensional velocitiesComparisons of the flow informatidrave been carried
out to establish the performance accuracyamheprobe in air and water flow fields

respectively

This chapter presentbe significantachievements of theesearchwork in details

Furthermore detailed significant conclusions of the studpasel on the results
reported in this thes@re highlightedn this chapterAlso, the major contributions to
the knowledgegapsin the area othe workas well asrecommendatios for future

work havebeen providedh this chapter
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Chapter 2 Literature Review

Measuring technique for fluid flow cdre categoriseth two main methods. These are invasive and
norinvasive methods. An invasiygocedue is whenthe measuremeind acquiredrom inside the
environment where the phenomenon takes place, while @aasive measuremerg takenfrom

outside theenvironmentwhere thephenomenorf interest takes place. Furthermore, each of these
methodss classifiedinto two categories depending on measurement resolution and accuracy. These
two subcategories are local and global measurements. The local measurements involve the process
in which a specific parameter in the flassmeasuredh a predetermined jgdgion in the wind tunnel

or hydraulicpipdine.

In order wordsthe measuremenof the parameteis madeat a single point in the test section.
Globalmeasuremeris madewhen an averagealued flow is of interest. However, it is possible to
havemeasurementthat are invasive andtber global or localAny decisionis takenregarding the
technique and the type ofieasuremento be used on the requirements and specifications of the
study. For example, one of the differences between local and ghalasurements is that the local

measuremertias aetter patial resolution of the flow characteristic than ghebal

In general, the global can provide averatedity information at ashorter time than local
measuremenifRkegardingthe technique one of the differences between invasive andingasive
methods are their applicability ingarticularenvironment. A nofinvasivemethodthat uses laser

light, as an observation tool may be inappropriate a working environment in which the pipes are
metallic or not transparent to the laser wavelength; but the Pitot tube or ahalelfpressure probe

may be more suitable. In this study of nihitile pressure probes, the calibration and measurement

are invasive and local.

A detailed review of the published literature Ih@en presented this chapter, which will highlight
the knowledge gaps in the existing knowledge regarding #nalé pressure probes. This chapter
includespublishedworks regarding the design and calima of mult-hole pressure probes and
using these probes for flow measurements. Based on the knowledge gaps found in the literature, the
scope of research hagen definedandthe research objectives of this study hbeen formulated
The detailedascrptions for various multihole probe calibration and measurement methods that
give better ideas and understandang presentenh the next sections.
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2.1 Calibration Methods for Multi -Hole Pressure Probes

Five-hole pressure probes have been widely used to measuredihteasional velocity vectors, the

static and total pressures at the point of flow measurement. There are other types of pressure probes
as well, such as Pitgtatic probes and yaw probes, which asaventionally used to measure the

flow velocity magnitudeonly. Over the years, numerous calibration methodgiverhole pressure

probes, for flow measurements, have been introduced. One of such approaches relates the velocity
magnitude and angle of tHew to the theoretical flow model. Lee, S.W., & Jun, S(B005)

provided some useftiheoreticaimodelto providethe relationship between the pressure ports of the

probe, velocity magnitude, and incidence angles.

The earliest pressure probealibrationwas carried outusing the nulling calibration method. A
Pitot tubewas mountedn the flow, andthe pressure on the diametrically opposite static pressure
holes was measured at each separately. The pvabeotateduntil the difference betweethe
oppositeholesbecomes zero. The angle at which @ppositehole d the probe registered zer®
notedas the reference point. The inclination angle of the probe then become the flow disgadion

thePitot tube equally measured the magnitudtnefflow.

Pressure probes givan accurataesolution of velocity vector®r flow angleas high as 60for the
five-hole probe or 70 for the sevenhole probe. These probes are usable in air and water
environments at a flow speeds from 5aw/to 325msec and Mach 0.02 to Mach 0.95. However,
due to their intrusive nature, they may interfere with flows, cause flow separation, thereby
increasing error in pressure reading. At high flows, shocks dmutteatedhear the tip of the probe

or any part of th steam leading taheerror. Bryer, D.W., & Pankhurst, R.C. (1971) explahettwo
calibration procedural techniques used for mladtie pressure probe are null calibration and-non

null calibration techniques

2.1.1 Multi-hole Pressure Calibration Definitionsand Conventions

The null calibraibn technique is extremely tim@nsuming and relies on the assumption that the
flow is locally symmetric about the pressure probe, which put constraints on probe manufacturing
tolerances. Furthermore, a null calibratiorchieique requires a great deal of apparatus and
equipment for the instrumentation setup. Therefore, it creates a demand for another technique of

calibration known as nenulling calibration method. This technique is ceffective and
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straightforward to imi@ment, however, it leads to complicated computational calculations and use
of surface response curve to derive the calibration coefficients using a data reduction method.
Furthermore, it is unable to capture turbulence properties, not suitable for biggtgady flows

with high Reynolds number, and not suitable for flows having significant total pressure gradient for
if Mach number is sigficantly high. Garlington, R.\\W(1980)introduced the nomull calibration
concept and the procedure that is largelgepted and used today. The four basic elements required

for flow measurement using a mdittole pressure probe are:

1 Construction and selection of probe

2 Accurate probe calibration

3 The means to measure probe hole pressures

4 Data reduction and analysis torwvert the measured pressures into velocities based on the

calibration map or coefficients

The numbering convention of tieobeholes must firstbe establishetlefore any other thingnd

the holes are numbering that must beelative to the orientation. igure 2.1shows the sign
convention of three angles defined as pitch, yaw, arall of a five-hole probe The flow angles
relative to the probe tip can adefinedusing two coordinates systems, thigch and yaw also
referred to as the probe X andaxis. The cone and roll coordinate systems is a polar coordinate
system. The cone is the total angle of attack to the probe axis while the roll angle is the rotational

angle of the probe thé referencedo a fixed probe axis.

Figure2.1. Flow Angle and Coordinate Syste@arlington, R.W (1980)
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Table2.1. Flow Angle DefinitiongGarlington, R.W (1980)

The angles defined in table R.are used to introduce the concept of flow regime. The response
equations of the probe will be different for differamtglesof attack. At low angles of attack, the

flow remains attached over the entire flow tip. However, asitigge of attack begins to increase in

the flow on the downwind side of the probe wilegin to separate. The pressure data in the
separatedegion is reported to be unsteady and do not represent the flow under measurement.
Therefore, at high angles of attack, data from the holes are measuring at the separated region of the
flow are ignoredandtheflow was calculated using only the data mead by the holes attached in
theflow. The low angle regimis therefore defineds the regime in which flow attachedver all

holes andthe high angle flow regime is the regime in whitdw is attachedver only onsome
holes.The ptch and yaw codlinates systems aresed toanalyselow angle flow regime, while
coneand roll coordinate systems ameed toanalysehigh angle flow regime GarlingtorR.W.

(1980) A detailed explanation, formulation of the governing equations and choice of different

coordinate systems and found in sec@dh

2.2 Calibration Governing Parameters

The concept of direct pressure coefficients remains one of the preferred methods for formulating
calibratiorgoverningequationdor a severhole pressure prob@arlington,R.W. (1980) The first

step in this method is to determine whetherasurediow falls into low and high angle regintey
identifying the hole of the probe reading the highest pressure, which is indicative of the general
direction of theflow. If the centrehole read the highegiressure value, the flow is assumed low
angle flow andthe data from all the holese usedn the calculations. If the peripheral holes read

the highest pressure, the flow is assumed high angle #odthere is a significant probability of

flow separation over the holes on the downwind side of the probe. In high angle flow, the flow is

calculated based on ttle that readhe highestpressure only and the other adjacent holes where
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the flow is known b be attached. The structure and form of the governing calibration parameters
are the same for high and low flow regimes. Whichever way, two directional pressure coefficients
are defined.This allows the flow direction tobe determinedthrough correlationtechniques
described in section 2.4. The magnitude and pressure of tharftoalso determinettirough the of

the dimensionless pressure coefficients.

The total pressure of the flow under test is the suthe$taticand dynamic pressuid the flow.

The highest pressure read by any singlee hi@ometimes theentre hole) of the probe is the
available approximation of thmtal flow pressure. The average of the remainder of the peripheral
pressue holes that arm the attached flow is the bgsbssble approximation for the static pressure
of theflow. The differencdetweerthe twopressuresgives an approximate dynanpeessuref the

flow. Gerner A.A., Maurer, C.L.,, & Gallington, R.W (1984) proposed the dimensionless
coefficients that are used to formulate the total and dynamic presistive flow, as theessentih
correction factor tahe approximations of total and dynanpecessurethat are calculatedrom

pressure dasetsmeasured by #hholesof the probe
2.2.1 Low Angle Coefficients

In a low angle tbw, the highespressuras sensedt the top pressure tapthe probe, whiclis then
approximatd as thetotal pressureof the flow. Furthermore, thélow in the low angle regime is
assumed tdoe attachedver all the peripheral pressure halegherefore the approximate static
pressure is calculated as shown in equgi2ot) Garlington,R.W. (1980)

%L Aygs (2.1)

The directional pressure coefficients for the low angle regaree shownin equation (2.2
Gallington Garlington, R.W. (1980) The Pressure differences werermalsed using the

approximated dynamic pressure of the flow

T?T .
L / .

To? T3 » T,?2Tq
. L
- T.2%

L T o9 @ T29

(2.2)

The coefficiens are weighted according to the relagpasitions of the probe and used to generate a

further pair ofcoefficientsthat are used to represent the pitch and yaw ampigeesof the flow.
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The formulated equations for pitch and yaw coefficients demonstrated in eq{za8pand (2.4)

are basednthe geometry of the probe head.

LSRN (2.3)

L (2.4)

The definition of the total and dynamic pressure coefficients are shown in eq2afcand(2.6)

respectively.

T.?2T
L= ?; (2.5)
oL I2® (2.6)
Tg

P and R are the true total and dynamic pressure of the flow.

2.2.2 High Angle Coefficients

In a high angle flow regime, the highgsessuras recordedn one of the peripheral holes, and this
portis referredto as hole Pn. Therefore, this hole is takeme approximatelyhe true local total
pressureof the flow. There is a high possibility that in this flow regime, the downside of the probe
could be measuring ithe separateflow. Therefore only pressures from the port Pthe two
immediately adjacent peripheral ports and ¢batreport are consideredThe pressure in the two
adjacentperipheralholesis definedas P+ and P The approximatdlow of static pressures

calculatedby equation2.7).
%Lt 2.7)

Directional coefficients in the high angle flow regime are defined based on the polar coordinate
system agllustrated in figure 2.1 is easpecause it only allows a single pair of coefficients to be
determined anda coupleof factors appliesto all outerholes.Determining yaw and pitch coefficient

for the outer holes would have required usingarticular scalar weighting for the pressure
difference terms at each hole. The cone and roll coefficieatmalsed by the relative flow

dynamic are shown in equati¢2.8) and(2.9) respectively.
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Tq?T.

Lt (2.8)
T7?Te
To7% (2.9)

The total and dynamic pressure coefficieate definedin a similar to those in low angliéow

regimecan be seen iequation(2.10 and(2.11) respectively.

Tg? T

ril T:? ur@ (210)
Tq? %

gi L "TQS‘; (2.11)

The disadvantage of this method is that the higleaflow regime equation is only valid if at least

four holes of the probe are reading in the attached flow. Section 2.3 describes the assumption that
the two adjacent peripheral holedtachedflow is reasonable and is highly unlikely that the
presumptioncouldbe violatedHowever, it is possible that tHlew at thecentrehole could become
separated, leading to the possibility of producing deublaed directional pressure coefficients
which could introduce an enormous amount of error to measnt or render the measurement
invalid. Thechanceof these doublealued coefficientss shownin figure 2.2, which demonstrates
pressure coefficients on the surface of a cylindecrossflow as a function angle of attack. The
pressure distribution arouradcylinderis often approximated usj equations of flow around al2

circular cylinderZilliac, G.G. (1993).

Figure2.2. Pressure Coefficients on the Surface of a Circular Cylinder in Cros&ilkkae, G.G.
(1993)
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The figure demonstrates the pressure coefficients characteristics for a cylinder in an inviscid,
laminar and turbulent flowThe flow on the downwindylindrical shapeseparates in both laminar

and turbulent flows. The most important thing about this figure is not about the separation point but
that in both low and high angle regimes, the flow recovers some pressure before separation occurs.

This pressure regery is what leads to the possibility of doulgued pressure coefficients.

2.3 Inviscid Flow Solutions and Calibration Limitations

The pressure distribution around the head of a rhole pressure can be calculated analytically
using inviscid flow equationsHuffman, G.D., Rabe, D.C, & Poti, N.D. (1980jtroducedhe use

of slender body theory to define a set of response equations that would analytically predict the
pressure distridion around the head of the probe at an arbitrary angle of attack. Given the fixed
location of the pressure holes, a set of response equations, different from those shown in section 2.2
are introducedThe assumptions behind this alternative approachearause of the theory that the
governing equations armainly physically significant on inviscid flow. The curve fitting and
interpolation process techniques that relate flow propertiedirectional coefficient@re merdy
usedbecause it produces acceptable results but not grounded in an expected physical response
Zilliac, G.G (1993). However,Huffman, G.D., Rabe, D.C, & Poti, N.D. (198&knowledgedhat

the inability of inviscid flow theory to predict flow septican and thesensitivity ofprobe response

to manufacturing tolerance. This disadvantage means that of the-hwleltipressure probe

calibration is very important.

The response giressurecanbe demonstratedith simple geometrynodelledusing potential flow
theory. PisdaleA.J., & Ahmed, N.A(2004)elaborated on thpossibleflow solution approach for a
five-hole pressure probe by generating a set of probe head response equations tmat can
numerically or graphically interpolate@hejustification for this method is that it is grounded in a
potential flow approach that is physically significant. The disadvantage of this method is that if a
polynomial curve fit or direct interpolation technique with directional pressure ceetfis used

in the calibration, it mudbe demonstratethat the physical response of thelpe heads modelled
accurately. Furthermore, it mustnfirm that the calibration curve §the data well over the entire
probe head, which is the response region and that allréhktrend of the probe responsare

captured accurately.
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2.4 Multi-hole Pressure Probe Calibration Techniques

Testing of flows, be it swirling or not, be it water, gas or wind, requires the measurement of three
components of velocity, flow angles, and static pressure and total pressure. These paranieters can
extractedfrom pressure probes with at least five idist holes.The probehas to be calibrated in a

flow with known velocity magnitude while pitch and yaw angles offtubeare adjustetio known

angle values tgive the pressure response of each hole versus pitch and yaw angles. A calibration
theory geneaates a calculation of four pressure coefficients that are independent of flow velocities
below 20% the velocity of sound whicallows the probe tdbe calibratedat a constantvelocity

magnitudebut thenis used to measure unknown flow at argjocity PaulC. (2013)

The definitions of four pressure coefficients distinguish the methods of calibration ofhmoldti
probes. Error propagates from measurement calibration pressures to the pressure coefficients and
then to continues from the four measured hole pressures to the calculated components of velocity
and pressuresTherefore, the error propagation is different forheaeethod andit is possible to
compare the differemhethodsaccording to the resultingrers for the measurement flowhe best

approachs one that has the lowest velocity and presstn@'s Louig2012).

The ultimate goal of calibrating a muhible pressure probe is to establish a correlation between the
directional pressurecoefficients, flow angles, total andymbmic pressure coefficientsThe
calibrationis carried out by placing the probe in a known axial flow and moving the praimete
knownangles The directional pressure coefficients known as independent variables are then related
to the dependent variables, which are the flow angles, total and static pressure coefiliants
M.C.G, Perira, C.AC, & Cruz, J.MS. (2003) The methods that are used to relate the independent
and the dependent variable are hbaeen extensively studied this chapter. A detailed description

of these calibration methodls demonstrateith the following sections. Thprocessof calibration
technique used in this research study is the maliable polynomial curve fit method. Therefore,

the mathematical approach is presented extensively in section 2.4.1. For brevity, the mathematics of
this approaclof deriving themare omitted All the mettods described in this chapter used the same
governing parameters to define the probe response. The methods described below only deals with

howthe independent variables and dependent variabéeselatedo one another.
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2.4.1 Multivariable Polynomial Curve Fits

Garlington, R.W (1980introduced the concept ofpamlynomial power series fifThis concept used

a bivariate surface polynomial to relate directional pressure coefficients to the flour flow desired
flow properties. The output of the calibration is a seta#fficientsthat allow aflow of propertyto

be determined using simple matmultiplication. GernerA.A., Maurer, C.L.,& Gallington, R.W
(1984)introduced a similar concept but addedegreeof freedom by defining a compressibility
coefficient thatis also includedn the calibrationGerner, A.A., Maurer, C.L& Gallington, R.W.

(1984) however, used the multivariate surface polynomial method to relate the directional

coefficients andcompressibility coefficients to the four desired flow properties.

The main advantage of the polynomial surface method is the number of calibration coefficients that
is required is very small. The sectors of the probe are determined according to the number of holes
in the probe and are calibratedindependently;every four dependentvariables requires its
correlation to the directional coefficients. A fourth order, bivariate polynomial, with 15 terms,

therefore, requires 420 calibration coefficients. A third order requires 280 calibaoiois

The optimal choice of power series is not part of this literatadington, R.W (1984)proposed a

fourth order method of the bivareapolynomial method. Sumner, D. (20G2iggestd a third order
method of the bivariate polynomial meth@krner, A.A. Maurer, C.L.,& Gallington, R.W (1984)

used a third order method of the bivariate polynomial method. Furtherbheett, K.N., Gerner,

A.A, & Durston, D.A (1983)used the bivariate polynomial method. The order of the power series
must be high enough so that physical phenomena occurring within the solution domain are capture.
However, a power series afrule that is too high is very likely to introduce noise te talibration

data and may well generate curves with peaks and valley that unphysical espediadyarea

within theboundaries.

The number of points that are used to calibrate a sectwr éssentiafactor in determining the
correct order of curveitfto be used in a particad calibration. Everett, K.N., Gerner, A.A, &
Durston, D.A (1983) show that in a given grid density, for a conical pressure probe, as the
maximum cone angle considered during the calibraisodecreasedthe standard error in the
calibration is alsaedued The standard erro@e measurelly feeding the calibration data back
through its calibration curvi® measure the quality of the curve fit to a given set of calibration data.

Decreasingthe maximum cone angle wouldedu@ the number of points in a gwn sector.
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However, Everett, A.A(1983)did notdecrease¢he number of degrees of freedom in the curve fit
Therefore the reducedstandard error observed could be considered an expected result. When
calculating the standard errors, iingportantto find the ratio of the size of the calibration set to the
number of degree of freedom in the curve Tiherefore this ensures that reductions in errors are

not because of the effective increase in the ord#éragfolynomialcurve fit.
2.4.2 Pressure Normalisation Techniques for Fivaole Pressure Probes

For the calibration of fivénole pressure probes,ist revealedhat there are four ways to defitiee

four significant non-dimensional pressureoefficients, whichare usedor calibration calculatio.

Krause., &Dudzindki (1969 first describé the pressure coefficienteormalisationtechnique, for
five-hole pressure probe i thecentrehole labelledas B and the offaxis holes, aréabelledP;,

P,, Ps, and R. The four pressure coefficients are demonstrated in equélidd) through to

equation(2.15).

T.27,
n T,2%

(2.12)

T ?To

v LoTe (2.13)
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A Normalisationof by ¢ F %hasbeen incorporated in the majority of mefible pressure probe
calibration procedures developed in subsequent year$régster, A.L, &ocum M. (197),

Sitram N., & Treaster, A.L(1985) The advantage of this methodtssimplicity and providesn
excellentfoundation to understand the operation of mluttie pressure probes. However, the
disadvantage is that at large flow angles measurement it becomes increasingly inaccurate due to

singularity issues.
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A different method of pressumormalisationthat extendPisasale, A.J., & Ahmed suggested the
range of calibrationN.A. (2004) whichindicatethe removal of singularity issues by about £70

This work, the denominator proposed byalse, L.N & Dudzinsi, T.J (1995)and late?s s%&+Aq

were replacedvhich successfully allows the calibration to much higher angles of pitch and yaw
while maintaining the simplicity of the original procedure. However, the results obtained did not
exhibit much improvement for the calibration data taken irréinge of +3G pitch and £45 yaw

andes. The correct assessmenvalue influences a lot in determining the calibration coefficients.

By considering4th order regression analysithe goodness of fit {r parameters as per the
coefficients in defined byisasale and Ahmed are 0.9772 and 0.9476 for pitch and yaw angles
respectively, which are much lower, considering that fact that the sammagbara reported by
Gallington, R.W (1980)are 0.987 and 0.9910. Zilliac, G.G1993)observed that the flow athe

lee side of most probes begins to separatdéldineat approximately 30. Gallington R.W. (1980)

in a bit to avoid this used theethod of sectoring scheme wadopted, which selects combinations

of holes for which the flows attachedAccording to he sectoring technique, the entire calibration
sectoris dividedinto five parts, one central zonge¢tor5) and four side zones (zone 1 to 4). For a
particular sector the pressure coefficientye formedby using the hole that records the highest
pressure and the holes adjacent to the maximum pressure hole. This process is known as zonal
discrimination andfor a five-hole pressure probe, the pressure coefficients in various zone/sectors
as defined bysalington, R.W (1980)areshownin equation(2.16).

(2.16

Applying the sectoringschemetechnique with a 4th order regressiaralysis, the goodness of fit

() parameters for all sectors are 0.9975 and 0.9907 for pitch and yaw angles respectively, which
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exhibit the usefulness of the sector scheme. However, ibdws feltthat for any combination of

pitch and pw angles, the influence of pressure sersethecentral hole of the probe cannot
neglectedas did in the above equation (2.1®Jith these limitations as recorded in the coefficients,

a new set of pressure coefficients were proposed foreehble pressure probe by Akshoy, R.P,
Ravi, R.U., & Anu, J(2011) This method overcomsethe limitations in Gallington, R.\WW(1980)

and gives a less computational error in calculating the flow parameters. In this recent work, the
influence of pressure recorded the central hole of the probesjRs consideredn defining these
coefficients. The pressumormalisationsectoringformulae as proposed b&kshoy, R.P, Ravi,

R.U., & Anu, J. 2011)is shownin equation(2.17).

(2.17

By applying a sectoring technique to the polynomial curve fit tdoait new pressure normalisation
coefficients to a 4 order regression analysihe goodness of fit{r parameters for all sectors were
reported to be 0.9979 for pitch angle, 0.9979 for yaw angle, 0.9761 for total pressure and 0.9938 for

static pressure.

Error analysis is helpful ithese regards where the following parameters are useful in deciding the
perfectcombination.Theerror analyses were carried asing equation (2.18) and (2)19

R L& AlgkEgF E g0 (2.19

¢c.
L= (2.19
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The goodess of fit ofthe calibratiorcoefficient of determination, which is commonly known as r
and is, expected to be close to 1.0000. It comptesstimated & D QG D EWakiBs@nd G

ranges from 0.0000 to 1.0000. If it is 1.0000, it shows there is a perfect correlation in the sample,

and there is no difference between the estimated and the actual value. On the other hand, if the

coefficient of determination is 0.0000, the regressequation is not helpful in predicting avglue
of the regression.

Another thing thathis study attempt to investigate the response of the probe hekdjure 23
depicts the calibration map obtained for the calibratibfive-hole using the sectoring scheme to
the calibration pressure probe.

