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ABSTRACT

In a gas turbine, a small portion of air is bled from the compressor to provide
cooling to keep the turbine at a safe operating temperature. The air flows through several
passages in between where the components of the turbine are assembled. In thiestudy,
heat transfer and pressure loss characteristics of two of these passages are investigated
experimentally. The first of the two passages investigated is the passage in between the
turbine blade root and disc. This passage has a unique geometry regesmb8shape.

The heat transfer and pressure loss characteristic of this passages in not well documented.
For this study, a model of the realistiesBaped passage has been made. In addition, a
simplified rectangular duct with hydraulic diameter simitatttat of the realistic-Shaped
passage was constructed along with three other rectangular passages at aspect ratios, 17.33,
8.81, 3.93, and 2.02. This study aims to determine if rectangular duct correlations are valid
for the realistic SShaped model. $gifically, flow in low Reynolds number ranges of less

than 3000 are of interest. With the effect or rotation and aspect ratio being of primary
concern in the study, an experimental rig was constructed to measure the heat transfer and
pressure loss in thesnodels. The experiments were conducted with both clockwise and
counterclockwise rotation to account for the passage on the pressure side and suction side
of the passage.

The centerline Nusselt number distribution measured to check if the flow was fully
developed. The effect of rotation caused swirling, increasing the entrance length in the duct
and also enhanced heat transfer. The rotation also enhanced the heat transfer in the fully
developed region. The fully developed experimental data for the Sedptiéctangular
ducts showed good correlation with that of literature. However, the realshaggd duct
showed lower heat transfer values than the simplified rectangular ducts. Still, the effect of

rotation is seen enhancing the rotation inf the reallS-shaped duct. Additionally, the



friction factor which was measured using the cresstional average static pressure
showed similar results for the realistiesBaped duct and the simplified rectangular duct.

The passage between turbine disc boreshiadt is modeled as an annular duct with
inner surface rotation. Flow in the turbulent region is studied and the test sections are made
to have short length to hydraulic dimeter ratios. Along the centerline, the onset of Taylor
vortices can be seen enhargithe Nusselt number in regions where the flow should be
fully developed. This effect can also be seen enhancing the heat transfer in the fully
developed region. The presence of Taylor vortices also adds resistance increasing the

pressure loss across fthect.
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GENERAL AUDIENCE ABSTRACT

Industrial gas turbines are designed to have an optiouwerall pressure ratio for
target temperatures rise. The demand for higher efficiency and power continues to push the
operating pressure and temperature. Air systems is the flow network to provide necessary
cooling to keep the machinery at a safe opegatmperature.

In this study, two passages of the air system in the turbine are of interest. The
passage between turbine blade root and disc, and the passage between the turbine disc and
shaft. The effect of rotation on the flow through the two passagesf @rimary interest
with focus on heat transfer and pressure loss characteristics. This experimental study
presents unigue results as a realistic model of the passage which resemidba@m \8as
constructed and tested. The passage in betweerrlieetdisc and shaft forms a rotating
annular passage. There is limited data available representing the realistic geometrical
shape of the annular passage under