Figure2.3. Sector Mapof thefive-holeprobeAkshoy, R.P, Ravi, R.U., & Anu, J. (2011)

The sector map shows the map for the-fiede probe indicating the hole, which records the highest
pressure for a particular pitch and yaw angleseWeals that the central holes(Rcovers the
broadestrange of the pitch and yaw angles among all tiie fioles. However, at lager pitch and
yaw angles, the peripheral holes (hole 1)tar likely to measure the total pressure, therefore, the
pressure measured at theterhole at their corresponding location in maximum. Asymmetrihin

sectormap shows the neasymmetric of the fivdnole pressure probe because of fabrication and

manufacturing disadvantaged. Although the study shows good calibration results, however, it was

just for wind tunnel flows. Furthermore, the calibration flow anglescaly limited to £45 , and

nothing suggests that examining the same results numerically or extending the probe angle or

integrating experimental result with numerical results have been carried out.
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This research study investigates three pressommalsation techniques in combination with three

data reduction techniques reported in this section. A particular set of calibration data for each five
hole pressure probe was generated experimentally and numerically and used the analysis of possible
combinatiors of pressurenormalsations and data reduction techniques. Furthermore, using the
integrated calibration method of experimental and numerical data introduced in the study, new sets
of calibration data have been generated andlysedusing the pressure rmoalisation and data
reduction techniques proposedAkshoy, R.P, Ravi, R.U., & Anul. (201) wherethe effect of the

centrepressure holés includedin defining all pressure normadiion parameters.
2.4.3Direct Interpolation

Zilliac, G.G. (1993)first introduced the direct interpolation method to improve the accuracy of flow
property at high angles. This method has been compared to the polynomial curve fit method and has
shown some form of improvements in high flow measurements. The increasedirerthe
polynomial curve method is described in two ways when using direct interpolation. First, at a high
angle of attack, there are errors in the directional coefficiantsthis causesarge changes in the
calculated flow angles. Secondly, the noise in the polynomial curve appears to bthikiglso
exacerbates the problem of using direct interpolati@ntdysemulti-hole probe calibration data.

Direct interpolation method has twsgnificant disadvantages. The computational cost is higher
becausea single expression cannot represent the response of the probeFhghdrmore, the
amount of storage required for the calibration datadse substantiabndthe complete calibration
dataset musbe storedfor future use. The neaniform calibration grid complicates the actual
interpolation procedure. The spacing of the pitch and yaw coeffigrentsn-uniform which means

that the definition of it nearesto theneighbourscan be somewhathallengingdoing Akima, H.
(1970) proposed a solution scheme for thgseblems,which is capable of interpolating non
uniform calibration grids of multiple independent variables. This solution scheme fits a local
polynomial to at least five points in each direction and uses geometric conditions toregeued

continuity of the function and its derivatives.

Sumner, D. (2002konducted direct comparisons of the direct and interpolation method and the
polynomial surface method. These two mulble pressure probe calibration methadgse applied
to the same data set using a diffédanger data set was processed using éaaimique In the low

angle flow regime, the difference in standard error was shown to be negligible. In high angle flow
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regime, there was a recorded improvement of abouti® &%orfound in the flow angle. Hoewver,

this improvementwas foundwhen the calibration grid is quite a course. Furthermore, Silva
M.C.G., Pereira, C.A.C.& Cruz, J.M.S (2003) compared the polynomial curve method with
simplelinear interpolationHowever, his demonstrates that the interpolation method proposed by
Akima and the lineamehod by Silva may not have been responsible for the improvement of
response but maybe because of the nature of the direct interpolation method.

2.44 Hybrid Model of Multi -Hole Probe Calibration

Hybrid models have been introduced in @temptedto reduce thefundamentalerror related to

curve fitting. WengerC.W. (1999)propo®da combination o& globalpolynomial curve fit method

with local direct interpolation of an error table that is equally calibration output. The reason behind
this method is that the high order global curve fit would damp out any noise mgherder
derivatives and the low ordénterpolated error term would allow for local variations of ke

order derivatives. The results obtainedvidgnger, C.W. (1999\ere reasonably goaas it reduced

g interpolation error to aboutorder magnitude below other sources of experimentalr.erro
However, the disadvantage of this method is that the accuracy and precision of the calibrator setup
will become critical. If the transducers used to carry out pressure measurement are not accurate, the

effect of noise in the calibration data can be isicgnt.

Rediniotis, O.K., & Vijayagopal, R. (1999yoposed using a neural network approach to calibrate a
multi-hole pressure probe. This approach creates a library of nodes at which a calibration data
known as input and outpuware sorted Some layers are then createavith each node using a
weighting factor on adjacent nodes to determine its influence on the calibration data. This approach
used some optimisation cycles are completed where the network calculates values tha¢
comparedwith known measted values improving its weighting factors each titheough until

errorsare minimied

The disadvantage of this approach is that the neural architecture of the work, which comprise the
number, and arrangement of the nodes of the network as well as the definition of layers, has a
significant effect on the accuracy of calibration result. Adddlly, the network architecture user is
required to work through a significant number of combinations and network ddséjose
reaching the optimal design. However, the advantage of this approach is that additional calibration

data could be added egsib the network in an attempt to improve calibration results.
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2.5 Reynolds Number Effect on MultiHole Pressure Probe Calibration

When the probe encounters flow at a high angle, the flow separates from the downwind side of the
probe head. Flow separatianhighly dependent on Reynolds number, therefore, understanding the
mechanism of flow separation and finding representative problems figpacson is necessary
Chue, S.H. (1975) and Leland, B.J., Hall, J.L., Joensen, A.W., & Carrol,(I19V7) Figure2.4

depicts the two typical types of flow separation that are expecteel éacounteredhen the probe

is inside a flow.

Figure2.4. Flow Separation: (a) Downwind Separation at High Angles of Attaci)gl)nwind
Separation at Moderate Angles of Attackue, S.H. (1975)
The flow separation is figure4a is similar to the separation found in downstream of a cylinder in
cross flow while the flow separation in 2b is similar to the separation found ibackward facing
step. The Reynolds number dependence of separation these flows very much likely to give some
insights into Reynolds number dependence of the fhalé pressure probes. However, in this

present study, the effect of Reynolds number on rholé probe calibration is not the focus.
2.5.1 Flow Separation over a Backward Facing Step

Flow separation over a backward facing step mostly studied in thditaensional test section of
internal flow. This issue can still be considered analogousdw fseparation over the head of a
conical multthole pressure probe as long as the step is relatively small on the same order of
magnitude as the height of the incoming channel. The definition of the length scale of the Reynolds
number is equally necessary. The Reynolds numbers of a flow over alsdwgmessure probare

mainly reportedegardingthe dameter of the probe heacdumner, D. (2002) demonstrated tiois

make reasonable comparisons with data from a backviacthg step the upstream heg of the

flow channelchosen as the characterideagth as depicted in figure=2.
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Figure2.5. Characteristic Length of @evenhole Pressure Probe andackwardfacingStep
Sumner, D. (2002)

Armaly, B.F., Durst, F., & Pereira, J.C.F. (1988pposed an experimental method to study the
separation downstream ofbeckward-facing step in a channel with an expansion ratio of about
1.94. This experiment involves using LDA to collect data, anwas foundthat there were
significant changes in the downstream reattachment lent at two critical Reynolds numbess. It
establishedhat below a Reynolds number of 1200, the flow is laminar, and the reattachment length
varies linearly with Reynolds number. Fuetmore, at Reynolds number above 6600, the flow is
fully turbulent, and the reattachment is constant. In the transition region where the Reynolds
numbers are between 1200 and 6600, there was dineam variation of about 50% in the
reattachment. The relésl of this study suggest that a sevmie pressure probe response can be
quite sensitive to Reynolds number between 1200 and 6600. The choice of transition criteria from
the low to high angle flow regime will be critical to reducing this potential soofr@gror as this
occurrence takes place at angles of attack close to the transition region.

2.5.2Crossflow over a Cylinder

When the probe encounters flow at a very high angle of attack, the flow separates on the downwind
side of the pressure probe thengaway as a cylinder inross flow The transition of flow from
laminar too turbulent around a cylindsrdescribedy a quick change in the region of separation.
Laminar flows are described by a separation that occurs at about 82° from stagnation point, while
turbulent flows are described by a separation that occurs at ab@ from the point. Figure B.

depicts thee two occurrences schematically.
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Figure2.6. Flow Structures Downstream of a Cylinder in Laminar and Turb@esgsflow
Cantwell, B., & Coles, D. (1983)

Cantwell B., & Coles, D. (1983xperimentally demonstrated that for a smooth cylinder, flow
transition from laminar to turbulends expectedat approximately a Reynolds number of 2%10
according to the cylinder diameter. However, it has equmbn showrthat surface roughness or
dimples on the surface of the pressure probe triggers flow transition to turbuweransitionis
important to the present study because pressure holes alone act as vortex generators, thus trigger at
earlier flow transition from laminar to turbulent Wothan would a smooth surface. For a rough
surface, flow transition occurs at a Reynolds number of %5xA6henbach, E (1971).
Demonstrating aormalroughness height of the pressure holes is diffidiiierefore it is possible
that in this present studprobe response could be affected by Reynolds number effect anywhere
between 2x10and 5x10.

2.5.3 Effect of Machnumber on Multi -Hole Pressure Probe Response

Mach number has alway®en acknowledgeas having a significant effect on the performance of a
multi-hole pressure probe. Gallington, R.W. (198@) originally formulatedthis procedureo
accommodate arxgension to compressible flowgerner, A.A., Maurer, C.L., & Gallington, R.W.

(1984) byproposing a compressibility coefficient, introduced this extensidns coefficient is
defined for the low angleegime as shown in equat®(2.20 and(2.21) for the high angle flow
regime. These terms represent the ratio of the approximate dynamic pressure of the flow to the total

pressure of the flow.
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T.?2%

o L= (2.20)
Tq? %

oa L "Td“-‘ (2.21)

This compressibility coefficient hdseen definedn such a way that it isubstatially independent

of flow direction; therefore, the probe response isolates compressibility effects. The compressibility
coefficients became a third independent variable altogether with the two flow direction coefficients
in data processing. The polynomial curve fit then became a function of three variables, which for a
fourth order curve wouldesult in 355freedom instead of 16 Therefore, the order of fivas
typically decreasedb third order, which includes only 20rtes Gerner, A.A., Maurer, C.L., &
Gallington, R.W. (1984)It is possible to use a higher order curve; however, it would require a
significantly large number of calibration points to ensure that standard errors in the curve fit are

reasonable.

The main disadvantage of adding a third independent variable is to maintain a reasonabléeize of
calibrationgrid without losing resolution in any of the three variab@&srner, A.A., Maurer, C.L.,
& Gallington, R.W. (1984) employed thmethod ofthe LeastSquaredo select calibration points

and found that it was an economical wayglbosng grid points in three variable.

This present study is subsonic with maximum Mach numbers 0.2, the limit of incompressible flow.
Therefore, a compressibility coefficieist not incorporatedhto this study. The influence of Mach

number is generally acknowledged miignoredin incompresible flows.

2.6 Flow Turbulence Hfect on Multi-Hole Pressure Probe

The accuracy of Pitot tube measurements is known to be affected by the turbulence effect. By
Bernoulli's law, an increase or decrease of the same magnitude in flow velocity resulif$ereat
magnitudeof increase or decrease in pressure because the pressure is proportional to the square of
velocity. An error can be introduced through time averaging of Pitot tube data in a highly turbulent
flow. Furthermore, any changes in the flomgke because dargescale locaturbulence results in a
nortlinear response of the probe, which then biases theauaeaged probe response.

DEVELOPMENT OF NOVEL COMPUTATIONAL FLUID DYNAMICS (CFD) BASED CALIBRATION METHODS FORPIPELINE FLUID FLOW
MEASUREMENT
BY CHUKWUBIADAM OKWUIKPO, SCHOOL OFCOMPUTING & ENGINEERING, UNIVERSITY OFHUDDERSFIELD, UK (2019
64



LITERATURE REVIEW

Becker, H.A.,& Brown, A.P.G. (1974¥tudied the effect of turbulence on Pitot tube response and
found that the Pitot tube should be selected to match the flowusthgasured. Four conditions to
considerthe typical multi-hole pressure probe respongas given Firstly, the turbulence must be
large scale, with a mean scale approximately times the dameter of the probe. Secondlfet
Reynolds number must ksgnificant Thirdly, the Mach number must be small and fourthly, the
velocity gradients should bevio Additionally, it was notedhat many of the detrimental effects of
turbulence couldbe reducedby installing a small flow obstructiomnside the tubeitself to
effectively damps any oscillation within the pressure lines without affecting the meanr@rassu

the stagnant air inside the pressure probe head.

Christiansen, T.& Bradshaw, P. (198lihntroduced a similar study but using a thtese pressure
probe, also known as yaw meter. The results videatical to Pitot tubes. Threhole pressure
probes were found to be sensitive to turbulence intenblowever this sensitivity was less
compared to that of a Pitot tube especiaéigardingthe sensitivity of the averaging of pressure

over multiple holes suppssed the effect of smadcale turbulence more than éoPtube.

The technology of deVeping pressure transducers hed to the development of pressure probes

with transducerghat are embeddedn the probe headEmbedding transducers into the head
eliminatethe need for long pressure lines and significantly improves frequency response. It has
been showrthat with total pressure probdsequencyresponse in the kHz scale is possible using
these embedded transducéfang, J.§ & Yang, S.S (2010). With this level of frequency
resolution, viscous damping and resonance wighiluid carrying cavity in front of the pressure
transducer will be significant. The probe mus designedn such a way that the resonant
frequencies of the flow chamber are ebalata acquisition frequency. Furthermore, the transducers
cannot be installed very close to the probe head or assume that flow stagnates within the chamber
fails Fischer, A., Masden, H.A& Bak, C. (2009).

The potential of such higliequency probes for the measurement of transient flows, even those on a
turbulent length and timescale hbsen shownThe main disadvantaged factor currently is the
pressure transducers, bodgardingthe frequency response armicro scaleregardingiemperature

and environment disadvantag@sessurdransducergapable of producing a frequency response of
about20 kHz at a temperature approximately600°C are presently available commercially and

have beensuccessfully implemented faevenhole pressure probeNed, A., VaDeWeert, J.,
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Goodman, S & Carter, S. (200Furthermore, similar higfrequency response transducers have
beenusedin threehole pressure probassed to carry outmeasuremestof unseady flows in

turbomachines
2.7 Velocity Gradient Effectson Multi -Hole Probe Calibration

The governing equations mutible pressure probes especially seliele probes are predicated on

the assumption that flow over the probe head is uniform. Boundarslzeda layer flow have
significant gradientsandthus, data collection at these regions will noabeccurag representation

of theflow at that point. Silva, M.C.G., Pereira, C.A.& Cruz,J.M.S. Q003)studied the effect of
velocity and pressure gradient on thtede pressure probe, using a rdimensional measure of a
velocity gradient that was based on a streamline projection to create a correction factor for velocity
measurements. The reduction imog was found to be in the order of 3° inflow angle in high
shearing flows. The implementation of this correction factor is difficult with aHole or seven

hole pressure probes because the streamline meudéefinedin two dimensions and the resulting

correction factor then becomes a function of two flow angles.
2.8 Research Work based on Multi-Hole Pressure Probes

In complex flow fields, the range ainglecan be spatially or temporally higher than what a-five
hole or a sevehole pressure probe can resolve, for example, flow in the wake of a bluff body. For
suchflows, theomnidirectionalprobeis preferred The Omnipressurgprobeis an extension of the
five-hole and sevehole probes. It can resolve flow angles up to fL&fbm its outer axis. Like the
five-hole pressure probe, the Onpibbe predicts flow angles, local total and static pressures, and
velocities with reasonable accuracy. However, the hegad distort the flow, thereby reducing

acairacy in measurement. Figure 2lepicts the Omndirectional probe.
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Figure2.7. Schematics abmnidirectionall8hole pressure probe)(port arrangement argtouping
(b) isometric view depicting spheric@b and cylindricakting(c) fully assembled I®le pressure
probeShepherd, I. C. (1981)

Crilly, J., & Fryer, P. (1993introduced theiseof a hemisphericdive-hole pressure probwmgether

with elaboration algorithms for the reconstruction of the aia gitrameters. The determinatioh

the air data parametemsuch as velocity, static pressuitteg angleof attack and angle of sideslis

based onthe local pressuresand the local angle measuremeni$ie results from theuse ofa
hemisphericaprobe on thé-lush Air DataSystem FADS), constructedrom a set of pressure slots,

are directly obtained on the aircraft fuselag€&he calibration of the pressure proldeas been
conductedrom -5 | to 15| angle of attackt15]| angle of sideslimndat free streamvelocitiesof
20m/scand 70m/screspectivelyFigures 29 and 210 showpressuralatacompared to a reference

value relative to the hemispheridale-hole pressurgrobeat an air velocity of 45més. Figure 28
GHSLFWV WKH SUHVVXUHYV DV Ddyw@ebwWilen RI WKH SLWFK DQJ

Figure2.8. The pessuret the hemispherical prolfdiwe holes (U = 45m/sc ) Crilly, J., &
Fryer, P. (1993)
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Figure2.9. The pessureat the hemispherical prolfidiwe holes (U = 45mic . |) Crilly, J., &
Fryer, P. (1993)

Figure 29 depicts the pressires as a function dhe yawangle( ) at pitchangle . = 0| The
pressuresecordedby holes 2and 3 are almost the sam&enthe pitch angle is constanThese
values becamsensitiveto the sideslip variations. Thgressuresecorded aholes 4 and 5 havan
approximatelylinear dependencen . andare notinfluenced E\ Y D U LTh&\StuBW3 Wmited
to airflow, where theaccuracy of the newalibrationdatahasnot beentested

Pfau, A.,Schlienger, J & Kalfas, A., and Abhari, S.(2003) established a method measuring
unsteady @D flow with four virtual sensors inserted intosangle pressure transducer mountedaon
smallprobe of 0.3mm inner diameter aaghaft of 1.8mm diametemhe probeconsists ba senmi
hemispherical probe heaattached to a cylindrad rod. A pressure tap on the surface of the
hemsphereconnects the transducer to the instantaneous pressoser for reasiremens. The
unsteady flow data isecorded aftfive consecutive pressure measuremeantsfive predefined
angular positions relative to the probe akis a given geometric grid point in the flow field. Due to
the threedimensionalityof the flow at the probe headhe measured pressure characterisiies

depeneéntontheyaw and pitch agles.

DEVELOPMENT OF NOVEL COMPUTATIONAL FLUID DYNAMICS (CFD) BASED CALIBRATION METHODS FORPIPELINE FLUID FLOW
MEASUREMENT
BY CHUKWUBIADAM OKWUIKPO, SCHOOL OFCOMPUTING & ENGINEERING, UNIVERSITY OFHUDDERSFIELD, UK (2019
68



LITERATURE REVIEW

Figure2.10. Miniature Fast Response HemispherieadbePfau, A., Schlienger, J., & Kalfas, A.,
and Abhari, S., (2003)

Figure2.11. Streamlinesround the pbehead (ahegativepitch angle(b) positive pitch angle
Pfau, A., Schlienger, J., & Kalfas, A., and Abhari, S., (2003)

Figure 211 shows the deflected streamlines as thgract withthe probe. A variation of pitch
angle changes the potentidw field, deflecs the streamlines and affsdhe surface pressure on
the probe body. &1 negativepitch angles (fgure 211(a)), a distinct stagnan pointis noticedat
the headf the probe The surface pressugt the front of the probe head reachesmximumtotal
pressurePitching the probe to positive angles will remove tlagrsation point at the probe head
resulting in a stagnation line along the stem axis. griegsure at the surfacéthe probe decreases
due to thedownwashof the flow, as seen in Figure 21 (b), leading to a pitch sensitiveehaviour

of the pressure field at the probe head

Babinsky, U., Kuschel, H., Moore, D., & Welland,. \1993 investigatedhe aerodynamic design
and use of muksensorfive-hole pressure probes favlicro-ElectroMechanicalSystem(MEMS)
applications The desired directional sensitivity required in the designnofili-hole pressurgrobe
is achievedy placing fences on thglanar frontakurface oifferentcylindrical head prols This
has been carried oub determine the best desiguitable for this particular applicatiohe
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investigationof flow over probes, with and without fenceshas been caed outin a low-speed

wind tunne] with Reynolds Numbers between 1500 and 40000 based on the probe diameters. The
potential of each design fdreing usal as afive-hole probe was determined through pressure
measuements andldw visualisations Thestudysuggestedhat the probe designed with fences has

the potential toncrease the directional sensitivity of the cylindrical prafigsificantly. Moreover

the studysuggestedthat the probe with fencesrecorded least equivalent angular sensitivity
compared to theprobe without fences However, theprobe withfencesdisplaysno significant

Reynolds Number effestin the range tested. Figurd2depicts probe designs wifencesested.

Figure2.12. Probe designestedBabinsky, U., KuscHeH., Moore, D., & Welland, M(1993)

These sensofsavebeendirectly exposedo theflow, andthe desied sensitivity of the probe cédme
achievedby fitting flow-controlling fences protrudingeyondthe sensor planeThe purpose of the
study was to examine the extent to which plastapessuch as thosshown in figure 2.2, are
suitable forsmall five-hole probe desigs, and how their sensitivity and range of applicatisn
comparedto a standardnulti-hole pressure probe design. First, the flow over a sinmbéear
cylindrical probe (probe 0 in figure 23) wasinvestigatedand thenvarious fences were added to
manipulate thelow to changesurface pressure distributioffthe effecs of simple barriess were
investigatedFigure 213 depicts thevsisualisationof the probe in oiflow.
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Figure2.13. Surface pressure distribution andftolw visualisationfor a cylindrical probe at pitch
angles oD |, 20| and 40| Babinsky, U., KuscHgH., Moore, D., & Welland, M(1993)

Figure 213 shows the distributioof surface pressure of oil streams on the planar pabbieee
different pitch angles. It came sea that the flow field is relativelyniform; with anincrease irthe

pitch angle the stagnation point moves towards the edge of the probe surface. It is interesting to
observe that the pressure distribution along the dtosurbice varies with pitch anglelThe
introduction of fences in the design wiulti-hole pressure prolsedramatcally changes the flow

over the probe hea&eparation bubbkwerefound at the leeward side of eadiarrierat norzero

pitch angls. A family of geometries foffive-hole pressure probedased on a planar array of
pressure sensqrsvas established These shapes have the advantage over traditional designs
however they can only be manufactured using MEMS technology. This technology is expensive
and therefore, it is only available to a fewgansationssuch as thelefenceand aviation industries

etc.

Woong, K, Nguyen, D, Saeng, H.Jae, S. Hee, S& Yong, M. (2015)conducted experimeaitand
numerical tudies aimed at measuririge flow rate of greenhousgas emissionusing the Sype
Pitot tube Theresearchfocuseson investigatinghe factors that affect the accuracy of flow rate
measuremenflhe effects of Reynolds numbgnontuniform equipment and produeh quality on
Stype Pitot tubecoefficients were investigatecconcerningthe flow measurement medium in

industrial chimneys.
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Figure2.14. The onfiguraton of the Stype Pitot tub&Voong, K, Nguyen, D, Saeng, H.Jae, S.
Hee, S., &Yong, M. (2015)

Figure 214 depicts the physical model and theogeetryof the Stype Pitot tube. Therpbe on one
endcontains anmpactorifice, wake orifice anda thermocoupleThe other enaf the Pitot tube is
used to meastes the differential pressuré/arious factors such as Reynolds unber and
misalignment of the ajle, can be additional error sources for thayfe Pitot tube coefficients.
Manufacturing quality of the-8§/pe Pitot tube is also a factor affecting the measurement uncertainty
of stack gas velocityFigure 215 depicts the installation of the Pitot tube into the stack and the

demonstration o¥elocity inside thechimney
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Figure2.15. Installation effect of the B/pe Pitot tube in the stadkoong, K, Nguyen, D, Saeng,
H., Jae, S.Hee, S, & Yong, M. (2015)

The coefficients of theS-type Pitot tubeare determinetly comparing theoefficientsof the L-type
Pitot tube The Stype Pitot tube and the-type Pitot tube were installed in the opposite directibn
the test sction as depicted in figureld.

Figure2.16. Experimental setup of thet$pe and LType Pitot tubes in the wind tunnéloong, K,
Nguyen, D, Saeng, H.Jae, S.Hee, S, & Yong, M. (2015)
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The coefficients of the-8/pe Pitot tube are determinamlassumehat the approaching velocity and
density to each Pitot tube atee sameThecoefficientsare calculatethy measuring and comparing
the differential pressure of the two Pitot tubes ahealet, using equatiorf2.22.

né/\?rwntvL néNré)L §ﬂj£ (2-22)

éNorjof]

WhereC,, siq andC,, siype are the ktype and Sype Pibt tubeV dpefficients respectively 'psiq and

"Psiype are the differential pressurasrosghe L-type and Sype Pitot tubes.

Experimens in thewind tunnel were conducted in the range8600<R=>22,000to investigate the
effects of Reynolds numbers on theVB\SH 3LWRW W X Hle¢deffieierisbf ithe SygeW V
Pitot tube at each ReynoldsNnber were determing, as depicted in figure 27.

Figure2.17. Reynolds number effect on thetype Pitot tubéVoong, K, Nguyen, D, Saeng, H.
Jae, S.Hee, S, & Yong, M. (2015)

Figure 217 depicts the distribution of the average values and the standard deviations fayplee S
Pitot tube coefficients across tReynolds Numberange.This study suggestetthat the expanded
uncertainty othe S-type Pitot tubes was 1.2%, which was establigbdakeslightly larger than that
of the L-type Pitottube coefficients. Furthermorthe studyprovedthat the deviation of each value
from the average value of thetype Pitot tube coefficients was lessn 0.3% withn the entire
rangeof Reynolds numbers. In additioih was notedhat the effect of the Reynolds number on the
S-type Pitot tube coefficients is negligible compared to the total uncertaintiieoflow rate

measurements
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Figure2.18. Pressure distributions and velocity vectors around & Pitot tube 8Re 10,000
Woong, K, Nguyen, D, Saeng, H.Jae, S. Hee, S& Yong, M. (2015)

Figure 218 showsthe effect of pitch andaw angles misalignments d@he Stype Pitot tube for
misalignment in the rang® £10| with 2| incrementFigure 219 and figure 220 respectivelyshow
this effect

Figure2.19. Effect of pitch angle misalignment on thaype Pitot tube coefficienVoong, K,
Nguyen, D, Saeng, H.Jae, S.Hee, S, & Yong, M. (2015)
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Figure2.20. Effect of yawangle misalignment on thet$pe Pitot tube coefficientvoong, K.
Nguyen, D, Saeng, H.Jae, S.Hee, S, & Yong, M. (2015)

Conclusively,it canbe seenhatthetube coefficienfor the Stype Pitotis changingapproximately

by -2% for negativeyaw and 4% for positivangle misalignmentt was further reported thait -

10° yaw anglethe probe recordeldw-pressurdistributions near the wala the orifice becausea
vertical structure grows behind the wa&e the hole and causes the Pitot tube coefficients to
decrease for negative yaw angles. Furthermore, whstiveyaw angle misalignment occurs, flow
separatiordevelopsat the upper edge of the impact orifice because of the tilted geometry in the
wake. Therefore,causes theoefficients of thePitot ube to increaséhe recovery of the pressure

distribution near the wake orifice.

Although the studiesnclude factors that affecthe meaurementit was only limitedto calculate
flow information atflow fields corresponding t&10| misalignment There was nothing about
extending the calibration or integratingperimental calibration with Computational Fluid Dynamic
(CFD). Furthemore, the angle intervafor this studyare too large to understand the misalignment
effects of Stype Pitottubein the realkituation Thereforemore refinements are neededelvaluate

the uncertainty and accuracy of the flow rate measured by the Pitot tube.

Wecel, D., Chmielniak, T& Kotowicz, J. (2008)ntroduced the use of experimental and numerical
investigationsfor the characteristics othe averagingPitot tube The study further discusses the
analysis andnstallation effectof the Pitot tubeon the flow coefficienthat was sedto measure
flow velocity in a 100n long pipeline with 200mm in diamete®©ne of the objectivesf the study

wasto determine théow coefficient k of the averaging Pitot tube and its relative chaikgevhich

DEVELOPMENT OF NOVEL COMPUTATIONAL FLUID DYNAMICS (CFD) BASED CALIBRATION METHODS FORPIPELINE FLUID FLOW
MEASUREMENT
BY CHUKWUBIADAM OKWUIKPO, SCHOOL OFCOMPUTING & ENGINEERING, UNIVERSITY OFHUDDERSFIELD, UK (2019
76



LITERATURE REVIEW

results fromthe installationeffect. Furthermore, the focus was also to obtain correct calculations to
obtainthe location of flow separation and the differential pressure betpegs of theAnnubar
The numerical investigationsere carried out orAnnubarwith a crosssectionshaped as depicted

in figure 221.

Figure2.21. Distribution of static pressure and velocity vectormuad aspecialcrosssection
Wecel, D., Chmielniak, T& Kotowicz, J. (2008)

As depicted in figure 21, theemphasisvas ontheturbulencemodel and turbulence intensity at the
inlet to obtain pressure distributions around the cylirslgfaceand the crosssedion of various
shapess modelledto achieve durther significantvalue of differential pressure and lowanount
of permanent pressure loshe numerical studieshowthat the bcations of flow separatioare
essentiafor stabilisingpressue signal for various Reynoldsushbes. Figure 222 depicts the flow

coefficient k as a function of Reynoldsushber obtained experimentally.

Figure2.22. Flow coefficient k as a fustion of the Reynolds numb&vecel,D., Chmielniak, T., &
Kotowicz, J. (2008)

DEVELOPMENT OF NOVEL COMPUTATIONAL FLUID DYNAMICS (CFD) BASED CALIBRATION METHODS FORPIPELINE FLUID FLOW
MEASUREMENT
BY CHUKWUBIADAM OKWUIKPO, SCHOOL OFCOMPUTING & ENGINEERING, UNIVERSITY OFHUDDERSFIELD, UK (2019
77



LITERATURE REVIEW

Figure2.23. Relative change dhe flow coefficient 'k as a function ofhe downstream distance
behind(a) singleelbow (b) twoelbows in the same quhe(c) two elbows out of plané/ecel, D.,
Chmielniak, T, & Kotowicz, J. (2008)

The averaging Rit tubehasupgream sensing portandflow codficient k is expressedh equation
(2.23) as

o| — %d
L ons (2.23)

At k valueof 0.65,there weraminimal deviationsover the range of Reynoldsulsbers froml.2 x
10° to 2.8 x 16, with variationsnot lager than 1.5%Even though the experiment foessnore on
correctingthe flow coefficientof the Pitot tubgk), it was only for airflow ina 10mmpipe with a
specific diameter. Howeve limited information is available regardinthe performance of
averaging Rot tube on wind tunnel flowd=igure 2.24shows changes itme calibrationvalue of the
Pitottubewhen used within elbows. It calpe seenhat K valie changes as a function of L/D.

Gong, W., Zhang, H& Liu C. (2013)develomd an automatic calibration methddr conicalfive-
hole probecontrolled byLabView platform. The study recorded a @.3naximum uncertainty for

the flow angles and 1.7% maximum uncertainty for the velocity magnifireéecalibrationwvasfor
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a+18|angular positiorwith anangleincrement of3 | step at dree streamvelocity of 60m/ec The

following equatiors definethe ron-dimensionalpressurecoefficientsasshown in equations (2.24)
throughto equation(2.27)

_?
na Lo (2.24)
L np?ny 22
né no)% ( b 5)
? iei
namr bk Wb (2.26

e N wi
nziqr_rgl-a n.l?\g&) Y (2-23

Wherep, p2, p3, P4, @andps are thepressures measured by e&cte of thefive-hole pressure probe.

ProtaL is the totalpressureof the oncoming flow an®sc is thestaticpressureof the flow at the

probe locationAverage pressuréis calculatedising equatioif2.28)

n.>n; >ng>ny
L ————

- (2.29

Figure2.24. Calibrationcurves for60m/secGong, W, Zhang H, & Liu C. (2013)
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Figure 224 shows the calibration surface recordatthough the probe showed a good response as
demonstrated by the chiation curveshowever,the calibrationstudy was just fowind tunnel
flow. In order words, the probe is limited taairflow with an angle not more thanxz18| as

demonstrated in figure 2.24

Hooper, J., & Musgrove, A. (199troduced an improved fotrole cobra probe with an extded
frequency response df5kHz. The probe measures the three components of the average velocity
andturbulentintensity offluid flow. The probealsoresolves the average static pressure and local
turbulent patts, allowing time between thpats of the fluctuatingvelocity and pressureto be
determined. The pressure probadimproved frequency response at the time of measurement in a
developed turbulerdirflow in a round pipeFigure 225 depicts he axial mean velocity distribution

of the flow andfigure 226 describes the axialturbulentintensity normalisedby the frictioral

velodty obtained by the probe.

Figure2.25. Axial mean velocity digibution Hooper, J., & Musgrove, A. (1997)
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Figure2.26. Axial turbulence intensitpommalisedby friction velocityHooper, J., &lusgrove, A.
(2997)

Although thefour-hole pressure prolshave successfully measured the velocitiairflow inside
a roundpipe, it isjust on airflowsstudyand notfor waterflow. Furthermore, the studyas only
basedon the conventional probe calibratiomethod and no formation is available regardirtbe

shapeof probesor trying to increase the accuracy of the results

Arpad, V., & Marton, B. (2013)estabished a calibration methoaf a conical headive-hole
pressure probe @nouterdiameter of 4mm, 0.4mm inner tube diameterd45f angle to measure
atmospheric boundary layer. The prolvas used testudy the characteristics of a wind tunnel
boundary layer anthr-field wakes of a buildingFigure 227 shows the pitch, yaw orientatigresd
pressuresensor arrangements. The stuehs mainly forwind tunnelairflows, andnothing suggest
thatwater or pipeline studigas been carried aut
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Figure2.27. Five-holeprobeangle and sensor definitioAspad, V, & Marton B. (2013)

Susheela, V.& Michael, S. (2004)proposed the use of a fehole cobra probe to determine the
uncertainty in themeasurements of thevake characteristics of a rotating object. Tibe
calibration was carriesbut in a wind tunnelfacility to determinethe calibration factorsThe
agreement between the manufactuaad the experimental calibration factors led to a practical
assessment in a threemension&turbulent flow field. The studyrovided an overview of the
assessment in the wake of the rotating and static objects and further explored the limitations and
advantages of the cobra probe in subsonic fldvigure 2.8 depicts he pessure distribution at the

four holes of thepressureprobe It was establishethat he lesser number of holes in the pressure
probe, the lesthe accuratéhe probenvould be able todetect thedirection of the flow at higlangles

of incidence. Hence, the study is limited to detectlow angle of about40f or less. When the

probe is used at high angles beyond #£4i® becomes prone to emobecause of this limitation.
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Figure2.28. Four-holeprobe pressure distributidusheela, VV.& Michael S. (2004)

Malviya, V., Mishra, R., & Palmer, E. (20)@stablished the use Gomputational Fluid Dynamics

(CFD) to investigate the thredtimensionainterference caused by a conical héad-hole pressure

probe in an automite wheel arch. The studpcludes CFD simulation of flow around the probe
when inserted at different locations inside theselharch. The study focuses the pressurdield,

velocity alongthe y-axisand the extent of interference causedhsfive-hole probe pressure along

three orthogonaaxes Figure 229 shows thepressure variatioon the wheel surfac&his study

was limited to lhe study of the probe inference airflow and noton the water flow field.
Furthermore, it was only limited to study the interference caused by the conical head probe and not

the interference caused the hemisphericaprobe on the wheel arch.
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Figure2.29. Pressure&ariation of on the wheel surfadéalviya, V., Mishra, R., & Palmer, E.
(2010)

Bryant, R., & Johnson, A. (201&stablished a CFD numerical and exipental study to measure
velocities,the staticand total pressure of gasw in a horizontal exhaust duct of &gonary source
using conical headive-hole pressure probeThe studyfocusedon experimental and numerical
comparison®f two independenineasurementsf pressure and velocity profilescross twachords

of the exhaust pipg-igure 230 depictsthe experimental and numerigabximum velocityprofiles
obtained using the pbe in the traverse spacing od@mm along diametric chords of the duct
spaced afl5| The study does nphowever,present any insight on water flowurthermorethe
probe did not compare twar moreprobes and limited flow field withig15|, anything other than

this will introduce error in the results.
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Figure2.30. Velocity profiles along horizontal diametric chor@yant, R, & Johnson, A. (2011)
Kim, S. H., & Kang, Y. J. (2009)ntroduced the study of helicopter air data usiaghemispherical

headfive-hole pressurgrobe in a wind tunnel. The stuftycused on finding thangleof attackof

the helicopter and flowdirections, total ad static pressuredheresults of the calibration proved
that the hemisphericéleadfive-hole pressurgrobe gave an evenly distributed pressure as shown
in figure 231. However,the study does not prst any insight on the velocitieg which the

helicopter travels.

Figure2.31. The espons®f surface reassuré&m, S H., & Kang, Y. J. (2009)
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Malviya, V., Mishra, R., Palmer, E., & Majumdar, B. (200@jroduced usinggomputationafluid
dynamics (CFD)based angsis of the effect of conical and hemispherical lsga@ssure prolse
geometry on the flow field interference. Thge of probes usedin the study was thdive-hole
pressure probeThe influenced oforobe geometry offlow disruption was analysed The study
further assessdtie values and ranges of variations of the flow field parametererically. These

are velocityand pressure fiekdn and outside the prob&he probes modelfor this study areonical

and hemispherical shapeharacteristicsThe conclusions of the sty took the needor complex

flow metrology into consideration and founidat the hemispherical head proiseadvantageous
over the conicaheadprobe in complex flow mapping which may need multiple pneunpatibes.

The numerical simulations of the conical and hemispherical probes in CFD wind tunnel flow

domainare showrdepicted inifgure 2.32.

Figure2.32. Pressure (Pa) distribution on coaliand hemispherical probbtlviya, V., Mishra,
R., Palmer, E., & Majumdar, B. (2007)

Figure 232 shows pressure distribution of static pressure on the horizontal symmetry plane for (a)
conical probe and (b) hemispherical prohedon a lateral plane throughe headfor (c) conical

probe and (d) hemispherical proldggure 232 shows static pressure distribution profile on the
horizontal symmetry for conical and hemispherical hgadbes. Numerically, thestudy of these
probes only considered for airflow the wind tunnel and not in pipeline flows. Furthermore, there
were no experimental studigse compare numerical studiedlso, it lacks he measurement

validation of theairflow parameters such as velkes.

Duquesne, P., lliescu, M., Fraser, R., Deschenes, C., & Ciocan, G. gfablshed the us#H a
pyramidalhead five-hole pressure probe to monitor the velocity and pressure fields within an axial
wind turbine. The uses fiveembedded piezcesistive pressure sensommbedded inside the
pressure holes. ltasa dynamic response of ovB@kHz. It was used in an unsteady flow to obtain
the static pressure, total pressunedthe velocitieswithin the flow of a propeller turbine. The inner
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holes of the probe were 2mm dmmeter;this allows for a compact desigf a pyramidal shape at
the headf theprobewith anouterdiameterof 8mm.

Figure2.33. The geometryof theconical headive-holepressurgrobe wth embedded sensors
Duquesne, P., lliescu, M., Fraser, R., Deschenes, C., & Ciocan, G. (2010)

The first step of calibration was to defitie four normalisedhon-dimensionapressureoefficients
thatcharacteris¢he unbalance of the pressure measimethe probeoncerninghe flow direction.
The flow directionis mappedor a range of positionwith pitch andyaw angles defined by and 2

of the probe in the flow field as expressed in equation (2.29) through to equation (2.33).

Lz T?T,
=R L T (2.29
Lz Np?ny
Lz T AT
=R L %n" (2.3)
. _A4 T.?Tpkp=H
=R L (2.32)
AL T
Q L . (2.33

From equation(2.29 to (2.30, the coefficients F and G are defined based on the pressure
differences between opposite lateral sen§araith i = 2, 3, 4 and 5hormalised by the difference
between the pressure sensed by the central spnsod the mean pressure in the plane passing
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through the four lateral sensacsefficients. Land H characterisedhe deviation of the pressure
sensed by the centraérsor, andthe averagepressureof the lateral sensoi®, andboth L and H
coefficientsare normalisedvith the local dynamic pressuf@ora. Obtained from aPitot tube
installed n the calibratiorwind tunnel. The calibratiostarted aftethe flow hadfully developedn
thetunnel Therange ofangle wast25 | for pitch and yawangleswith a resolution oft2.5f . Figure

2.34 depicts the coefficientparametric surfasobtained from the calibration.

Figure2.34. Normalisedcalibration coefficient chastand validation of the angular range
Duquesne, P., lliescu, M., Fraser, R., Deschenes, C., & Ciocan, G. (2010)

Based on the calibratiomsults the accuracy of flow information measured by the preigarding
velocity is about+2% for angles smallethan +25 and 3% for an anguar rangewithin 25|

Regardingpressure, the accuracy4#8.4%and+5.8%respetively. Probe tilted beyond JTaused
flow separation in this studf{ven though the calibration was successh#, mathematial models
used to define coefficientsf the pressure values do not consider the pressurealsation that
takes in to account the fact that ttentrehole measures thhighestpressurevalue Furthermore,
the probe cannaneasure flowinformationat largeanglesbeyond+25|, andit is only for airflow

applicatiors.

Brennan, M., Fry, M., Narasimha, M., & Holtham, P. (200#)oduced the use afonical head
five-hole pressure probt® measure¢heradid velocity of water flowinside ahydro-cyclonesystem
andused it forcomparison with CFD prediction#n this study,the time averagéow velocities
estimatedfrom the Large Eddy i8wlation (LES) are found to bewithin 15% of the measude
results FHgure 235 depicts the schematic description of a hydyoclone and the experimental

setup.
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Figure2.35. The arangemenbf a hydrecycloneand view ofKrebs DF6 150mm hydroyclone
used in the experiment with tapping pdtennan, M., Fry, M., Narasimha, M., & Holtham, P.
(2007)
Figure 235 depicts thephysical formation of the hydrayclone and theconical headfive-hole
presure measurementapings as installedinside the hydrecyclone In this study, the probe
measureshe radialvelocity at three different ebleations of the hydra@ycloneat two constant flow
rates in each measuremerfigure 236 and figure 2.3@epict thelocal radial velocity profiles

measurd by the probat each poindf localmeasuremenising a particulasetof calibration data.

Figure2.36. Velocities measure by aepyobe and that predicted by CFDtlateedifferent
elevations with constankofw rate at 3kggec Brennan, M., Fry, M., Narasimha, M., & Holtham, P.
(2007)
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Figure2.37. Velocities measure by aepobe and that predicted by CFDtlateedifferent
elevationswith constanimassflow rate at 4kg/seBrennan, M., Fry, M., Narasimha, M., &
Holtham, P. (2007)

Figure 237 and 238 depicts thdocal radial velocity profiles measured by the conical hdixe-
hole pressureprobe. Figure &7 depicts radial velocity profile measured at three different

elevations of 248mm, 484mrand728mm at a constant flow rate of 3kg/sec

Furthermore figure 237 depictsradial velocity profile measured at three different elevations of
248mm, 484mmand728mm at a constant flow rate of Kggsec The resultavere comparedwith
numeical results andit all showed reasonablecorrelatiors. Furthermore, the probe is limited to
measuring only flow fields within a smaller flo@ngle and does not ggest extending or

integrating calibration processes fmtter measurement accuracies

Vijay, B., Pravin S., Nilesh, P., & Pankaj, V. (201i6jroducd a calibration method of conical
headfive-hole pressureprobe that is suitable for velocity measurementsiaav fange ofup to
+30f angles The free streamaverage velocity magnitudeis 25m/®c and the conventional
calibration method of interpolating calibration curweas usedTable 22 demonstratethe non

dimensional coefficientalues obtained for eachtgh and yaw calibratian
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Table2.2. Pitch and yav angle calibration constakfijay B. Pravin S, Nilesh, P& Pankaj V.
(2016)

Figure2.38. (a) Carpet magcalibration curv (b) variation of total andc) static pressure
coefficientconcerningpitch and yaw anglegijay B., Pravin S, Nilesh, P, & Pankaj V. (2016)
Figure 2.38 shows that the probe is only capable of measurement for flow field wigtihrange
of pitch and yaw args. Furthermoretotal pressure coefficient first increases with pitch angle and
decreases aftegpecific valuesof yaw angle.Also, the static calibration map shows that static

pressure coefficients are a function of pitch and yaw angles. Even though the calitastidbs
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show correlationsregardingestimating nordimensional constantfiowever it is only limited to

low-velocity flow airflow fields. Also, flow informationmeasurd is notvalidated.

Shah, R., & Banerjee, J. (201iafroduced the use of hemispheriteadfive-hole pressurerobe
in theisothermalanalysis of CAN type combustoFrhe probe pressureaps and pressurgoorts are
0.55mm and 1mnmn size The probe is 10mm lorand4mm in overall sizeFigure 239 depics the

probeschematicgind the numberinmformation.

Figure2.39. Schematics of the prol&hah, R.& Banerjee, J. (2012)

The probe calibration took placeside a wind tunnel withat a constangirflow velocity of
37.4m/ec at probeangles of+30| with incrementinterval of £3|. The probe estimated the flow
velocities inside the combustor system computed using calibration to make measurements.
Correcty, the velocity magnitudevas validatedwith a Pitot tube placedat zero pitch and yaw
angles. Figure 2.40 depicts he location®f measurementat the pipe crossectionand the velocity

profile.

Figure2.40. Measurement locations and velocity plots offilie-hole probe and Pitot tub8hah,
R., & Banerjee, J. (2012)
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In this studyis thecalibration of the probe isarried outonly for low angleflow field, asit cannot
measure flow with higher velocitwhere flow may exceedt30| Furthermore,there were no
studies orthe comparisorof two different probe shapes integrating results to achieve an increase

in accuracy

Ligrani, P., Singer, B., & Baun, R. (201#troduced the calibratiomethod and uska 1.22mm
conical headive-hole pressure prob& measure velocitiedhe calibratiormethod useds based
on the nonnulling procedure A calibration curvds usedthat generated flow information during
measurement. The prolmeasurs velocity in airflow and he distribution of mean velocity and
mears vorticity over a crossection of 12.7mm »%08mm of the curved channelas obtained
Although the probe can meastihe flow fieldup to+45|, to an accuracgf 0.5|, it cannotmeasure

theturbulenceAlso, the studys only on airflow andlimited by Reynolds Nimber effect.

Lien, S.,& Ahmed, N.(2011)introducel the method for examininthe suitability of using multi-
hole pressure probe for skin frictiomeasureens at differert Reynolds Nimber andthe results
werecomparedvith anotherprobecalled the Presh probeFigure 241 depictsthe velocity profile

measured inside the pipe flow and fig@ré2 describes the dynamic pressure profile.

Figure2.41. Velocity profiles in the pipe obtained usitige five-hole probe and compared the
Preston probeien, S.,& Ahmed, N. (2011)
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Figure2.42. Comparison of local dynamic pressure in the pipe obtained trs#fige-hole probe
and the Preston prothéen, S.,& Ahmed,N. (2011)
Even though the study was carried out in pipe flbwid not consider whawould be the results of
another probe with a different shape. Furthermdine, researchfocuseson only singlephase
airflow and not for water tunnel flowAlso, the study does not considee use of CFRo integrate

andimprove the accuracy @Xxperimentaftesults

Christopher, C., Shinder, 1., & Michael, R. (2018roduced a study on the effect of turbulence on
a multi-hole pressurecalibration. Whencalibrating themulti-hole pressure prohehysteresisvas
found in specific rangesof air velocity, pitch angleand yaw angle In the worst cases,this
hysteresis caused a calibration error of about 30%. The expeginséindydemonstratethat the
presence of hysteresis was becafdbefl ow instability associated with flow separatidine pitch
and yawresponses of the muttiole probe werguite complicatedandhenceaccurate calibrations
require thousands of measurable points. Since there are no precise models, calibradi@tclat¢a
distributedastablesrather tharusingcalibration factors that adynamic pressureelated, as is the
casefor standard Pitot tubes and othesl@ape or kshape probed-igure 243 depicts he probe

used forthis particular study
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Figure2.43. Coneshapedive-holePitot tube with 9.5mndiameterChristopherC., Shinder, 1., &
Michael, R. (2013)

The results show strong hysteresig pressure differencameasured during calibration wheir
velocity increass, as depictedn figure 244. The hysteresisvas characterisely the calibration
factorC; ratio, shown in equatio2.34) as

g —ooof (2.39

Nijwdzwhz

Where “pur, i is the pressure difference between temtrehole and the T off-axis hole of the
InstrumentUnderTest (IUT), "pstandardS the differential pressure measured by a starn@daodtube
at the laboratorynside the test section. The standard Pitot tube monitors the stamdaedbcity
measuremenisThe installationlocation in the test section ane meter away from the IUT and

rightly in the same crossectional plane of the wind tunnel.
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Figure2.44. Charactesationof observed hysteresis for at different pitch and yaw arfgie
different air velocityChristopher, C., Shinder, 1., & Michael, R. (2013)

As seen in figure 24, the air velocitydecreases athe flow structure in the recirculation zone
gradually approaches the structure betbetransition To test the role, if any, played by thaulti-
hole holes themselved5f, thus displacing the holes out of air circulation area, rotated the.probe
The counterflowvelocity exhibited the samigehaviour Hence the hysteresiss not causedoy the
pressureholesbut was creaed by the geometry of thprobeitself. The presence of hysteresis is
because oflow transition connected with the recirculation zone. Thangeis sensitive to the
condition surrounding the recirculation zone. A light bump of phebe when the velocity is
increasing can cause tlransitionto occur at a lowevelocity. Similarly, by increasing the amount
of turbulence present in the wind tunnel, the hysteresis will disappear and the shape of the

calibration curve in the region near the hysteresis clsange
2.9 State of the Art Approach toMult i-hole Pressure Probes

The purpose of alibrating a multihole pressure probe is to establish the mapping relationship
between pressure differences and flows properties. Due to the economic and robust nature of the
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multi-hole pressure probes for thrdenensional velocity measurements, theee@rgoing research
and numerous appligans of the probesSomestates of the art approach to muliole pressure
probeare identifiedin this studyto understand the recent works and how they are carried out for

reference purposes.

Hsin-Hung, L., losif,I.S., John, D.W., & Michael R.M. (2014) proposed the calibration method of
multi-hole Pitot tube for the application of ANFIS. The probe considered in this study is the conical

and hemispherical fivlole pressure probes as depicted in figure 2.45.

Figure2.45. The onfigurationof five-hole Pitot tubeHsin-Hung, L., losif, I.S., John, D.W., &
Michael R.M. (2014)
The calibration method is AdaptaMetwork, andFuzzy Interference System (ANFIS) based. This
powerful technique integrates the benefits from the reasoning of fuzzy logic and the sheél of
neural network. This method involved constructing a set of fuzzy logiheh rules that have
tuneable function parameters and then use Netakzy systems and set of rules to process
dataset obtained from the probes. The calibration procedures for this rae¢tsoginmaries in the
flowchart depicts in figure 2.46 and figure 2.47 depicts the velocity map geddrgtthe probe

using its nordimensional pressure quantities for pitch and yaw angle planes.
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Figure2.46. ANFIS calculation procedutdsin-Hung, L., losif, I.S., John, D.W., & Michael R.M.
(2014)

Figure2.47. Air velocity Hsin-Hung, L., losif, I.S., John, D.W., & Michael R.M. (2014)
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In this study, itwas reportedhat the distribution of velocity begins to distort after flow angles are

over 30f, thisis demonstratech figure 2.47. Therefore, the study has been carried out fof £30

Furthermoreit was reportedhat the method is efficient for flow measurement at this angle because
theerroris less than 7.2xIdbefore the flow stabilises. Due to the grammability of themethod
adopted to calibrate the probe, ANFIS it can be integrated withinealdata acquisition system in
wind tunnel,an extensie database consisting of flow properties, flows angles anetdlimansional

pressure coefficients cdre efficiently established.

Additionally, it reduces calibration time. However, this metltadnotextend the calibration angle
beyond the £30 set for the calibration. This limitation is where the CFD is strong ancahas
advantageover other integration miebds. Furthermore, this method is only carried out for wind
tunnel flows and not in any hydraulic system. Therefore, the accuracy of this method in any

hydrodynamic systems cannot be guaranteed.

Jason, T., & Cengiz, C (2014) proposed a time efficienttagagridding approach and improved
calibrations in fivehole probe measurements. The main aim was to introduce an automated system
of calibration that eliminates the manual traversing of the probe in the test stirebyredudng

the human error that may arise from manual traversing. The calibration block diagram for the

method used in this proposed metl®depictedn figure 2.48.
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Figure2.48. The a@librationblock diagram for fivehole probe measurements Jason, T., & Cengiz,
C (2014)
The reason for this approach was to reduce the titageat to calibrate a multhole pressurerobe,
improve the spatial resolution of measurements in selected high gradiastsarch as boundary
layers, wakes, tips vortices and secondary flow dominated zamé&snprove general measurement

accuracies.

The calibration approach used a single transduceistiesahnectedo ascanivalveCorp. 48 channel
mechanical pressure seler. The specific electrical commandsdiop and reset the scanner are
provided by the digital output D/A of the DAQ for pressure data skétoollected After which a
direct interpolation data reduction approach was used to analyse the data and psvits as

shown in figure 2.4% the carpet map of the probe.
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Figure2.49. Average values (crosses) with data spread of four runs Jason, T., & Cengiz, C (2014)

The carpet map as shown was obtdif@ur times in subsequent ruts establish the repeatability

of the calibration process. Theente of each cross represents the average value, while the four
points surrounding each cross represents the data collected from each run. Nasplgtalvithin

the £20f range have good grouping and are close to the average value. In the outlying regions of
the calibration, those greater than £2@hegatheing is not as tight and initial alignment errase
exacerbated Furthermore, thestarshapedcarpet map is not perfectly symmetrical because a
dimensionally perfect andalancedoressure probe is very difficult to manufacture because of the
smallnature of thearobeand the inherent machining imperfection.

Calculations of Cpicn and Cpaw are bund directly using equatio?.34 and2.35. The results are
used to interpolate pitch and yaw angles values with the help of data represented in figure 2.50 that
is a typical averaged carpet map produced by the automated calibration approach.

?

"ngrab o2 (2.34)
?

"ngrat nr;_ ?nl;ﬁ (2.35)
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Figure2.50. Coefficientsof pitch angle versus coefficients of yaw anglesatiableyaw angleof
+30for 81 calibration pints Jason, T., & Cengiz, C (2014)
Thevariation in Cp aconcerningpitch and yaw anglare represented figure 2.51. Interpolation

is carried out to find Cpota Using tusing equation (2.36)

N
"ngrat n'n_n?%Wb (2.36)

Figure2.51. Coefficients oftotal pressureersus pitch of +40 atvariableyaw angle of +3(for 81
calibration pintslason, T., &engiz, C (2014)

Figure 2.52represerd the Cp staticas a function of pitch and yaw angle. The {gimensional
Static pressure of the probe can be recovesathequation(2.37).

’_) i. .
"ngral ol (2.37)

where % 20 "To7
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Figure2.52. Coefficients of static pressureersus pitch angle of +40 atariableyaw angle of £30

for 81 calibratiorpoints Jason, T., & Cengiz, C (2014)
The mechanical scanning approach with one transducer adopted in this study reduces measurements
uncertainty by cancelling out thermal shift and calibration erroisémso might measure. It also
reducesthe total cost of the system but comes up with increased management time for the
calibrations and measurements. Furthermore, the pressure probe was onlyffpar@@othing is
suggestingxtending the angle fonore substatial flow.

Aschenbruck, J., Hauptman, T., & Seume, J.R. (2015) introduced the sttityiofluenceof a
multi-hole (five-hole hemisphericalpressure probe othe flow field in the axial turbine. It is
essential to predict gas turbine flow field usi@§D to improve jet engines continuouslyhe
results of the CFD simulatiorsre validatedwith pressure probe measurements. The probe was
intended to predict flow field between the turbine blade rdwsas the probés positionedn the

flow passage, itlisturbs the flow field. Therefore, this study investigated the influence of a multi
hole pressure probe on the flow fieldammultistage axial aiturbine to measurairflow velocities
experimentally and the results were comparedo the outcome of CFD simulations. These
simulations were carried out with and without the probe in the flow passage to investigate the effect
of the probethe flow field numerically. The shape and schematics of the parobelepictedn
figure 2. 53.
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Figure2.53. Five-hole pneumatic probe numeration and definition of pitch and yaw angles
Aschenbruck, J., Hauptman, T., & Seume, J.R. (2015)

The total and static pressures of the flow bandeterminedby analysing the five pressure values
sensed by the probe. For this analysis a calibration of the probe is necessary, to do this the probe
was used to measure pressure at various Mach numlgbifesnt SLWFK DQG \DZ DQJOHYV
This was carried ot by rotating and tilting the probe around pressure hole 1. After the pressure
probeswere measureéh the calibration duct, the calibration coefficiemtgre determineds a
IXQFWLRQ RI ODFK QXPEHU DQG IORZ D @Qré@dfinedas RawGitch 7 KHV

angle coefficients, and total and static coefficients.

n ?n,

For yaw angle coefficient L — P (2.38)
. .. no? No
For pitch angle coefficig, L T e neem 6 (2.39)
For total pressure coefficients, | — dn?n. (2.40)
n.?:n >n;>ng>nq; 8
For statistic pressure coefféit, Tn?:0. 21y >No>M; & (2.41)

n.?:n >n;>ng>ny1; 8
P is the flowof true local static pressure.

Ther coefficients were used to analyse the flow measurement analysis in an iterative process, as the

flow angles dependmothe Mach numbelfrigure 2.54 depicts the free jet region of the calibration

duct where pressure valuesre sensed
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Figure2.54. The freejet region of the calibration duct Aschenbruck, J., Hauptmai& $gume,
J.R. (2015)
The experimental calibration of the aerodynamic probes took place in thepkmd calibration
channel of theurbomachinery and fluid dynamics systei+DS). This channels operatedn an
open loop. The maximum Mach number is Ma The probewas positionesdne nozzle diameter
downstream of the convergent nozzle outlet. The first optbbepositionedat thecente line of
the free jet for all calibration positions. The experimental calibrattes conductedor a pitch
DQJOH RbfinstepF DQG IRU \DZ D @ hCGBH step.Thesepositionswere then
calibratedfor Mach numbers between 0.1 and 0.®ih steps. The total pressurggnd the static
pressure pfor thetotal and static pressure coefficierstee measuredvith Prandtl Pitot tube at the

axial probdocation for reference values. Figure 2.55 depicts the numerical calibration setup.

Figure2.55. A numericalmodel of highvelocity calibration channel with fivbole pressure probe
Aschenbruck, J., Hauptman, T., & Seume, J.R. (2015)

The numerical calibration was carried out with a model of the-$pgedcalibration channel

shown in figure 2.55. The model ofetltalibration channel was simplified byodeling only the
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nozzle and replacing thieell mouthwith a volume defined as a boundary with ambient static
pressure. Besides the calibration channel, the-Hote pressure probe was also simplified, by
coveringthe pressure holes and the pressure holestiativall. However, theorobewas modelled

with its characteristics shape, to ensure negligible modelling error between simulations and
experiments. The modification of the pressure probe reduces the computational effort in the mesh
generation However the geometry was stitompicated Thus the probe mesh must be generated
with an unstructuregneshusing hexahedral elements. The meshes for the numerical calibration
have a grid quality with a minimum angle of 2&nd maximum aspect ratio below 1700. The total

number of grid pointsi approximately 1.15million.

The boundary condition of the nozzle infes seto a constant total pressure corresponding to the
specific Mach number. The numerical calibration is carried out for two Mach number Ma = 0.2 and
Ma =0.4 with varied pitch angaw angles. These Mach numbers were selected because these are
the relevant values in the experimental stage of the axial turbine for the investigated operating point.
The outflow of the nozzle is homogenous and undisturbed. The @dbeatedin the mddle axis

of the free jet. The numericehlibrationwas conducted RU D SLWFK DQid &dp Rand  “
IRU \DZ DQJXQadi15f in 5f step. The negative yaw anglase neglectedecause of the
symmetrical geometry of the probe. The pitch and yaw angles range were deemed fit to capture the

occurring flow angles in the turbine.

Figure 2.56 showthe numericaland experimental results of the calibratjat for the caseof Ma

= 0.2 This Mach number shows similar results when compared to higher velocities. The error bars
of the experimental indicate 95% confidence interval. The YAC thassame characteristic
depending on the yaw angle in the range. of 15 and is in good agreentdmetween numerical

and experimental results. It céwe noticedthat the TPC showgood accordance of thstatistcal

and experimentalcalibration data and differs only slightly. However, the diagranthefTPC
coefficient shows a higher deviation at a yamgle of 12.5. This difference is not in the 95%
confidence interval. Linear behaviour is also visible in the results of the PAC calibration coefficient
subjected to the pitch angle. Both the numerical and experimental rasoNtdinearity but differ

by a constant offset. The results of #dtatisical calibration of the SPC coefficient are rimt the

preliminaryresults anghowdifferences in dependence on the pitch angle.
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Figure2.56. Numerical aneéxperimental calibration coefficients for Ma = 0.2 Aschenbruck, J.,
Hauptman, T., & Seume, J.R. (2015)
The simulations with the probe were compared with the experimental data of the measurements in

the turbineto verify numerical resultas shown in figur@.57.

Figure2.57. Comparison of experimental and numerical results Aschenbruck, J., Hauptman, T., &
Seume, J.R. (2015)

The normalised total pressure and Mach nunabeplottedin figure 2.57. The experimental results

agreewell with the numerical results with the probe in the area of 50% to 90% of the pitch. In this

area, the wake is region predicted accurately by the CFD. The differences are in the 95% accuracy

intervals, whit are indicated by the error bars

The results presented here is accurate for the applic&i@n though the results show in figure

2.56 demonstrates good agreements between CFD calibration and experimental calibration
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especially for YAC and TPC, for highccuracies the numerical results alone are unreliable because

it could not reproduce flow separation accurately. The reason for the offset at the PAC and the
difference at the SPC between numerical and experimental results could not be determined. An
attempt to doing this may result from a modelling error between the simplified model and the real
probes geometry. Furthermore, there is disagreement between numerical and experimental results in
the flow region with low total pressure gradients, between3D% pitch as shown in figure 2.57.

There was no integration of CFD and experimental résutiprovethis limitation

Remigiusz, J., Jaroslaw, M., & Jacek, P. (2017) introduced the useiltfhole pressure probe
positioning for exhaust emissions mea&snents. Emission of harmful compounds in the exhaust
gases depends on the operating conditions of the engine and its teic@&merg. In this type

of environments, muHkhole pressure probe is the best choice for such measurements. The research
was carried out is a turbofan, twin shaft engine witlydraulicallyadjustable nozzle. is equipped

for the threestage low-pressure compressor and a-s¢éage higkpressure copressor. The
combustim chamber is annular. Figure 8.%lepicts the crossection of the engine Pratt and
Whiney F100PW-299 used for the research.

Figure2.58. Crosssection of the engine Pratt and Whirteh00-PW-299 Remigiusz, J., Jaroslaw,
M., & Jacek, P. (2017)
The enginas fittedwith antricing system, wherein the heating of the engine isletanagedy air
taken from the relief valve at thidth compressorstage. The study uses analyser Semtegh D
(Sensor Emission échnology) depicts in figure 2.38 measure the concentration of the exhaust

compounds such as carbon monoxide, hydrocarbons, nitrogen oxides and carbon dioxide, according
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to required characteristics of ns@ements contained in talile8 beforeusing the multihole probe
to measure samples of the exhaust

Figure2.59. Gas analyser Semtech DS Remigiusz, J., Jaroslaw, M., & Jacek, P. (2017)

Table2.3. Characteristics of the SemteDl$ analyser Remigiusz, J., Jaroslaw, M., & Jacek, P.
(2017)

The exhaust gasesere introducedto the analyser via a cable, whose temperature wa$ 091
required to measure the hydroaambcarcentration in the flam@nisation analyser. After cooling
the flue gas to a temperature of €. The process of measuring nitrogen oxides, carbon dioxide,

and carbon mawxideis depictedn figure 2.60

Figure2.60. The block diagram of SemtedbS analyser Remigiusz, J., Jaroslaw, M., & Jacek, P.
(2017)
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The methodology for measuring the emissions of gas turbine engines involves measuring the
concentration of exhaust gas in a sample obtained from the exhaust gas stream flowing through a

specially designed muitiole probe following the stated rules setiGAO.

X The probe, which makes contact with the gas sample, must be made of stainless steel or
other nonreactive material.

x All holes of the probe must be of the same diameter.

X The design of the probe must be such that at least 80% of the pressur@madtiegrobe
should be through the holes.

X The number of exhaust gas intake must not be less than 12.

X The surface of the probe must be close to the outlet of the engine as permitted by the engine
performance, but in any case, it must be less than 0.5mm of the nozzle.

X There must be a need to demonstrate to the certification authorities that the propbeed pr
and its placement in the system will provide a representative sample for each particular

engine state

The use of multi-hole pressure probe in this study allows obtaining an avesag®leof exhaust

gases. The average value of the collected samplésgalated to the fact that, as the distance from

the exhaust gas axis increases, a decrease in the concentration of the exhaust constitoents can
observed It depends on the design of the engine, including the cooling method of cooling and
separatiorof the engine parts from the hot exhaust gases and the associated turbulence flow in the
exhaust stream. The resulting exhaust sample sensed at the holes of the probe for different
concentrations of compound are mixed and therefore and used to estie@aterageconcentration

value of pollutants.Consequentlyit is desirable to measure thevel of contamirantsin the
exhaustoutlet area without a dilution effect. By performing such measurements, it is possible to
estimate the actual gas compositanmduse additional informatioto determine exhaust gas mass

flow and exhaust emissions

The study was conducted to evaluate changes in the concentration of pollutants in the exhaust gases
relative to the distance from the measuring point from the exhaustit®wy A special test bench
was prepared to allow the probehi® changeduring engine operation. The experiment was carried
out by performing a typical engine test on the engine dymioeahinimum value of thrust. During
the study, concentrationgere masuredin four positions of the probe. The distance between the
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measuring points was about 250 mm. The last measuring point was 750 mm from the exhaust flow
axis. The analysis of changes in the concentration of the compounds was performed based on
carbon dbxide concentrationFigure 2.61depcts the test section, figure 2.@2pict the results

obtained at various measunent positions, and figure 2.68picts the comparison of results.

Figure2.61. The tesstandsand measurement points Remigiusz, J., Jaroslaw, M., & Jacek, P.
(2017)

Figure2.62. Concentrations of pollutants measured by the Aol pressure probe while changing
the gas samplinggsition Remigiusz, J., Jaroslaw, M., & Jacek, P. (2017)

Figure2.63. The concentration of carbon dioxideadsinctionof the distance from the axis of the
exhaust flow Remigiusz, J., Jaroslaw, M.J&cek, P. (2017)
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Conclusively, the measurement results confirm the phenomenon of the mixing of gases in the outer
areas of the exhaust stream flowing from the nozzle. Therefore, ibeaassumedhat the
measurement of pollution must be carried out in the axis of the exhaust using dslagieessure

probe. The results obtainesdhow a substantialchange in the concentration of pollutants in the
exhaust gases, which are dependent on the destamm the axis of the flowing stream of exhaust
gases. Changes recorded at two nozzle diameters indicate a strong exhaust gas fluctuation and a
significant dilution zone. It cartherefore pe concludedhat the measurement of the concentration

of harmful compounds in the measurement procedures for the assessment of the ecological
properties of turbine engines should be implemented in the axis of the exhaust gas flow using a
single-hole probe. However, ith the use of a fivénole probe with accurate calibration methods, the
ecological properties of the turbine engine including the tkileeensional velocities can be

obtained and compare to CFD for proper analysis.

Elisabeth, S.S., Ewoud, J.J.S., Bart, Rhristopher, D.W., & Qiping, C. (2017) introduced
incremental nodinear dynamic inversion and mithole pressure probes for disturbance rejection
control of fixedwing micro air vehicles (MAV). In this study, two methods are proposed to
improve the digirbance rejection performance of the MAV. The incrementatimaar dynamic
inversion (INDI) control and phassdvanced pitch probesINDI uses the angular acceleration
measurements to counteract disturbances. Molg pressure probes measure the nmog flow
angle and velocity ahead of the wital react to guests before an inertia respooseus. The
performance of INDI responde comparedo a traditional proportional integral derivative (PID)
controller with and without the muhole pressure pbes.

Pantelidis, K., & Hall, C.A (2017) introduced the Reynolds number effects on theypanoids of
smallcompressors. It was intended to devedopmprovedunderstanding of the loss variation with
Reynolds numberReD in such a compressoomeexperiments of scaledp single stage axial
compressomwere conductedacross a range of Re 4 10. The flow fieldwas measuredt the

rotor inlet; rotor exit and stator exit usinfgll areatraversewith a miniaturised fivehole probe.
Furthermore, Hreedimensional computations of the same compressor stage conducted to
investigate howuseful steady fully turbulent RANS CFD, with the Spalart Allmaras turbulence
model, is for this low Re regime. For this purpose, a setalle axial compressor wassigned
experimentally and numericalyZ KHUH WKH FKRLFH RI - DQG U ZHUH VH

efficiency. The low speed rig used for the experim&shown in figure 2.64
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Figure2.64. Experimentatig setupPantelidis, K., & Hall, C.A (2017)

The miniature fivehole probewas constructesvith an outer diameter of 4.4% of the blade span.
This was connectetb a 16channel pressure scanner thats mountedearly. This was done to
achieve a fast meamment settling time, 1.3sec, with high accuracy. The probe was calibrated
Dominy and Hodson method to generate a calibration mapanitide range, pitch = £2% and

yaw = +35f . Figure 2.65showsa schematicshowingthe traverselocation of the probe in the test

rg.

Figure2.65. Rig schematic showing traverse locati®atelidis, K., & Hall, C.A (2017)

A variable area motorised throttle at the stage exit controlled the dhefficients and the
operating Re of the rigvas adjustedhrough setting the rotational speed. Area traverses using a

five-hole probewere completedat three stations, with up to 1000 measurement positibesg
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taken To achieve the overall characteigsof the static compressor pressure ribe throttlewas
gradually closedtating at the fully open position.

Figure2.66. Static pressure rise characteristic measuredmt REK R Z  Q { &s Rhntelidis, K.,

& Hall, C.A (2017)
Two regions of stall cabe observeat the peak. Stall 1 was expected to be part span (tip) stall cell
and stall 2, a full span stall as shown above. Figuré @epicts the probe traverse results at the
design (D) andhe near stall (NS) flow coefficient, which is the last continuously stable operating

point.

The aerodynamic measurements made by thehiile probe aReD =6x10* in the ductare
presentedn figure 2.67. Emphasiss givento the flow properties measured by the prokeocity,
flow angle, pressure loss distributionsrofor and stator at two flow coefficientsp DQG -

= 0.50 as shown in figure 2.66.

Figure2.67. Span wisexial velocity distribution at rotor inlet, exit and stator exit Pantelidis, K., &
Hall, C.A (2017)
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Experimental measuremerase showrin solid lines andcomputation measuremerdse shownn
dash linespanwisefor pitch angleaveraged, distribution of properties at ReD amdor different
traverse stations of the probe. At the ratdet, there is a velocity gradient that is induced by the
streamcovertureabove theotor conenoseAt the rotorexit, there is both a hub and casing velocity
deficit characteristiof small corner separation and a large tip clearance flow. At the statothe
hub deficit has increase indicatingreore significantorner separationyhereasat the tip there is a

velodty recovery.

Reinaldo, A., Gomes, Julia, K., & Reinhard, N. (2018) introduced the development and
implementation of a technique for fil®le probe measurements downstrearthefinear cascade.

The focus of this study is to develop a measurement methodatimditines otherway and extend it
allows for fast or transient fivdole measurements at strongly varying flow conditions by varying
the Reynolds number as well as with steady and periodically unsteady inflow. This reediba
reducing measurement time by up to 90% with compressing meastrecwnacy. Forthe
effectivenes®of thetechnique it was appliedor flow measurements downstream of a compressor
cascade witlthe attachedand stalled flowFigure 268 cepicts the experimental setup, a hgpeed
cascade wind tunnel of tHastitute of Jet Propulsion at the forces university Munich. The main
components of the facility are a sskage axial compressor, a settling chamber with laminar coolers
and the nozzle. These paai® enclosethside a pressure chamber where the static pressut@ecan
changedetween 3000Pa and 120,00Pa.

Figure2.68. High-speed cascade wind tunnel Reinaldo, A., Gomes, Julia, K., & Reinhard, N.
(2018)
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The Mach number and Reynolds number of the flow are vamskebendently from each othey
control the compressor speed and the cooling of th&'lag Mach number range at the nozzle exit
OLHV ZLWKLQ, andthé@doog of the Reynolds number based on nozzle exit conditions
derived by the geometric scale is approximately 2x10” 5H O " °®mf. A 1.3MW electric

motor drove the compress and a hydraulic coupling controls the speed. These comporatplaced

outdde the pressure chamber.

The determination of settling time for pressure measurement probe was the focus of this work. The
settling time isessentiawhenever there is a noticeable time lag between pressure changes at the
measurement location and theumttmeasurement device. The settling tisielefinedasthe time
needed for the measured pressure to level 99.9% of the initial pressure differeaPg tis is

expressed in equation (2.42).
eLrd{{H 5sErdarsH’g (2.42)

Using the probe for measurements in the downstream of the linear compressor cascade with
moderate turning and a Mach number at the outlet of approximately 0.3. Measuneerentaken

at two Reynolds numbers, a medium 150,000 at which jpwafile loss is generatecand low
Reynolds number of 50,000 where the stalled flow was preéésud, for periodically unsteady

inflow, the method was testeahdthe resulis depictedn thefigure.

Figure2.69. Flow properties measured downstream of the cascade with the standard and fast
traverse technique for medium Reynolds number and steady inflow Reinaldo, A., Gomes, Julia, K.,
& Reinhard, N. (2018)

Figure 2.69 shows the results from a traverse at medium Reynolds number and steady inflow
conditions. It shows the normalised profile losses (a), the flow angle (b), andrthalisedVach
number as a function of the relative pitch wise position. Thelteesf transient measurements
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shown in figure 2.69 are from traversing velocity of 2m/sec. The same operatingwasnt
measuredwith a traversing velocity of 1m/sec. Was also observethat for medium and low
Reynolds number, the measurement time desa® using the pressure probe developed for this
study decreases the measurement. The total time needed is normalised by thquimat the

low Reynolds number with the standard technique.

Figure2.70. Entiremeasurement timeecessaryor a complete traverse measurement Reinaldo, A.,
Gomes, Julia, K., & Reinhard, N. (2018)

In figure 2.70, it carbe seerthat both standard and the new method of measureaneicompared

and the processdecreased theotal time needed for ongaversé by up to 90%. For a better

estimate of the time saved, the typical overall measurement time for a standard traverse at low

Reynolds number is approximately 45minutes.

The method and technique developedtfa measurementf the high-speedcascade wind tunnel

have been tested and has provided good results, the results are only one direction as it is limited to
50,000 and150,000 Reynolds numbers. Furthermamething is suggestinghow to make the
accuracy stronger like using CFD or integrating CFD into experiments.

Marcel, B., & Reinhard, N. (2018) developed an adaptive manufactured miniaturised wedge probe
optimised for twedimensional transonic wake flow measuremefisansonic neasuremenis

known as challenging and several requirements and constraints arising in this flow regime. T meet
this challenge, a new muliole pressure probe in thg/pe of miniaturisedwedge probewas
developed The miniaturised wedge probveas calibratd for high subsonic and low supersonic

Mach numbers and different pitch angles at low ambient pressure conditions. This method
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introduced some improvements of the probe calibration as well as using the base pressure hols for
static pressure reference inetflow. Figure 2.71 depicts the design of the type of Amalke

pressure probe used for these particular experiments.

Figure2.71. Raw sintered pressure probe head built with a layer thickness of Répnaldo, A.,
Gomes, Julia, K., & Reinhard, N. (2018)
The aim of the probe is to the exit flow quantities of transonic turbines cascauié sgan(two-
dimensional flow) ina high-speedcascade wind tunnel. The cascade wind turmplacedinside a
pressure tankThe ambient pressure can be reduced down to 3.&kRdbtain engine relevant
Reynolds numbers during the telstwas reportedhat atlow-pressureconditions, the settling time
of the probe increases significantly, thias notedn the design process.

The probewas calibratedor Mach numbers between 0.5 and 1.6 and pitch angled of atéhe
wind tunnel. Since thprobewas intended tde usedn low ambient pressure environment during
measurements, the calibratiovas performedat the lowest possible ambient pressure of 12kPa.
This resulted in Reynolds numbers based on the wedge thickness (1.3mm) betweeh dnélx10
9.3x1@. Direct interpolation technique was used for data reduction as a metrealtmte the
measuregbressure from the propEromthe five pressure taps (labelling in figure 2.72) at the probe
head, the nowlimensional probe quantitiese derivedas shown in equation (2.43 and 2.44). They

are closely relatetb its specialflow quantity Mach number and pitch flow angle respectively.
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Figure2.72. Position and labelling of the pressure taps at the +nalé wedged probe head
Reinaldo, A., Gomes, Julia, K., & Reinhard,(R018)

o L%‘ (2.43)
. LD (2.44)
on

“p is the quantity related to the dynamic pressure of the #other, it can be derived with the
pressure from the wedge face (wf) or with the base pressure (bp) holes as shown in equation (2.45)

and (2.8).

inud "4 FE2 (2.45)

énvnl g FE200 (2.46)
The advantages of using the base pressure holes for referencing the dynamic pressuseesm

the characteristic of the Mach number parametgrphotted over the Mach number at zero flow

incidence depicted in figure 2.73.
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Figure2.73. Mach number parameter at zexxurence Reinaldo, A., Gomes, Julia, K., &
Reinhard, N. (2018)
Figure 2.73 shows the characteristic of a-4ivde pressure probe. It shows there is a decrease at Ma
= 0.8 and the pronounced plataaueachedowards sord flow velocity even thoughhe slope of
the characteristic is baly increasing above Mach 1. &rsharp instead of blunt probe head
geometries are preferable in the transonic flow regiseethis can benhaicedto increase the

velocity to desired conditions

Figure2.74. Total pressure measurement in sonic flow at zeriodences measured using multi-
holewedged pressure probe comparedtemdardshock theory Reinaldo, A., Gomes, Julia, K., &
Reinhard, N. (2018)
Figure 2.74 shows that the mtitole wedged pressurprobe. As expected, the pressure
procurements with the Pitot tubg @f the MWP in subsonic flow agree very well with the total
pressure in th8ow at zeroincidenca. In supersonic flow, pmatches the theoretical total pressure

ration downstream and upsam ofa standardgshock, whichs expected
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Figure2.75. Flow angle sensitivity dotal pressure measurements values of subsonic flow
Reinaldo, A., Gomes, Julia, K., & Reinhard, N. (2018)

Due tothe highratio oftheinnerand outer diameter of the useitbPin this study, the total pressure
measurements are less affecsdpitch angle variations, cAll subsonic measurements, in blue
diamond'slying above each other, showing similar flow angle etefency. For pitch angles of
+10f of the pressure reading of is less than 1% erroneous to the real total pressure of the flow. In
the supersonidlow regime the shape of the plois similar to the subsonic onedut the shock
lossesare observable. Nevertheless, the deviation of the pressure readingsisokimilar less
affected by flow incidence angles in supersonic flow regimes. Since the Mach number parameter
kua Of the multihole wedged pressure probe didicatewhether supersoaior subsonic is present,
the actual total pressure of the flow da@ uniquely assignetb the measuredopFurthermore,
incidence angles the yaw direction between £2assumed to be negligible effestereobserved
on the measurements of the mitile which was testedor all Mach numbers and pitch angles.
Therefore, the probe was found to be veelited for real profile loss measurementd abtaining
exit flow quantitiesin turbine cascade applications particularly in transonic exit flow conditions.
The study also shows that the characteristic of the pitch angle parameter simoaygutoximately

linear trend. ure2.76 illustrategheresultsfor three different Mach numbers.
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Figure2.76.Characteristic of the pitch angle parametdokthree different Mach numbers
Reinaldo, A., Gomes, Julia, K., & Reinhard, N. (2018)
It can be nticedundoubtety that thecharacteristiés almost independent of the flow Mach number

and the slope ipracticallyconstant over the entire calibrated pitch range.

Although the study carried out here, prove that the use of a-hulétipressure to measure flow in
wind tunnel can be accurate if proper calibration procedufellowed However, there was no
emphasis on velocity or higher Mach number and only very little was mentioned of the probe yaw
angle. Further, there was no report suggesting usiag in any hydraulic flow to test for its

suitability and accuracy.

Marcel, B., Martin, B., & Reinhard, N(2018) studied the challenges of fikele probe
measurements at high subsonic Mach numbers in the wake of transonic turbine cascades. The
objective was to evaluate the Mach number measurements of-kofevgressure probe in wake

flow of a transonic tlrine cascade at engine relev&dynoldsnumbers by comparing them to
results of particle image velocimetry (PIV). The PIV measurements were performedrwith
insertedfive-hole pressure probe to investigate the influence of the probe on the wake flow field.
The highspeedtest facilityused for this study is the sarae showrin figure 2.68 and table 2.2

shows the operating condition for these investigations.

Table2.4. Operating conditiomange of the highspeedest facility

Reynoldsnumber 2x10m* " 5H O " 'mf{
Mach number " 0D "

The anbientpressure inside the tank N3D " SF "~ 03
Free streanturbulence level at the inlet place " A
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The operating point of the turbine cascddedefinedby the theoretical exit flow Mach and
Reynolds number (M, Rew) assuming an isentropic flow through tb@scadeThetheoretical

exit flow Mac numbers derivedby equation (2.47).

«7-

-~ 6 55
ear L “—?SHI-@:;A F sl (2.47)

Where the total pressurglpupstream and the static pressuredpwnstream of the cascade.
Combining these parameters with the total temperatyrat The cascade inlet and the chord length

| thetheoreticalexit flow Reynolds number can be calculated using equation (2.28).

. Pip
wHE HA———1b >
3y ey (2.48)
G Pb .
q

ceat L & H
6@ AHI \y gn°

C,; and G are the Sutherland constarit. was reportedhat a Reynolds number based on the
dimensions of the fivhole probeRe was more suitable for this workan be calculated
analogous using equation 2.48 by usthg probe head diametet, instead of the profile chord
length |. The experiments were carried out at for two diffeesdt flow Mach numbers of the
turbine at probe Reynolds numbers of 6,500 and0@B and a constant total temperatuie T
303.15K.

The data reduction method for the fikiele probe calibrationseforemeasurementare described
in equation (2.49) through (2.52). From the fhvae pressure holes at the probe head cf, the non
dimensonal probe coefficients cave derived Theyare very closely connectedth its particular

flow quantity Mach number, pitch and yaw angles.

o L (2.49)

o LD (2.50)
on

L o?n (2.51)

én
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n ?ng
6

O L'4F (2.52)

Figure 2.77 depicts the schematic and pressure hole labelling of the probe. The finite distance
between the pressure holes at the probe heagesameasurement errors, especiafpws with

large gradients. A spatial interpolation algorithm ceduce the mistakef not measuring each
pressure gbreciséy the same position in the flow.

Figure2.77. Five-hole pressure probe withsphericahead for pneumatic wake traveReinaldo,
A., Gomes, Julia, K., & Reinhard, N. (2018)

The absolute velocity field waonverted using equation (2.58) tcompare the velocity quantities

from the PIV measuments with the measured Mach number from theliole probe,

L §—

- VLR (2.53)

The experimental setufor this studyis shownin figure 2.78 and the results of the ensemble
averaged PIV measurements of the lowestfande 2.79 shows thkeighest investigated exit flow

Mach number.
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Figure2.78. Experimental setup of fivhole (5HP) and P1V field of flow view in the cascade wake
at midspan Reinaldo, A., Gomes, Julia, K., & Reinhard, N. (2018)

Figure2.79. Mach number field calculated from PIV normalised with the reference Mach number
of thefive-holeprobe (dash lines shows 5HP wake traverse fgijaldo, A., Gomes, Julia, K., &
Reinhard, N. (2018)
The datas normalisedwvith the Mach number M sqpat the fivehole probe (5HP) wake traverse
position u/t = 0 separately for each case. The dashed line shows the traverse path of the pressure
probe over one blade pitch at 40% axial chord length downstream of the cascade outlet plane. As
can be seen, theaion side flow from theadjacenbladeinteract with the wake of thedge four,

which is typical for transonic turbines
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Moreover the influence increase with high velocity on the suction side(right figlih®resulting
high-velocity variation (i.e. static pressure gradients)merging with thesteeptotal pressure
gradients from the blade wake. It dam seerfrom the measurement fields that the average flow
field downstream of the cascade outlet plane is subsonic in all investigase and no supersc
flow regime are noticeable whicis the requirement for apphg the fivehole probe,merely

calibratedfor subsonic flows.

Data points alonga/IXax = 0.4 were extracted from the PIV flow field to compare them to the five
hole pobe(5HP) wake traverse over one blade pitch. Linear interpolaasrappliecdbetween the

grid points. The results are depicted in figure 2.80 by a normalised Mach number plot for the three
investigated operatinfpcatiors. The reference point Mach numb€dr,e is chosen separately for

each graph at its first pitch position u/t = 0 for qualitative comparison.

Figure2.80. Normalised Mach number plot tife five-hole probe (5HP) and converted PIV
measurements at/Ixax= 0.4 Reinaldo, A., Gomes, Julia, K., & Reinhard, N. (2018)
The doubledashdottedblue line shows the qualitative normalised total pressure distribution along
the traverse path measured with the fivde probe. The extension of the pressure wake is similar
for all investigated operating points. The reference Mach numberslieiwe-hole probe and PIV

at the same operating point deviate in the range of 1% to 2.5%.

A good agreement of the probe and the PIV measuremerecBoundin the first and last 30% of

the pitch-wise traverse, where no total pressure gradient is present iftothifield. Accelerated
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flow is available in botthe five-hole probe and PIV measurement on eadate of the wake. This
SRVLWLRQV DSSUR[LPDWHO\ DW X W DQG FRLQFLGHG
traverse path and strong wake flgradients. Figure 2.80 generally presents the trend that the five

hole pressure probaverestimatethe Mach number compared to PIV in the are&igh-pressure
gradients. This effect increases as the shear lageomethinner, and the wake gradient gets
stronger with rising exit flow Mach number. Furthermore, it maeststatedhat the flow Mach

number evaluated by the filele pressure probe is subsonic at all positions and in all investigated

cases. Therefore, the fAlmle presure probe did not reach the constraints of its calibration range.

Although the influence of a fivhole pressure probe hasen establishenh this study, however,

thereis a significantchallenge for this type of probe head in such applications. Téweggjradients
arearising from a merge of the blade wake and the transonic suction side flow ftaklaafjacent

turbine blade. The complex flow gradients caused a different pressure distribution on the probe
head compared the one at free stream comditiduring the probe calibration. The decreasing
sensitivity of the probe close to Mach 1 fostered an overestimation of the Mach nasgasmially

in high subsonic flows. Thereforexcellern care need to be taken in interpreting the Mach number
measuremds ofroundhead shaped fiv&Kk ROH SUHVVXUH SUREHV LQ JUDGLHQV

Eny, Y.J., Zeng, Z., & Gordon,.L(2018) introduced the calibration of a sexaie pressure probe

in a low-speedwind tunnel.The focus of this study was to calibratesmall severhole pressure

probe designed tbe utilisedin the new wind tunnel of the EmbRiddled Research Park. The
sevenhole pressure probe was designed to measure flow angularity, which has better sensitivity
than most fivehole pressure probe. Howay the seveihole pressure prolrequires finer and more
specific calibrations. Thprobeconsiss of seven small diameter holes, with an outer diameter of
3.1750mm and ID of 0.3048mm. A6-channel pressure transducer was used to measure the
pressures fnm the seven pressure holes of the probe simultaneously, and the calibration was carried
out at £1(f at an interval of 0.5 pitch and yaw angles resulting in a test matrix ofog41
measurement points. Figure 2.81 depicts the probe and its calibratiop, sehile figure 2.83

depicts the calibration facility.
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Figure2.81. Sevenhole probe mounted on motorised rotary tables Eny, Y.J., Zeng, Z., & Gordon,
L. (2018)

Figure2.82. ERAU Boundary layer wind tunnel Eny, Y.J., Zeng, Z., & Gordon, L. (2018)

The experimental setup used a subsonic boundary layer wind tunnel, a new facility built in 2017, is

6706 x 6706mnerosssectionand has a test section located 1219.2mm from the inlet.

The calibration theorwas basedn the data reduction technique derived from pressure coefficients

defined based on the differencedtu oppositepressure hole according to figure 2.83.
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Figure2.83. Front and side view of sevédmole pressure probe Eny, Y.J., Zeng, Z., & Gordon, L.
(2018)
Figure 2.83 shows the definitions of the pressure hwids the cente hole, the forward facing
pressure holeThe probe consists of seven stainless steektilitag connectthe probe to pressure
transducers. Using the orientation and positions of the pressure holes, the calioefficrents as
expressed in equations (2.54) through equation (2.5@)edireed.

No?n.

sbons (2.54)
n; ?ns

st e, (2.55)
n ?np

A (2.56)

The angle pitch and yaw coefficients are defined usingtemu(2.57) and (2.58) and figure 2.84

depictthe calibration coefficients, while figure 2.85 depicts the carpet map.
:L—%;:tl5E‘6F - (2.57)

D g E o (2.58)

Figure2.84. Sevenrhole pressure probe calibration coefficietsy, Y.J., Zeng, Z., & Gordon, L.
(2018)
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Figure 2.84 shows that the seveole pressure problees demonstrated calibration accuracy with
relativesuperiority and maintains even intervals of point distribution overall while shawasgie
points. The calibration map showmfigure 2.85 suggests that the probe configuration would lead
to a relatively large standard error when calibrating within & diich angle, which is the
operational range of the tunnel, as it hagde interval betwen points thaare somewhat unevenly

distributedwhen theangleexceeded %

Figure2.85. Sevenrholecalibration carpet magny, Y.J., Zeng, Z., & Gordon, L. (2018)

Figure 2.85 shows the response of the individual five pressure hole. They are representative of
pressure distribution obtained from the perimeter holes for the $®lenpressure probe. It
indicates the range of pitch and yaw angle for various sensieg bbthe probe. is characterised

by the dimensionless pressure coefficients defined in equation (2.57) and (2.58).

The images shown in figure 2.84d2.85 have proven that the probe calibrath@s established
accurate coefficients and map that haeenonstratedhat the calibration performed as expected.
However, the probevas only calibratedor low pitch and yaw angles. Furthempthing was
showingthat the probe could measure wind tunnel flow quantities with accuracy because there was
nothing to pove that.Also, nothing wassuggestingthat the pitch and yaw angled coulte

extendedr that the probe could perform differently in another flow field or regime.
2.10 Summary

Flow diagnosis is a common phenomenon in engineering applications, such as the wind tunnel

flow, of hydraulic pipelines, gas turbines and jet engines, oil supply in pipes, etc. Analysis and
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design process for such a system requires the velocities, psesmuleconcentration of each phase

in air and water flows or awater twephase flows. The measurement of fluid flow velocities and
pressure irair or water systems is an areasgjnificantresearch. Some areas of recent experimental
techniques for meadng air and water flow parameters through complex geometries involve the
use of Pitot tubes and mulible pressure probes with specific calibration methods and techniques.
According to the literature review, despite all the progress reported over tisethese techniques

and methods have their limitations that neebdeamprovedo extend the use of mulliole pressure
probes to other kinds of fluid and flow systems. For example, a Pitot static pressure tube is mainly
used for airflow applications and is limited to measure velocity magnitude only. Besides, there
might be errors introduced in measurementhef Pitotstatic pressure tube yawedbeyond

from the flow velocity vector.

The multihole pressure probe ia costeffective robust and accurate instrument fitree
dimensional velocity and pressure measurements wide range flowfield For steadystate
measurementghe five-hole probeis capable of resolving flow angularities up to 75° and predict
the flow conditions with high accuracy. Although powerful, measurement techniques such as Laser
Doppler Velocimetry (LDV), Hot Wire Anemontwy (HWA), and Particle Image Velocimetry
(PIV) have some disadvantages compared to nwhtle pressures probes. Laser Doppler
Velocimetry (LDV) and Particle Imag€elocimetry (PIV) require the use of costly components,
such as expensive lasers amticd equipment to obtain accurate flow measurements, and it is
often hard to get good results outside the laboratory environment. Furthermore, these techniques
requiresophisticatechardware and software tha¢edseeding, especially for optical measurements

if particle levels are low and the inability to cope with significant levels of vibration due to the

optics requiringcareful alignment.

Since multihole pressure probes are intrusive flow diagnostic instruments, concerns of the probe
interference with théows it is trying to measure always arise. For instance, in the case of leading
edge vertical flows over delta wings, the presenca messurgrobe in the neighbourhood of the
vortex core can influence premature vortex breakdown. Hence, there is anseaig miniaturise

the probe size, thus reducing interference. Furthermore, the probe size miniaturisaticamlofflers
spatial resolutionfor measurements in higghear flows Also, when measuring near a surface, a
distance of at least four probes diameters should be maintaredid wall effects. However,

pressure probminiaturisdion presents fabrication as well as frequency respdraenges
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Regardingfabrication andmanufactumg, the probe head surface qualityessentialfor accurate
measurements. For two different calibration surfaces, smoother surface tyfgeabyo higher
prediction accuraciesThe typical interpolationechniques use smooth continuous functions to
model the calibration surface locallyhe smoothness of the calibration surface depends on the
head quality. Maintaining the same relative head surface roughness becomes a fabrication challenge

as the probe diameter decreases.

In a different challenge, as the probe diameter decrease atablethe tubing frequency response
decreases. As the size of the probe is miniaturised in hope to reduce flow interference, the
frequency response of the probe deteriorakls. cecreasen the frequencyresponse of the probe

often causes an increase i thvait times in flow mapping experiments using the probe. The wait
time is the time that the probe, after it moves to a new measurement location in the flow field, has to
wait before data acquisition cée performegdfor the pressure at the probe presdwaasducers to

reach steady state. However, deterioration of the probe frequency response limits its ability to
resolve temporary flow information in unsteady flowhe probeequires tdbe calibratedefore it

can be usedfor flow measurementto overcome these limitations and those mentioned above,
Numerous calibration, data reduction algorithms and procedures biegre developedver the

years for steady and unsteady flow measurements. One of the approaches relates the flow velocity
magnitude andéhcidence angle to a theoretical model, such as a potential flow model. Based on the
conceptal model, the pressure holes are related to the flow incidence and velocity magnitude.
However, this method is not accurate especially tfteg small probe, wheremanufacturing

imperfections are inevitable.

It would be disadvantageousahalytical procedures determined the calibration characteristics of a
multi-hole probe For hemispherical probes geometry, a potential flow solution can predict the
pressure distriltion and the corresponding calibration characteristics to reasonable accuracy.
However, due to manufacturing inaccuracies and operating range and accuracy requirements
encountered in the laboratory or flow field conditions, calibrations are requireddioegof this

simple geometry. For conicgkobesor prismatic geometry, analytical procedures of any type are
difficult. These complex geometries, characterisecabgbruptchange in contour, are subject to
viscous effects, which are not modelled by entrcomputational methods. Therefore, until now the

only generally acceptablay of calibration is the conventional method of calibration that uses
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complex computational mathematical equations to represent charactefistiegprobe responde

a knownflow field.

For nonnulling operational mode, it is apparent that the calibration characteristic must include data
that represent pressure difference in both pitch and yawslasevell aghe differencebetween
measuredcorrectlocal total and static pressures. These pressure differdmosvn as pressure
coefficients must be defined sbat they are independent of velocityd are a function of onow
angularity. Apart fronthe errors associated witlomplex computational ni@ematics, which limits
accuracies in measurements, the current calibration and use of pressure probes for flow
measurementsave failed to capturtull flow filed and meaningful results when stretched beyond

the particular angles and fluid for which theng meant to measure.

Presently, the knowledge of mulible probes for measurement is limited to the conventional
methods of calibration thatefine the probeto be used in one particular flow field because the
probecannot exceed its calibratesterage ®locity, pitch and yaw angles. Furthermore, because the
conventional calibration methods subjectd to cumbersome mathematics coupled with
imperfections associated with miniaturised design and fabricattdasks the precision needed for
effective and accurate measurements. However, with the advancement of knowledge and
technology, it is now possible to develsgphisticated but straightforwércalibration methods and
techniques to measure flow field with larger flow angles with reasonable accuratipseaisions

for optimumprocesoperationst different flow rates

Another practical option that could capture the full flow field of air or water with increased
accuracy is the use of experimental calibration data integrated with computational flardickyn

(CFD). This method increases measurement accuracy and extends the probe angle further thereby
allowing it to measure flow parameter in thidienensional flow fields, as seen in many process
applications.A novel calibration method of a mutktiole pressure probe, other than what is currently
available, would need to be developed, that will have dappticationto the industry. With this,

the multihole pressure probe will be able to measure flow velocaigdpressures in air and water

flow with greater flow angles without limitations and with reasonable accuracy other than those

presented in the works of literature.

Although there are several works regarding the use of the-huléi probes pressure probe in
various configurations such as threehole probe, fouhole probe, fivehole and sevehole
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pressure probes to measure properties of {tlireensional flows irmultiple systems. However, it

is still mainlybeing characterexd by errors and measurement inaccurg@esithere has nevdreen

any study where CFD methodology Heeen integratedith experimental calibration study or any

other method to extend calibration range and increase measurement accuracy in the wind tunnel

measurement.

Until date, although many works have been eartio study the flow properties of air and water

flows using various instruments to monitor fieatues of both media, there iminimal literature

that has included evaluation of probe head effect on calibration and measurement accuracy. Use of
combined gperimental and numerical investigations to quantify itheact of shape is another

facet of the present work that has a direct impact on design, development, and selection of pressure
probes for a suitable application. Furthermore, calibration of +hdkii pressure probes for use in
thewind tunneland hydraulic pipeline flowkas notadequatelypeen measuredn many industrial
applications, thepipe flows can be thredimensional (flexible pipes, bends, heligapes). The

calibrationfor suchwork needs tde correcty developed

The main area of the present research is the integration of experimental and CFD calibration
methods of multhole pressure probes for flow measurement in wind and pipeline flow systems.
Integrating the use of CFD with annovative approach in the calibration of mutible pressure
makes it possible tanalyseadifferent problems that are difficult and dangerous experimeniiky.
purpcse of CFD in this study reduces time and money in the design of the new calibratimasnet

ascomputers become more powerful for easier industrial applications

This research provides the possibility to simulate, generate pressures from the probes in pitch and
yaw angle direction and generates graphs and contourgitieadn understanding of the results.

Due to experiments constraints, daii@ collectedat a limited number of locations within the
experimental tessections but CFD allows data tde collectedat anyplaceof interest within the

flow domain, and interprets performance through a set of flow parameters within the test sections.
The Computational Fluid Dynamics (CFD) numerical simulations of the probes in this study
introduced the opportunity to study data, compared dataamaalysedata for different caliration
conditions in both wind tunnel and hydraulic pipeline flows. The-figke pressure probes designed

and fabricated in this study are ce$tective, easy to be pped to fluid flow systems, angossess

simple algorithms fodata acquisition and alyais.
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Chapter 3 Experimental Apparatus and Instrumentation Setups

The study of fivehole pressure probes requires many pieces of equipment and Computerized Data
Acquisition Systems (DAQ). The following sections describe the detailed design of the probes, the
construction, and calibration of the experimental apparatushtnge been usedn this research

study and the setup and verification of the DAQ systems.

Two primaryfacilities are requiredo carry out the calibrations and measurements using -dudile
pressure proberhese are Wind tunnel airflow facility for exteal flow experiments, and water
singlephase loop for pipeline flow experiments. On these facilities, several reference measurements
devicesare usedincluding manometer for measuring air flow velocity (from pressure values),
turbine meters for measuridiguid (water) flow rate, and data acquisition for acquiring data from

the probes and reference maasoent devices. Furthermore, to accurately position the jpnatibhe

wind tunnel and pipe, and movleem to predetermined positions, a traeemechanisnis used.

The next sections describe all these setups and their functions in detalil.
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3.1 Experimental Methodology

The methodologies used in the calibration of the-fieke probesare describedn the following

sections.
3.11 Probe Development and Fabrication

Typically, for local measurements, the probe diameter range used is about 5mm. The construction
of the probes was carried out in two phases, the fabrication of internal features and external
features. The externalemens define the geometry of the probe in the flow domain, whereas the
interior elemens define the pressure tubes that transmit pressure from the probe head to the
pressure transducers from which the datacollectedVysocki, M., & Drobniak, S. (2001)Figue

3.1 depicts the physical structure of a fivele pressure probe.

Figure3.1. Schemati¢dayoutshowing fysicalparts of thdive-hole pressure pbe

The external features of tipegobecomprise the head, whiek madeof brass, but the smallest tubes
(2.5mm in diameter) inside each of the probe hole for pressure transmission to trare@ucerde

of stainless steelThree parameterdefine the probe head geometry and featutegseare the
diameter, which is 5mm, the shape (conical and hemispherical heads), and the pressure holes (5 in
numberin eachprobe heajl The first section (Base part of L section probe, Figu2gtd theprobe
precisely matches the outside diameter of théeiwead and is typically up to raén widths long

DEVELOPMENT OF NOVEL COMPUTATIONAL FLUID DYNAMICS (CFD) BASED CALIBRATION METHODS FORPIPELINE FLUID FLOW
MEASUREMENT
BY CHUKWUBIADAM OKWUIKPO, SCHOOL OFCOMPUTING & ENGINEERING, UNIVERSITY OFHUDDERSFIELD, UK (2019
136



EXPERIMENTAL APPARATUS AND INSTRUMENTATION SETUPS

Rex Klopfenstein Jr. (1998l there is a need, further extensions banaddedo the probe sterto

create a very long probe fparticularapplications like the case of the current investigation. The
probe is mounted on a mechanism to allow it to rotate corresponding to yaw and pitch angles
Seshad, V., Gandhi, B, & Singh, S.(2001)

The two different head shapes used in this study ardGhehamfer cone and the hemispherical
shape. The head shapes are depicted iensatically in figure 2. The head shapese depitedas

constructed in figure 3.

Figure3.2. Sclematics drawing ofonical and Bmisphericaprobe leads
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Figure3.3. Assembly of conical and hemispherib&addive-hole pressurgprobe

The calibration of the fiwhole pressure probe requires an orientation mechanism that enables
rotation of the probe about its head in two planes perpendicular to each other. The probe orientation

mechanism allows £26 for pitch and yaw rotation inside thest section.

3.1.2 Experimental Apparatus

The three main pieces of equipment used in the present study are the wind tunnel, flow loop, and
the rotary traverse. The wind tunnel and the flow loop are used to generate calibration flow, while

the rotary traerse is used to position the probes at known angles girdam

3.13 Calibration Wind Tunnel Flows

Pneumatic pressure probes argeful tools for multtdimensional velocity measurements. With
recent developments in measuring and sensing equipmentresiglution electronic sensors are
readly available for transduction of physical quantities like pressure and temperature. These
sensors @place theoriginal measuring equipment like muttibbe manometers that limit the

sensitivity and accuracy of the mdittole pressure probe. Measuring instruments are no longer a
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bottleneck for the effective implementation of these instruments. The aczcuesdsurement of

velocity and its direction now requirése optimisationof the design parameters of these probes.

The optimisation of pressure probes is complicated because it involves repeated design and testing
of somegeometric parameters such as the diameter of the probe head, the shape of the head, the
shaft size, the shape of the shaft and the distance between the probe head and probe shaft. This
processhas been numerically analysedy studying the flowfield in and around the probes to
contributed to the effective design aridbrication of the probes. Theesulting geometric
modifications significantly increased the sensitivity and accuracy of the pressure values measured
during the calibration process &vell as the use of probes for measurements. This work led to the

choice and types of multiole pressure probes used in this research study.

3.14 Flow Description

The wind tunnel was set in operation and allowed to run for at least ten minutes before data
collection was initiated from the probeto ensure that transient stam effects and mild
aerodynamic hesttg of the internal componentgould not influence airbw. Furthermore, the

probe traverse systers movedin a single step in each angular directtorensure that polarity is

set correctly for the first calibration setup and to ensure each procedure of the calibration processes

work perfectly for the experients (Figure 3.4).
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Figure3.4. CAD schematic of thevind tunnel experimentaksup

The performance of the fivieole pressure probe with four holes symmetrically placed on the
surface and one at the tip for conical and hemispherical pesbealibratedin a threedimensional
airflow on an open circuit subsonic wind tunnel. The diffeeeimctotal and static pressures of the
flow usingPitot tube pressure tapping installed on the top and bottom walls of the wind tunnel test
section produced dynampressureghat was then used to calculate the velocity magnitude of the
flow. The five-hole pressure probe calibrations were carried out at a comstagitudevelocity of

15m/sec¢the same inlet velocity for wind tunnel CFD simulations

A proper reference position in the test section of the wind tunnel is required to generate the correct
calibration chartsandit is the position at which the centreline of the probe head streuldigned
parallelto the oncoming flow directioto correct the misalignment errors. After the saalsetto

this position, the pressure reading from the shi#ss are measurgdndthe probe orientatiors
changeduntil these readings are equal to each othke pitchand yaw angles of the prolaee
incrementedoy 5f increments in the range of £25using the probe orientation mechanishime
pressure sensed by the probe hdeeparately recordddr each pitch and yaw angle setting given

to the probeconcerningits position. The reference position of the prabenaintainedhroughout

the calibrationandit was takeras zero positiofior the yaw and pitch angles. The flow field in the

wind tunnel is constant and knowlrdughout the investigation Vijay, R. (2004)
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3.1.5Wind Tunnel Instrumentation

Figure 35 depicts the instrumentation design of the DAQ systems used in acquiring pressure data
from the pressure probe. TEBFAQ instrumentation includes a @abtcquisition device and seven
pressure transducers electronically connected to the DAQ devices responsildbtaioing
datesets

Figure3.5. Data acquisition (DAQ) systemsedign

This DAQ systems connectedvith other electroniclevices, whichncludes the digital multimeters
that give the real pressure values measured by the probes while the DAQ id&rjmeeed the
analogie data into digital data and sent to a computer. A complete instrumentation setup for

pressuralatasetsmeasurement in the wind tunngldepictedn figure 3.6.

The probe is mounted facing the stream direction at the pitch and yaw anglesnside thewind
tunnel test sectiorotmeasurgressuredatasets. Furthermore, a Pitot tube mounted in the wind
tunnel test section is needed to measueedimamic pressure of the flomas installed at a distance
of 100mm from upstream of the test section, whike pinobe is located at the centre of the test

section at a distance of 500mm from the Pitot tube within the test section.
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Figure3.6. Instrumentatiorexperimental stupat theUniversity of Huddersfielavind tunnel
laboratory

Figure 3.6 depicts the instrumentation facilities for the calibration and experimentation-lobléve
hemispherical and conical head presqun@be in the wind tunnel flows the experimental set up
used in this study. The main cooment of the experimental set up includes a wind tunnel with an
air supply,a contractioncone, and a straight test section. Others include amMifging circuit
(see figure Ha) systerm that measure anttansmit pressures from the transducers and data
acquisition system. These systems allow for removal and electrical testing of individual transducers.
The circuits systems each have fewer wirings, which reduces electrical line loss and resistance. The
circuits never resulted in any problems, which makes the whole system very robust for the study.
The calibration is carried out in the air coming from the test section. Ambierd agedas a

flowing fluid during the calibration.
3.16 Wind Tunnel Manual Rotary Traverse

A rotary traverse capable of positioning the probes at known flow angles has been constructed and
installed in the wind tunnel. The angular resolution of the calibrator is 1.5° per step in pitch angle
and 0.5° yaw angle. The assembled rotary traversehaygrdbe is depicted in figure B. while

figure 38 depicedthe probe fixed in traverse and mounted on the wind tunnel.
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Figure3.7. Side view of the probe traversgstem

Figure3.8. Five-hole pressurerpbefixed ontraversenounted on the windihnelat Huddersfield
wind tunnel &boratory

Figure 38 depicst the traversing mechanism of the probeumted on the test sectiohhe probe
was adjusteth a way that the head of the prolas locatedat the intersection of thatph and yaw

axes of rotatiorio allow the probe position relative to the wind tunnel was kept constant, and any
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norruniformity in the exit velocity profilavas reducedwith this mechanismthe manuaftotatiors
of the proban different pitch and yaw angle directions gressible At each pitchangle the probe
rotates to a particular yaw angle positiandthe probe returns fivpressuraneasurementg\fter
that it rotates toandher yaw angle position. Thigprocess repeatedfor seventeen yaw

measurementst each pitch angle position.
3.2 Experimental Methods for Pipe Flows

A conveniently accessible part the pipeline has beeselected preferably, whetieere is a straight
horizontalsectionat least BOmm downstream fromany obstruction, bendr section changelhe
first step of thepipelineis to design aprobe traverse mechanism thates specifications and

allows rotationof the proben its axesFigure 39 depictsthis mechanism

Figure3.9. Yaw and pitch angle rotationenhanism

Figure 39 depicts a traverse mechanism that allows for yaw and pitch setter fabricated from
metallic strips and has two degrees of freedom. It can rotate in clockwise araloekiiise
directions at a fixed pitch and yaw angles. A combination of yaw and pitcheaet between

+25f as required in the pipeline with the help of the setter mechanism. There are two parallel holes
drilled in the rectangular frame of the yaw movement device in which the jroisertednto; this

allows the probe to be tightened arelchfirmly. The yaw and pitch setter mechanisfurther
mountedon a subset of traverse mechanism that altow a 360 rotation. Figure 3.0 depicts this

pitch and yaw setter mechanism.
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Figure3.10. Probe traverse mechaniga) top flange (b) bottom flange (c) rotating sphere and (d)
assembly of the traverse mechanism
The transverse mechanism positions the probe on pitch and yaw directions during calibration and
experimental investigation. The tlanges consist of a base that holds the sphere on each side. The
flanges allow the sphere to rotate in clockwise,-elaitkwise and vertical directions to make a
360f movement that allows the yaw and pitch setter to rotate the probe in desired dirddt®ns

traverse mechanism is finally tight fixed on the doublengplaaddle as shown in figurel3.

Figure3.11 Traverse mechanism fixed in double clamp sa¢@)lelouble clamp saddle (bpverse
mechanism tighfixed in double clamp saddle

This traversing system where the hydraulic pipeline investigations took place using the conical and

hemispherical head fivkole probess shown3.11(b). The section igight fixed on the 101mm
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radius, 1800mm longydraulicpipeline andallow for probes to be moved pitch and yaw plaags
shown in figure 3.2

Figure3.12. CAD diagram ofhydraulic pipeline calibrationetupdesign

Theorientationmechanism contains anhg that prevents water leakagdhe probeas positiored
in a waythatallows its headt thecentreof the pipelinesectionfar from the pipe wallso minimise

boundary layer and pipe wall effects. The calibration device hagsmos to changéhe pitch and
yaw angle in the range afl80f at an interval obf .

3.21 Pipeline Flow Description

A proper reference position in the test section of thelipp@ow is required togeneratecorrect
calibration charts as well as make correct measuremsiat differentangular positiongnside the
pipdine. The reference position & the position irwhich the probe head alignedparallel to the
oncoming flow directioninside the pipeline This choicewas to facilitate calibrdon process,
compensate ancbrrect pitch and yamisalignment erra After the scalés setto this position, the
pressure reading from the sidgsessurehole 1 andpressure hole) and (pressurehole 2 and
pressurel) were measured and the probe otaion was changed until these regd were equal to
each otherThese angular positionare setas the reference position of the prolseégure 313
depicts the full details of the pili@e testsection.
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Figure3.13. Hydraulic pipeline flow experimentaldesign

Figure 313 depicts the full experimental section of the pipeline flow. Thesfinagnitudevelocity

in the pipelinewas setat a constantvelocity of 2.12m/se¢ which is the highestelocity of the
hydraulic pipeline flow measured usirgPitot tube It is the same inlet velocity used f@FD
simulationsas explained in chapter #he Pibt tube as depicted in figurel3.abovewas used to
resohe the velocity magnituddy measuring the total and static pressures of the flow and then
applyingthe Bernoulli equation to obtain the velocity magnitude. The Pitot tube is located directly
opposite the fivéhole pressure probe hedHisis to ensure that the velocities measured by both the

five-hole probe and the Pitot tube have reasonable correlation and accuracies.

The reference position of the provas maintainedhroughout the calibratigrandit was takeras
zero position for thgaw and pitch angle3he probe angles are set dt Bicrements in the range of
+25f and pressures sensed by the probe at each angle was separately recorded and stored for

further data processingingthe probe orientation mechanism.
3.22 Pipe How Facilities and Instrumentation

The first thing requiredheforecollecting data hebeen to carry out a bleeding process in theen
test section, whiclinvolves injecting air out of the pressuransducersandinternal holesof the

probe angressure transmissidnbes connected the prole and theransducers
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Figure3.14. Bleedingsystemsetup atthe University of Huddersfieltluid laboratory

Figure 314 depicts the bleeding systemhd&sole aim of installing the bleeding system is to inject
air out of the tiny pressure tulemaking sure they contdilowing water ateverymeasuremerfor
accurate data collectioriThis process requires aightchannelmanifold; one channel of the
manifdd is connected to théap using a flexible transpareplastic tube to supply wateo tthe
system.The otherremaining five circuits of the manifoldare conneced to the five pressure
transmission tubes and interlinked with thkessuretransducers. The remaining tveorcuits are
conneckdto thePitot tube statiand total pressure tap§Vhen the water tappens watertravels
through the transparent plastic tube to the manifatdthe manifold distributes the water to its
seven channsland flowsinto the pressure transmissidobesandthe transducers thereby flushing
any air in thepipes down to the pipelineskigure 315 depicts the setup of the plpe flow

experiments.

Figure3.15. HydraulicPipdine calibrationsetup athe University of Huddersfield fluithboratory
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Figure 3.15llustrates the experimental set up used for the hydraulic pipeline flow study. The main
components of thexperimentalsetup include seven pressure transducers, a personal computer
with all the necessary software installed, a water supply tank, and the flow cam&nogement
within the flow loop. The test section and the water tar&k madeof plastic. The straight test
sectionis madeof a transparent straight PVC pipeline. However, their calibration is carried out
inside thepipelinewith flowing water from thewater tank to the test section. Seven single ended
pressure transducers were used in the pipeline flow investigations as depicted in figure 3.15. Five
transducersvere connected to the fisreole probe to measure and return pressure values. The other
two transducersvere connectedo the Pitot tube to measure and return pressure values from the
Pitot-static probe. The output of each pressure transdsi@@nnectedo the input channels of the
Data Acquisition (DAQ) device. The DAQ inpist connectedo the computer through a USB cable
which is usedfor data collection from the flow, stored, processed amalysedusing a LabView

programme.
3.3Data Acquisition

The Data Acquisition (DAQ) device converts tlmalogie pressure data measured by the
transducers into a digital data and transmits it to the computer installed with a LabView platform
where itis storedfor further processing and analysis. The Data Acquisition (DAQ) used for this
investigation is the Nainal Instrument (NI) USB6002,a full-speed DAQ USB device with eight
singleendedanalogie input (Al) channels. It also contairisanalogie output (AO) channels, 13
digital input/output (DIO) channels, and the-l32 counter. The DAQ board had a resolution of 14

bit and a maximum sampling rate of 100 KS/sec. It &6\ allowable input voltage rangéjay,

R. (2004).

The DAQ cable provideaccess for the pressure holes and Pitot tube having numbering sysgems (P
P1, P, Ps, Py, Ps, andPs) to the computer. The negative channels have common granddhe

output pins are connected through pressure transmission tulbesfigethole pressure probe using
pressure transducers. The caigy programmed processes and analysedatassetusing LabView
software program developed and used to control and monitor the activities of the calibration process
Vijay, R. (2004)
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3.3.1Calibration Procedures and Data Collection

This section outlines the methods and procedurevihatfollowedfor each step of data collection

and analysis during the calibratidb.includes experimentgrocedurescomputational sequences,
andmethodof error checking, verificatigrand validation. Furthermore, the sources and estimation

of experimental errors and discussed in this section. The collectiprelininary datarequires

many steps. The following sections explain the detailed procedures that have adopted and followed
when collecting raw calibration data from the proBashantha, SAlex, T., & David, M. (2014).

3.32 Probe Alignment and Connection to Data Acquisition

The five-hole pressure probe was installed in the calibrator of both wind tunnel and @pvehal

show in figure 3.5 and 3. Many adjustment features of the rotary traverse allowed the location of
the probe head to be adjusted to be an intersection wath gid yaw axis of rotatiothis enables

the probe head not to translate ass itotated. Error in the probe head locatwas estimate@s
+0.5mm in the X and Y directien However, the effect of this error hbsen ignoredecause it
would not affect the movement of the probe slightly at a different position on the outlet. The
velocity gradient at the probe location wasmimal enough to neglect the associated e8inon,

W. (1990)

Once the probevas installedin the trarerse, the traverseas then alignedvith the flow. The
traversewas positionedguch that the probe head was within the wind tunnel plane. The probe was
position in such a way that it brought the pitch axis of the probe parallel to the outlet plane. A flat
platelike metalwas placedgainst the wind tunnel, and the traverse was rotated until the yaw axis
was parallel to the outlet plane. Ontte traverse was aligned,vitas thensecuredwith a metal

lock. The error in this @&@nment procedure was abo#0.3 in both pitch and yaw directions
Castorph. D., & Raabe, J. (1994)

After aligned the traverse, the prolvas connectetb the DAQ system. Silicon tubing was used to
connecthe stainless pressure tubes on the pressure tube side to the pressureetmniBagubing
was connectetb the probe, and compressed airused to blow any condensation out of the lines
for the wind tunnel experiment, and water for the hydraulic pipeline experiment. Arpesgisure
line was connected to the static hole ba Pitotstatic tube to enable collection of reference static

pressure data. Once the probe and the staticvalbe connectedb the pressure transducers, the
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pressure transducengere reagdand the pressur@corded pressures were taken to be zero dfiset
thetransducersThat reference pressures were used to correction factor that was used to correct all
subsequenneasurements Akshoy, R.IRavi, R.U., & Anu, J. (2011).

3.3.3Calibration Grid Requirement and Generation

A LabView program was writteto control the position of the traverse to accept a sequentially
ordered list of pairs of pitch and yaw angles thefiret the calibration gridProgrammingcode in
LabView was developed to generate these grids. These grids are uniform in pitch and yaw angles.
The grid is a function of two parameters, grid spacing, and maximum pitch anglegritiseare
generatedy moving through the yaw angle from 0° to thefined maximum pitch angle, stepping

in the increment of 5°. At each fixed pitch angle, the yaw angle rotatedrom +25°, with 5°

increment.

Once the list of the point to be measured had been generatdid} thas sorted taninimise the
number of nevements performed by the traverse. The incremental nature of the calibration means
that at low flow angles, a femames of pointswere duplicatedDuplicated points occurred when a
desiredprogressivechange in roll angle translated to less than a falh sthange in pitch and yaw

angles. These duplicated points were taken out from the calibration grid during the sorting process.

The final step in generating a calibration grid, also known as calibration map was to add a number
of the point where the traxge would return to 0,0. These reference measurements were necessary
for two reasons. Firstly, they were used as a reference point of position during the calibration
procedure to visibly confirm that no step&re skippedand that the traverse was retugnito

precis¢y 0, O at each time. Secondly, they were used to establigbtieeferencgressure of the

flow. With the probe at 0, 0 the prolaas alignedwvith the flow, and the gssure at the measured at

the cente hole was thetotal flow pressure. This measurement process was repeated many times
during the process of calibration to ensure that the flow was steady and to reduce random
transducers error related to the reference measurements. The result of this process is a map that wa
uniform in pitch and yaw angless shown in figure 6. The grid has a maximum angle of 25° in

pitch and yaw angle axes and a grids spacing of 5°.
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Figure3.16. Samplecalibration grids

The calibration gridshows that a total of 121 calibration points is required to be measured by each
probe in a particular calibration that was carried out. The angular range of each probe inside the
tunnel and hydraulic pipeline corresponds to traverse in the region ¢far2soth pitch and yaw in

this present investigatioto exceed thenormalflow angle considerably. An increment of Step

was chosems the resolution for varying the pitch and yaw angMigh other processes seen in the
literature, hisis commonAkshoy,R.P,, Ravi, R.U., & Anu, J. (2011).

3.34 Operation and Automated Data Collection Setup

The wind tunnel and flow loop weran for at least 20 minutes before datrecollectedto ensure
stabilisation in all the systems, andnsure transienstartup effects and mild aerodynamand
hydrodynamicheating of internal components did not affect the flows. With the flow system
warmed up, and the traversetialised the automated data collection processs startedAfter

that the processin figure 3.17was followed Figure 317 depicts the algorithm of the software

development flowchart for the fiieole pressure probes calibration.
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Figure3.17. Operatio of automated data collectionogedurebased orLabView

LabView platform provides acceds software development. LabView is fexible and user
friendly graphis software program. The stages of the calibration procedure to go through
developed for this research study include furnishing the probe, inlgettie hardware, entering

DAQ inputs, executing the calibration aadalysingcalibration data.

Furnishing the of the Probe

To providethe probe is the first step in the calibration process. This step is to make the probe ready
for calibration by entering the necessary information such asrtioe pype, pressure tap numbers,
and angleslt happens once at a timandthis informationis storedand during the latter part used

to run the LabView program.
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Check the Hardware Operating Condition

Before calibration, it is proper to ensure that the probe, the pressure transducers, DAQ device and
the computer among other hardware systems conmation areoperating as required. In this stage,

the software judges whether the hardwarpagorning asexpeced Any error in the setup alerts

the user by displaying error information on the front panel environment and give instructions to

solve the poblem.
DAQ Input Parameters

The pressure signals from the transducers as assigned to the DAQ channels displayed on the
software platform accordingly. The pressures according to pressure taps 0,1, 2, 3, 4, 5 and 6 has
channels numbers assigned as A, Az, As, A4, As and A. The sampling time and frequency are

the only common parameters in the calibration of thetiiwle pressure probandthey are set at

1kHz and 1second respectively.

Execution of the Calibration Process

When the fivehole pressure probe is ready forplementéion, the angle range of the pitch and
yaw angles E€and 3 are decided and manually inputted accordingly to furnish the calibration
process. At each angular position, the pressures of eaclPaol®, ps, Ps, and R) are acquiredy

the DAQ deviceand WKH JLYHQ SDW 6K\ DA h@kk:Eottled

3.4 Generation of Calibration Maps

After collecting data by the probes, the calibration sktffar each sector containing the calibration
for all the points that fell into variousectors The next was to generate a unigue set of polynomial
coefficients for eaclsector The method and approadats used in theways are describedn the

following sectons.
3.4.1 Calibration Data Sorting using Sector Scheme

The sector technique divides the entire calibration zone into five parts, one sentogland four
side zones. The zones are chosen based on the highest pressure sensed by fitreetialeple,
when thecentrehole sensesnaximum pressure, one zone is tak&he first step is to determine the

pressure hole that gives the maximum reading and accorditige identified sectorwhere the
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probe lies. While calibrating the value of &d R are recordedandC . C ,Cpstaiic and Cpiorgiare

thereby calculatedor each zone. A full sixth order multiple regression analysis model with two
independent variables, QC , which would predict four differentariables & . &Cpsiatic and

Criota) depending on the coefficient set selected. The multiple regression modeliteslitow
DQJOHV . DQG H[SOLFLWO\ EXW SUHGLFWV WKH VPMRWLF DC
and GrortaL, Whichare definedn each zone. This metld of sectodivision reduces errors bagse

of extrapolation. The sectatemarcation angles are chosen such that the zones overlap example,
hole 1 is maximum within yaw angles of £flGt a pitch angle of3f. The actual data prediction
equations for the aitiple regression modalre definedn section 3.4.3kshoy, R.P, Ravi, R.U., &

Anu, J. (2011)

The raw calibration data was read line by line in the excel file according to holes oblles,pand
sorting criteria arapplied to determine the sectors that the calibration data belong. A calibration
data would be included in a giveectorif the pressure hole of the probe read the highest pressure
at a particular given pitch and yaw angle. The warning was that a ce¢dfs must be performed

on the data to make sure that the flow in low angle flow,fine was attachedver all the

peripheral holes, and in high angle flow, floav was attachedver thecentrehole.

The sectoring of pressure databest representeoly the hole of the pressures that recorded the
highestpressureThe prelininary calibration datasets goéottedagainst pitch ad yaws as depicted

in figure 318 and 3.190or the two tested probes in witgnnel and hydraulic pipeline.

Figure3.18. Preliminary smple alibrationsectormap generated usiragconicalprobe
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Figure3.18 and 3.19 shows the pitch and aw angle map of sectors chosen by the calibration scheme.
The symbol indicates theoleis UHJLVWHULQJ WKH PD[LPXP SUHVM&XUH 7
takenwithin £25. The figure alsshons WKH UDQJH RI . DQG IRU YDULRXV VH
W VKRZV WKDW WKH WRS KROH VHFWRU FRYHUVesWKH P
(sectors +RZHYHU DW KLJKHU DQJOHV RI . Dsecry ai kkely kR XU St
sense the total pressurand therefore, the pressumeteced by the holes at their locations is
maximum.Also, thecentrehole or the other holéas this position will become stalled. Figure 3.18

and 3.19 shows that there is an increasing pressure as the holes of the pramtecdio the flow.

Similarly, the curvature of the calibration grid increases as the pressure increases, sloeeithe

more directly into the hole and exhibit greater dependence upon the inclination dfotee

concerninghe mean flow.

Figure3.19. Preliminary sasmple alibrationsectormapgenerated usinghemisphericaprobe

The error in the boundaries of the calibration map was because of flow unsteadiness and transducer
error, as the probes meas pressures in the periphehales become equal, transducer uncertainty
or little uncertainty in the flow could lead to overlapgiin the calibration sector map. This noise
shows that there was a need to ensure that the calibration ofhamileltpressure provides results
beyond its expected extent. The method that was used to improve the calibration of the results to the

degreeof each calibration \ality.
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3.4.2 Calibration Data Sorting Criteria

The first thing to dowhen carrying outatasetssorting is to identify the hole thaecords the
highest pressure teterminethe sector into which the data point shobh&laddedBefore adding

the datgpoint, an additional check wasrried out to ensure that the data point did not violate the
assumptions made in the definition of flow coefficients for that sector. An analysis of the probe
datasetshas shown that it is acceptable to assume that i€¢hé&ehole of the probe records the
highest pressure in low angles, the flow over the peripheralswilbleemainreliably attachedo

theprobe

There was a possibility of flow separation over tleatrehole Therefore a test was performed to
confirm that the flow over holve was not separated. Thealysiscarried out was the same as that
shownand implemented by Zilliac, G.§1993) The pressure at tleentreholewas comparewith

the pressred recorded in the separated flow downstream side of the probe head. If the pressure at
the centrehole is less than the pressure in the separated floweetiteehole was considered to be
recording separated flow, and the poi@s not includedn the calibration. In the present study, no
calibration pointswere rejectedbecause th@ngles undemvestigationwere limited to +25° and
extended to £45° pitch and yaw angle, which is well below thehote pressure probe working

limit of £50°.

3.4.3 Overlapping Pressure and the Extent of Calibration Sectors Domains

Therearetwo mainreasos why it is desirable to ensure each sector of the calibration map is valid a
little beyond its expected extents. Firstly, for the arbitrary flow study, if the flow angle is such that
the point would be so close to the sector boundary, transducers errblawgagaused thgoint to

fall into either sector. Secondly, if a calibration point insidsectoris consideredit is possible
there would be some parts of the sectors edge that would not have-lzomedary calibration
point. Extrapolated polynomialend to go to infinity outside of their fitted domaiand their
derivatives could be unbounded. Therefore, it is possible to obtairspegd slops and sudden
changes. A sigficant error couldbe introducedn the areaghat are beyond the last caliboat

point in a sector However it could remain within the applicable extent of tbectorin the

extrapolated polynomial region.
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Overlap pressures definedas a tolerance that is applied when determining the dfdllee probe
that recorded maximunpressurg and hence the sectors in which to include a calibration. A
calibration point is added in the sectorif that holeis recordedeither the maximunpressureor
within the overlap of maximunpressurelt meant that calibration points near sector beuies
could be includedin multiple sectorsThese relationdetween overlap pressure and #tual
number of the additional point included amgkoown However it canbe determinedluring the

data sorting process.

3.4.4 Determination of Calibration R eference Flow Conditions

The calibration processorrelates with the response of the probe to the actual flow conditions
Therefore it was necessary to measure thee streanflow conditions in the wind tunnel and
hydraulic pipeline. The flow reference static and t@iassures are measured usingitatRube
mounted on the wind tunnel argipeline respectively (see section 3.1.4 and 3.2.1), and these
pressure valuewere reordedat each calibration. As discussed in section 3.1.2, the probe was
returned (0, 0) from time to time during calibration. The data sorting procedure involves identifying
the reference calibration point (0, @gterminng the sector that recorded th&lmest pressure at
eachpoint, and alternatively, theressureat thecentrehole was usedat the totalpressurewere
necessary at all time during the calibration when the traversevedto (0,0)Akshoy, R.P, Ravi,

R.U., & Anu, J. (2011)These referare flow calibration conditions were recorded to an excel file

and sorted for use in the generatioractlibrationmap as shown in figure 8 and figure 3.19

3.4.5 Calculation of Calibration Coefficients

Once the data is sortedndfiles containing the calibration hdsken generatedhe generation of
the calibration coefficients sectaise is straightforward.The equations established Bkshoy,
R.P, Ravi, R.U., & Anu, J. (2011)s used to calculate theoefficients In this method, the
influence established by the central holg) (B takeninto account in determining these coefficients
as shown below in equatio(8.1). Multiple linear regression isafter that performed, which
generated the vector for each of the flow desorg) namely, pitch and yaw angles, and static and

total pressures. This proceassepeatedor each of the five sectom all the calibrations.

DEVELOPMENT OF NOVEL COMPUTATIONAL FLUID DYNAMICS (CFD) BASED CALIBRATION METHODS FORPIPELINE FLUID FLOW
MEASUREMENT
BY CHUKWUBIADAM OKWUIKPO, SCHOOL OFCOMPUTING & ENGINEERING, UNIVERSITY OFHUDDERSFIELD, UK (2019
158



EXPERIMENTAL APPARATUS AND INSTRUMENTATION SETUPS

(3.1)

WherePy, P,, P;, P, and R are the pressure sensed by the pressure transducers from the individual
holes of the probe$ is the arithmetic mean of the pressures measured from theittieiholes of

the probe, i.e. (F P,+Ps+Py)/4, Cp. is the coefficient of yaw, Cproefficient ofpitch, Cpota is the
coefficient of total pressure, Gricis the coefficient of static pressuisia and Psiicaretrue local

total and statiqressuref the fluid flow. Normally, the true local Py and Psatic are unknown
guantities, which solely depend tme flow field. Nevertheless, during trelibrationof the probe

in wind tunnel and pipeline flomsespectivelythese ardree streanvalues, so all the four pressure
coefficients are determinextcording tadhe sectothat recorded the highest pressure corresponding
to eachpitch and yaw anglef the probe.

In other to find the calibration coefficients, various fthimensional pressure coefficients such as
Cp., Cp, Cprota, andCpsiaiicneed tdbe calculated The first approach in data reduction analysis is to
calculate the average pressutand denominator D for each sector as formulafBe D in these
equations in the value thatakes the nondimensional pressure values independent of the flows.
This procedure for data reductiondaanalysis are carried out gpecialsoftware using thé&xcel
Sheet, which contains nine columns. These compriseegditch, yaw, R, P, Ps, Ps, Ps, Potayand
Pstatic all data transferred to MS Excel, sorted pitoid yaw wise in rows and PthroughPg in

columns.

The next step isreating the sectoring systemh means identifying pressure withaximumvalue
for each dataset, that is for a condiion of pitch and yaw angle when theles of the probe are
facing the upstream flowPressures measured byiRdicate sectorl ansb on to sector 5 (pressure
measured by 4p. Additional six columns are added to thecel file to expand the datasheet and
accommodatép D, Cpotas Cpstaic Cp., @and Cp. The valuesfor these calibration quantitiesre
calculatel sector wise using the formulated equatioosesponithg to the sectorsThe actual data
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prediction equations fothe full sixth order multiple regression model is defined sh®wn in
equations (3.2) through equation (3.5).

=i« & ;LfsEfs - Efe Ef; ® Efg ®% Efo -a Ef %& f .a%Ef"E
f- " Efs4°%8% Efss '@  Efsg 8" Efs7% Efsg® Efse® Efs. 8. E
fo. 8 °Efsc © 47 Efs- 8% Efesa ® Efes + Efes > &  Efg7 % 4% E

fes 87 Efge® a% Efg. &% Efs.a" (3.2)

>k a-0L fsEfs < Efs - Ef; % Efg ® Efy-& Ef %a. f 4% Ef."E
f- " Efs4 % 8% Efss '@ - Efsg-a” Efs7 % Efsg® Efso % Efs. % & E
fo, "8 °Efs< % &’ Efs- 4% Efgq ® Efgs - Efge > & Efe7 82 4% E

fes 87 Efgo % a8 Efs. 8% Efg.a’ (3.3)

wK & oL f,Efs - Efs Ef, % Efg ® Efg & Ef %é&a f a%Ef."E
f- " Efs4% &% Efss '@ - Efsg-a4” Efs7°% Efsg® Efsg® Efs. %4 E
fo, & °Efs< % &’ Efs— 4% Efea ® Efes '+ Efee %8 Efer 545 E

fos 87 Efeo ® 4% Efs. 4% Efe8 " (3.4)

xtk & oL f,Efs < Efs Ef; % Efg ® Efe & Ef %a&a. f .a%E
f« " Ef- 7 Efs4% &% Efss '@  Efsg -8’ Efs7°% Efsg ® Efse ° E
fo: 884 Efs, "& °Efs<® a7 Efs- 4% Efga ® Efss - Efse %8 E
fo7 8 8a% Efeg “&' Efgo % 8% Efs. 4% Efs,&a " (3.5)

Where. LV WKH wsdngle-andl OLR/ W KH \DnbileDAQah® B are their corresponding
coefficients respectively. Similarly,ggand D>t are static and total pressure, while C and D are
their correspondingoefficientsrespectively. Equatiof3.2) and (3.3) have been usea tcalculaé

flow angles usinghe calibrations coefficientsa to &7 generated usintghe polynomial curve fit
coefficients generated earlier, while equat(8) and (3.5 have beerused to calculate the flow
static and total pressures respectivetyng the cabration coefficients, @to g7 corresponding to
static and total pressured-or any set of reading used in calculating the flow properties, these
coeffLFLHQWY ZLOO E H padhldidle Bi€yaw diRjldCsp = static pressurendDpr =

total pressureThese fourcalibrationparameters anesed to calculate flowelocities ofinternal and

external flows. Furthermore, these expansions can also be expressed in matrix form, indicating that
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once the calibration coefficients are known, amymber of points (m) can be converted to flow
properties using the matrix mudtication shown in equatiofB3.6) Akshoy, R.P, Ravi, R.U., &
Anu, J. (201).

(3.6)

Where, Xisone ofthe ORZ SDUDPHW HdJavid Ok N Bample se& setof m data points
are taken for each of the giveectos. The Ks are the calibration constants where the subscript

identifies the term ithe expressigrwhile G is the calibration coefficients

This matrixis further simplifiedin its expression. The independent variable array is a function of
angular pressure coefficients only and can, therefore, be calculated directly from the probe data.
The vector dependent variabfeknownduring calibréion, but this is unknown when the probe is
used to measure arbitrary flow. Similarly, the calibration vector is unknown at the time of
calibration but need to know wheneasuringthe arbitrary flow. The matrix is expressed in a

simplified form as shown iequation (3.7)
<=L > = (3.7)

Where, [mx1], [A] matrix contains m values of one of the four flow parameters, the [mx27], [C]
matrix contains the corresponding expanded pressure coefficient variables, and [K] matrix contains
the calibration coefficients. The quantities with the X mataxebeen determinetbr every sector
GXULQJ WKH FDOLEUDWLRQ 7KDW LV IRU atthatfoeGnding [ V
point of Cspand Drp.

From equation 3.6, it is clear that the simple matrix algebra can be used to calculate the calibration
vector K, given that flow propertiege knownduring calibrationAlso, it is clear that the only data
needed to calculate flow properties in an arbitrary flow is the calibration véicleads to one of
the main advantages of polynomial surface calibrathethodologythat after the formulation of the
polynomial expressia the implementation of the probe calibration #ime and computation
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expenses and resolving arbitrary flows informatiordédicient This method has proven to be
capable and reliable in measuring flow angles to within +If flowed pressure to within %
Jason, T.& Cengiz, C. (2011)

The accuracy otalibrations depends, of coursiependon the density of the calibration grid. The
accuracy also depends dme conechamfer angle for conical probes, at high chamfer angles, the
errors tend to be higher. However, the approach is simple to implement and has been shown to be
capable of producing asrate flow measurements using CFD based numérnitajrateddatasets.

All the datasetsbtained during calibrations have been checked to ensure the effectiveness of the
calibration constants obtainefihe calibration coefficients hawan approximateaccuracy level of

+0.5° for both yaw and pitch angldsis the point where theoefficientof determinations is equal

to 1.0000 for all the four calibration parameters of pitch and yaw angles and static and total

pressures.

The vdocities in three directions ardetermined using thenathematical expressie shown in

equationg3.8) through equation (3.11).

L g&neiwdNw iv (3:8)
v L e (3.9)
WL ece = 0o > (310)
« L ece = .. "0>,

(3.11)

3.5Conversion of Pressuresrbm Arbitrary Flow sto Flow velocity, Direction,

and Pressure

The first step deployed in converting arbitrary flow gata into flow information idirst to
measure the pressures from the flakentify which sectghole) thatestimateshe highestpressure
value and apply seoting technique to calculatalibration coefficients. Once thistep is dongthe
calibration coefficientarestoredand later used to calculate flow angles and velocity magniiyde

using the calibration coefficientso(®d &7) calculated during calibrations secteise Any single
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measurementontains seven pieces of information, two angle points and five pressure values
measured by the fivhole of the probe. Fro this information, thélow pressure (static and total),
andvelocitiesare calculatedFigure 3.20 summarises the pedares of calculating flow velocities

from an arbitrary flow using a fivbole pressure probe.

Figure3.20. Flowchart Representing the Procedure to Determine Flow Parameters

The sector that would be used to convert the datasetdected using the same criteria theg
appliedduring the sorting process, using the hole recording the maximum pressure. The calibration
equations and coefficients for that sector are used tule# the flow properties. Once the flow
properties are calculated and the validity of the pressure datasets confirmed, and datasets

writtento an output file.

3.6 Calibration Verification

The @libration verificatios arecarried out by first generating calibration coefficients for a set of
pressuredataand processlow information using thecoefficients Flow pressure and angles are
then comparetb the known actual flow pressgrand angles. Errorsere computedh three ways.
The root mears square (RMS) average errdras been calculated for each flow parameter
individually as shown in equatid.12 and3.13)proposed byilliac, G.G. (L993)
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5 X9 . . ]
I L §3A(@5' g?at_jasj_rlczba_c’:lrs_’ﬁ3 (3.12)

L= (3.13)

It is important to mention that all bias errors such as those from pressure transducers, temperature
drift, and probe stem deflections are negligible. Hence, dneynot includean this error analysis.
However, in actual measurement, bias errors cahdddminant error sourgeandthere is a need

to reduce these errors to the barest minimum. One waw#saachievedh this study has bedirst

to calibrate all the pressure transducdtsinvolved reading the A/D cous with zero applied
pressure € and thenusng a known pressure difference h measured by a manometer and further
readingthe corresponding A/D counts Cref. Therefore, an unknown pressure that is the actual

pressure is then determined using equation (diehosed byilliac, G.G. (1993.

f

Equation 3.14 is usei improve furtherthe accuracy of the calibration process which is what the
study isabout This is very useful in the studyecause it separatdge effects of the curve fitom
pressure transducers erroiithe datasst used to generate results and plotstheesame as the
dataset used to generate the calibration mafisereforethere areno sources of error other than the
error in curve fitting which are aimed to be corrected using CFD based numerical datasets

3.7 Calibration Validation

Validation of the calibration of the probe was carried out using the samesprtiat was used in
section 3.6because the process of error calculation and presentation was the same. The calculation
to validation flow inform&éon involved using equation 3.1® calculate ad compare the actual

flow information with the calculatedflow values under different flow conditions using the
calibration dataset The analysigjave a measure of the net effects of all of the errors related to the
calibration erros, including potential uncertainty in the probe traverse, pressure transducer error,

and flow loop instabilities, and curve fit errdilliac, G.G. (1993)
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3.8 Experimental Preliminary Results

The variation of the probe pressures at different yaw and pitch aarglgdottedat constant pitch
anglesto ascertairthe accuracy of the calibratiodatasets For brevity, only sample calibrato
datasets for second measments argresentedn figure 321 through 328. Taking data twice and
generating sample calibration sector mapth@secondrun prove repeatability and accura&ar
both conicaland hemispherical probes, the pressui&ssetexhibit the expected trends without
any sudden change. Therefore, the calibration sampleaiatare considered accurate atitised

to calculate calibration coefficients and flow parameters.
3.81 Experimental Calibration Sample Data Collected inwWind Tunnel Flow

A set ofpressuradataare collected using conical and hemispherical in the wind tunnel at different
pitch and yawanglesplanes for the points defined for the calibratibigure 3.21preents the
coefficients ofpressure datasemeasured in wind tunnel floeforeapplyingsectoring calibration

equations for analysis.

Figure3.21. Sample calibration dasatmeasuredby a five-hole conical pobein wind tunneiflow

As shown in figure 21, pressureneasured by the central hole;, IB maximum at positive yaw
angles but varies morer less symmetrically aboutegativeyaw angles. The bottom holeg, P
measured less pressure at positingles but higipressure values at negative angles. Similarly, the

pressure measured by the top hole nRaintains approximately coefficientof -1.0000 but drops as
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the probe shifts t@ardsnegative yaw angles. Furthermore, the trigble of the pressa probe, B,
measuresonstantcoefficientsof about-0.5000 on thepositive yaw planebut drops at10f to
about-1.0000. Similarly, the left hole, Pmeasured the least pressure values especially at negative
yaw angles but gradually increases at the pasitaw angleplanes Overall, figure 21 shows the
expected trends of pressumstasetaneasured byhe conical fivehole probe without abnormal

values. Therefore, the calibration dsg#sarefound satisfactory.

Figure3.22. Sample calibration dasatmeasured by hemisphericaprobein wind tunnelflow

Figure 322 shows thathe top hole, Pmeasurednaximumdatasetsat both positive iad negative

yaw angles planesSimilarly, the right hole, P maintainedsymmetricaltrend at negativeo
positive yaw angleplaneeven though it recorded small coefficients below the zermlineegative

yaw and just above on thaositiveyaw planes. The bottom hole;, Pneasuredhe highest pressure

at negative yaw direction but decreased as the psotvaversedn a yaw direction from ®. The
same is for thease for thdeft hole, B, butrecorded a sharp high value atf29aw angle plane
Thecentrehole, R, maintained a level symmetrical trend in the negative and positive yaw direction,
recording all positive coefficientst canbe seerthat figure 322 demonstrate a well symmetrical
trend for all five pressure holes as expected. Therefore, ibeaaidthat the calibration dasats
measured by the hemispherical fivele probe inwvind tunnel flow arewvithout abnormalityand is

found satisfactoryor this study.

DEVELOPMENT OF NOVEL COMPUTATIONAL FLUID DYNAMICS (CFD) BASED CALIBRATION METHODS FORPIPELINE FLUID FLOW
MEASUREMENT
BY CHUKWUBIADAM OKWUIKPO, SCHOOL OFCOMPUTING & ENGINEERING, UNIVERSITY OFHUDDERSFIELD, UK (2019
166



EXPERIMENTAL APPARATUS AND INSTRUMENTATION SETUPS

3.8.2 Comparison ofExperimental Wind Tunnel Dataset

Both the dataset measured by the conical and hemisphérxiediole pressure probdsavebeen
comparedIn eachcalibration the probes traversedrom thecentreof the calibration section to the

end of the opposite wall. A manual traversing mechanism with Imm measurement resolution along
the radial direction and fl measurement resolution in the yaw plane is used to traverse the probes
along the grid pointsFrom figure 3.21 and figure 3.22, it is evident that the -danensional
pressure measured by bdtre conical and hemisphericiVe-hole pressure probes are in good
agreementwithout any charge in their particular trend However, due to some of the errors
discussed in the literature, experimental calibration of alole probe cannot be free from error.

3.8.3 Experiment Calibration Sample DatasetCollected in Hydraulic Pipeline Flow

Sets ofpressure data are collected using conical and hemispherical in the hydraulic pipeline flow
field atdifferent pitch and yaw angle planes for the defirmadibration grié. Figure 2.23 showthe
pressurecalibrationdatasetneasured by the conical probe.

Figure3.23. Sample calibration dasatmeasured bw five-hole conical proben hydraulicflow

As seen in figure 3.23t canbe concludedhat all holes of the conical proloeeasurd calibration
datasets at about tteame range and maintain@dperfectsymmetrical trend from negativi®
positive yaw angle plane of the praobeherefore, it came concludedwithout a doubtthat datasets

presented by the probe chausedto determine the calibratiaroefficients satisfactorily.
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Figure3.24. Sample calibration dasetmeasuredby a five-hole hemisphericaprobe atin hydraulic
pipelineflow

As depicted in figure 3.24avinganalysedhe calibration datetsqualitatively, itcanbe seenthat

all five holes of the hemisphericprobe measurepressuredatasets abouhe same rangéor

negative and through tpositive yaw angle plane. Furthermore, it che seerthat the probéas

maintaineda perfectsymmetricalorder of calibration datasetSherefore,it canbe concludedhat

the pressuralatasets met therequirements neeébr this study and can b generate trusted

calibration coefficients foaccuratemeasurements satisfactorily.
3.8.4 Comparisons ofExperimental Hydraulic Pipeline Flow Dataset

A manual motion mechanism with anin measurement resolution along the radial direction and 1°
resolutionin the planeare usedto traverse the probine same for wind tunnel systerf@oth the
conical and hemispherical probstarted taken measures at ttentreof the hydraulicpipeline,
which is of the zeropoints of the test sectionandyawedaway5f interval in both negative and
positive. As the probapproacksthe opposite wadl the intervalsare reducedand wall proximity
decreasedHowever, comparing figure 3.24 to 3.25, it d@nsea thatboth pressurprobes perform

verywell in the measurement of press dataet in the hydraulic pipeline flaw

3.9Novel CFD Based CalibrationMethods of Conical and Hemisphericalof
Five-hole Pressure Probes

The CFD basedtalibration methods of fivlole conical and hemispherical pressure probe for wind

tunnel and hydraulic pipeline flow is aimed to improve measurement accuracies in the respective
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flow. The CFD calibration methodare classifiednto three major novel metkls. Theseare CFD
based numerical calibration method, CFD based numerical integration method and CFD based
extension of calibration range Figure 3.25shows a flowchart thasummarises thealibration
methods while sections 3.9.1 and 3.9.2 deschbeaystematic approach to achieving #ims and

objectives of the study

The calibration methods use sixth order polynomial ctitveor data analysis and reduction for
accuracy. Thegoodnessof fit or calibration coefficient of determination, which is coomly

known as 7is expected to be equal to 1.0000 for all calibration coefficients of determination. The
curvefit technique comparesstimatedG D W D H DQG DFWXDO GDWD D D
0.0000 to 1.0000. If the correlation returns 1.0000neans there is a perfect correlation in the
sample data, and suggest there is no difference between estimated and actual data. However, at the
other extreme, if the regression analysis returns 0.0000, it means there is no correlation between
estimatecandactualdata, and the regression equation has failed in predictingplug.

Figure3.25. A flowchartsummarising novel calibration methods
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Figure 3.25 summarises the computational fluid dynamic (CB&9ed calibration methods
proposed for this study. Eactalibration method is intefinked through the use ofCFD)
simulations. The steps and procedafeeach calibratiormethodare clearly explainedn the next
sections. The calibration techniques and schetessriled in section 3.4are appliedto all the
processe The only thing that differs in the proposed is the mearacqtiringpressuredatasets

and its applicaan within the proposecdhethods

3.9.1 Conventional and Novel CFDbased numerical Integration Calibration Method s

This sectiondiscussegshe systemati@pproachand proceses adopted for the calibratiai the
conical and hemisphericéive-hole pressure probeising CFD based techniquekhe CFD based
calibration methodsre subdivided into fourparts. The first part is to carry out the conventional
experimental calibratignanalysea dataset verify dataetby measung flow properties, andhen
compare thenwith known flow fieldsto validate the method arahalysethe performance of the
conventional calibration method@he second part isising CFD to simulate the same prabeer
the same flow conditionsecord the pressufacquire pressure datasets foilmation), analyseand
procesdataset verify calibrationby measuring flow propertige validatenumericaldatasetand

then compare with known flow fields for accuracy checks.

The third methods to identify the sectors whosé is below 90%in the experimental calibrain

method, replace that sector/sectarth its CFDbasednumerical correspondingatasetthis is the
integration methodandrepeatthe calibratiorprocesses. Aalyse and proce$3FD based integrated
datasets verify the CFD basedintegration datsetsby meauring flow propertiedo checkthe
accuracyof measurementsnd establish the authenticity of the calibration metfibeé. fourth novel
calibration methods to extend thealibration angle range of thitegrationmethodby usingCFD

to simulae both pitch and yaw angles of tpeob respectivelybeyond +25 to +45f. These

require setting the prokte knownpitch DQG \DZ DQJOHV . LQ D VWHDG\ IC
five-hole pressures (P:s). Thesystematic calibration approach and procedaressummariseds

follows:

1 Carry outstandardexperimental calibration. &ord the pressures sensed by each hole of the
five-hole pressure probe at different pitch and yaw amgletakenas 5f increment in the

range of 25 .
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2 Apply thesectorirg technique to sort the pressure dataccording to the hole that covered
thehighestpressure.

3 Generate thealibrationsector map, which indicates the hole of the probe that sehsed
highestpressure for a particular pitch and yaw angles.

4 The map generallyevealsthat the central hole covers theoadestrange of pitch and yaw
angles among all the five holes.

5 However, at larger pitch and yaw angles, the peripherals holes (hole 1 to 4) aredikel
sense the total pressund hence the pressumeteced by the peripherals holes at their
corresponding location is maximum (see figure 3.18 and 3.19).

6 Manyasymmetiesmaybefound in the sector map, indicating the ryimmetry associated
with the errorintroduced during manufacturing and those mentioned in the literature.

7 Pressure coefficient normalisation is then appdiedtorwise using theequation definedh
3.1 to calculate nedimensional pressure coefficients

8 Apply a sixth order polynomial cur## regressiormethod to analyse the naiimensional
pressure calculated above.

9 Record the calibration coefficient of determination and the calibration constanftmsy(a

10 Use the probe to measure pressure values in an arbitrary flow, identify the sector measuring
thehighest pressure, apply equat®d andcalculate the calibration constants

11 Use the calibration constants to calculate the flow angles and use the flowtantdéculate
flow velocities using equations 3.8 to 3.11.

12 Repeat to verify data

13 Validate and ompare flow velocity with actual flow field and analyse the difference.

14 Analyse the accuracy tiiefirst calibration method on theteadyflow fields.

15 Check whether the calibration coefficient of determinations for each sector is above 90%.

16 Simulate the probe using CFD based approach at the same range of pitch and yaferangles
the second novel calibration metha®5f as did for experiments araquire the nenerical
pressire data and repeat step 1 tofabthe CFD basedumericalpressure dasets under
same flow conditions

17 Identify the experimental sector thaerfornms below 90% andeplace that sector with its
correspondin@CFD numericalpressue datasets ino developanother strongerovel method
of calibration known as CFD based Integration Calibrati@thod
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18 Apply step 1 to 150 theCFD based integration datats plot the resultsand compare with
actual flow fields.

19 Analyse the accuracy\el of the CFD based integration calibration method based on the
measured flow properties

20 End process and proceed to the CFD based extension of calibration angle range, the fourth
novel calibration method

This calibration process musé repeatedntil the desired angular rangecoveredo obtainstrong
datasetsand it not uncommon for the calibration dataset to contain approximately 100 points or
more. Figure 3.18 and 3.19 shows the distribution of the calibration points in the pitch and yaw
coordinate system for the conical and hemisphericailidde pressurerobes.Thefirst, second and

their calibrations are carried outrfa maximum angle of £25in the wind tunnebnd hydraulic
pipeline located at the University of Huddersfieldboratores. Section 3.9.2 describes the
systematic approach to the novel CFD based extensite iEngecalibration method.

3.9.2 Novel CFD Baed Extension of Fivehole Probe Calibration Angle Range

This sectiondescribs the CFD based extensiaf rangecalibration method and procedures for
acquiringnumericalcalibrationdatasetsbeyond +25 . The next novel step in this study is to use
CFD based simulations to extershch probe angle from +25f to +45f (extension of the
integration angles)t is carriedfor the respective prolie be used for measuremetdade carriedat
wider pitch and yaw anglesf £45f. The following steps summarise the procedures of the CFD

based extension ¢ie rangecalibration method

1. Carry out CFDsimulation of the probe irtheir respectivédlow domain (air and wateryor
+30f to £45f and acquire pressure dsgésensed at each hole at each combination of pitch
and yaw angle for £30D to +45f .

2. Integrate all CFD =30 to +45f pressuredatasetinto CFD based integration calibrai
datasetsgenerated in step Hbove to develop a novel CFD Extension Calibration §dta

3. Apply the sectoring technique to sort the pressuresdtaacording to the hole that covered
thehighestpressure.

4. Generate the sector map, which indicates thie lod the probe that sensele highest

pressure for a particular pitch and yaw angles.
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5. The map generallyevealsthat the central hole covers theoadestrange of pitch and yaw
angles among all the five holes.

6. However, at larger pitch and yaw angles, pegipherals holes (hole 1 to 4) are likely to
sense the total pressuamdhence the pressudetecedby the peripherals holes

7. Manyasymmetiesmaybefound in the sector map, indicating the reymmetry associated
with theerrorintroduced during marfacturing and those mentioned in the literature.

8. Apply pressure normalisatiosectorwise using theequatios defined in 3.1to calculate
nontdimensional pressure coefficients

9. Apply a sixth order polynomial curvi@ techniqueto analyse the nedimensional pressure
calculated above.

10.Record the calibration coefficient of determination #mlcalibration constantans ta a>)

11.Repeat to verify datet

12.Use the probe to measure pressure values in an arbitrary flow, identdfgdioe measuring
thehighest pressure, appyuation 3.1 andcalculate thealibraton constants

13.Use the calibration constants to calculate the flow angles and use the flow angles to
calculate flow velocities using equations 3.8 to 3.11.

14.Validate the cleulated flow velocity with actual flow field and analyse the difference
15. Compare thecompued flow velocitieswith real flow field and check the accuracy level of

the calibration method in the measured flow properties.
16.Compare the accuraciestbgfirst, second, third and fourth calibration methods.
17.Analyse the performance of the probes in the two flow systems and draw conclusions

18.End process.
3.10Summary

In this chapter, details of the University of Huddersfield Flow wind tunnel hydraulic pipeline
facilities havebeen presentedThe facilitiesare usedfor flow quality assurance, multiphase
measurig, and control studies. THi®w facilities used in thistady, as well as their working fluids
and the supply circuitries, are also described. The details of the instrumentatiareupegsented
and how dataare acquiredfrom the instuments are further discusseéurthermore, the
methodology adopted to perforthe experimentare discusseth detail the operating range of the

experimentsas well as CFD simulations are clearly defingl$o, the details of the procedures and
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equipment for calibration and measure external and internal fluid flow baee careflly

described

Lastly, the preliminary sample calibration results have laeatysedo demonstrate the accuracy of
the pressure data measured in both external and internal floveseéhatedn this study. The results

for both probes in external andenhal flow shows satisfactory results.
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Chapter 4 Computational Fluid Dynamics (CFD) Numerical Modellingand
Simulations

It has been discusseth chapter 1 that the importance of flow measurement accuracy has been
continuously gaining relevance due to its various applications in many industries such as the oil and
gas and power sector. Based on difeerent calibration and measurement methothgdive-hole

probe reviewed in literature chapter 2, ghocessof integrating experimental with numerical
calibration method of calibration of a falele pressure probe has presented the opportunity and the
potential to significantly improve the caldifon and measurement accuracies of flow in internal

and external systems.
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4.1 Methodological Approach for Comparative Simulations and Analysis of the

Five-hole Pressure Probes

Pneumatic fivehole probes areusefultools for multidimensional velocity measurements. These
instruments caibe usedn combination for detailed flow mapping in complex applications such as
the ones described in section 1.5, flow in around aircraft, velocity measurement inside pipelines etc
However, for accurate measurement of velocity at any application,egsisntialthat the probe
produce accurate measuremeifitsere is a need toerformprecis calibration data thatan be used

to carry outvelocity measurements achieveaccuratdlow measurementsAlthough calibration of
pressure probes doest always produce accurate results becausth@®fmacining inaccuracies,
manufacturing inaccuracies, and pressure sensors limitations to measure and capture full flow
velocity etc., it is Bcessaryto adopt CFD calibration method in order to overcome these
experimental limitationas well as those identified in literatuby integrating experimental data

with CFD data.

Computational fluid dynamics (CFD) simulations of the fhade pressurerobes are carried out in
flow domains fully described with theharacteistics of the experimental wind tunnel and hydraulic
pipeline. TheCFD simulations are carried out usitige sameflow velocity magnitude describeid
section 3.1.4 and 3.2.1 farind tunnel anchydraulicpipeling 15m/sec and A2m/secrespectively
as inlet velocitiego capture the fullmeasurements in this studyhe local flow total and static
pressure are used to calculate the flow velo€itythermore thetwo pressursareused to compute
the coefficientsof Croaand Giaic Needed irthe calibratiors. These two nowlimensional pressure
guantites determine the flowelocity magnitude in an arbitrary flow @find tunnel and hydraulic

pipeline. They are demonstrated mathematically in equétidhand equatiori4.2) as follows.

TifvjeRTjej

Trmr_I-j _ujTt?]_LWb (4-1)
YT o

Tqr_rd—a H P (4-2)

WherePsectoriS the pressure under the sector in consideration, D is a parameter that m&kesthe
andCpstaticindependent of the flow. Furthermotbetruelocal PoyandPsiasicare the static pressures
of theflow measuredising a Pitot tubenstalled in thdluid system Therefore, all calibrations both

numerical and experimentaicluding flow measuremestare carried out at the flow rate of the
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wind tunnel and pipeline flow velocity measured frasinga Pitot tube installed in eadystemas
explained in chapter 3.

A set of calibration data is generated experimentally and usexh&dysingpossible combinations

of pressurenormalsation and data reduction where a calibration map and calibration coefficients
are producedUsing a surfacefit method, sector map armbefficientsof calibration is generated.

The coefficient of determination is comonly known as 7 and is expected to be close to 1. It
compares the measured datanf and computed datad). If the calibration returns a 1, it shows
there is a perfect correlation in the sampledthere is no difference between the measured and the
computed values. However, if the coefficients of determination are 0, it means the regression
eqguation has not predicted theceptablg@ercentage in this study. The sectors in the calibration that
CFD data replace probe below the expected percentage of coefficients of deterntimanbieve

the optimum required calibration results for accurate flow velocity measurements. The methodology
used in the integration of experimental calibration with CFD satiarh methods summairsed in

figure 3.16.

Figure4.1. CFD Methodology for Probe Simulations

The simple but strongomputational fluid dynamicQFD) technologyhave been adopted to
calculate and simulate the flow parameters measured by conical and hemispheribalefive
pressure probes in air and wataving identified the research objectives of this investigation in the
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previous chapterThis section presents the CFD innovative methodology used to acquire pressure

data from the wind tunnel and pipeline flow domains.

The relevant solver settings and the boundary conditions specified in this investigedion
mentionedhere.Also, the nunerical tests performed for this investigation hdneen determined.
These equations cape foundin any CFD related textbooks, and thus, much emphasrst
includedin the main body of the present investigation. However, for the completeness of this
investigation and readers without-depth knowledge of Computational Fluid Dynamics, CFD
basics have been included. The following sections provide detailed data on numededing
used in this present investigation. The CFD package usecchieva this iscalled Ansys
MalateshBarki, Ganesha, T., & Math, M.C. (201Buring the time of this investigation, version
17.0 was the latest version of this packageiarttierefore usetbr simulations and analyses. The
methodologies adopted for the CFD simulationghe fivehole pressure probes in this stuahg
describedn the section below.

4.11 Methodologyfor Comparative Simulation of Five-hole Pressure Probes

Computational fluid dynamics (CFD) is employed to enhance accuracies and eliminate those
deficiencies found in experimental calibrations. The CFD method demonstrated in figure 3.17 is the

same for both conical fiveole probe and hemispherical fihele probe.
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Figure4.2. CFD Simulations Methodologies

4.1.2 Geametry of the Five-hole Pressure Robe

The flow field around the fivole pressure probe is simulated mathematically using computational
fluid dynamics (CFD)Studying and 8lving a set of partial differenti@quations with predefined
boundary conditionsre required Fluent CFD package iteratively solves Naxgtrkes equations

along with the continuity equation and appropriate auxiliary equations depending on the type of
application usig control volumedormation NaveenjiA., Malavarayan, $& Kaushik, M. (2010).

In this work, the conservation equations of mass and momentum have been solved sequentially with
two additional transport equations for turbulent flow. Two types of rholi pressure probelat
havebeen chosefor this study are the fivhole conical probe and fivieole hemispherical probe.

They are of the same geometry, the same dimension in pressure hole size, shaft length and stem.
The experimental and numerical studies involved in theéyshave been carried out for both probes
respectively. Figure 3.18 depicts the geometry and dimensions of tHeofsreonical probe.
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Figure4.3. CFD pressure probes schematics:Gahpical head probéb) Hemispherical probe; and
Pressure tap designation
The physical domain represents the flow around theHole probe. The flow approaches the probe
from upstream of the domain. The dimensions of the physical flow doanaidepictedn figure
3.18. The probe mode&as importednto a threedimensional flow domain created in solid works
designmodeller The Computational fluid dynamics (CFD) was used to simulate the flow field
around the probeThe simulationinvolves a set of partiatlifferential equations and boundary
conditions. Fluent 17.0 is the computational fluid dynamics package used to iteratively solve
Navierstokes equations along with the continuity equations and the appropriate auxiliary equations
depending on the type afontrol volume formulationrR’egert, T., & Lajos, T. (2007).The
conservation equations for mass and momentum baee solvedvith two additional transport

equations for steady turbulent flow for this study.
4.1.3Flow Field Conditions

The physical domairepresents the flow around the fikele probe. The flow approaches the probe
from upstream of the domain. The dimensions of the physical flow doanaidepictedn figure

3.18. The probe modelas importednto a threedimensional flow domain created solid works
designmodeller The Computational fluid dynamics (CFD) was used to simulate the flow field
around the probdt involves a set of partial differential equations and boundary conditions. Fluent
17.0 is the computational fluid dynamics package used to iteratively solve {stokes equations
along with the continuity equations and the appropriate auxiliary equatmending on the type of
control volume formulatiorRauch, R., & Batira, D. (1991Yhe conservation equations for mass
and momentum haveeen solvedvith two additional transport equations for steady turbulent flow
for this study.
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Figure4.4. Wind TunnelFlow domain

The geometry of the flow domain modelledto represent the wind tunnel used to carry out the
experiments in this research. The geometryldesesn createth five different steps. The first part is
called the inlet of the tunnel, the second is the test section (the probe body with holes), the third is
the tunnel outlet, and the rest are walls. It has been deliberately made so because of the
implementation b the boundary conditions of the resolver. The flow domiairdesignedand
modelledto match the experimental setups for accurate results. The length of the flow domain is
1000mm, the height and width are 120mm from the inlet. The psopkacedat thecentre of the
domain, which is the 500mm upstream, 500mm downstream of the flow domain, 7mm from top and
50mm from the bottom. The arrangement of the probe in flow domain is spatially sufficient to
prevent the downstreaimposed 101325Pa ambient atmospheriessure that stopn upstream

effect of pressure field and to prevethte interference of the domain wall boundary layer with the
flow field of the modeRauch, R. Batira, D. (1991).

Figure4.5. Hydraulic ppeline Flow domain
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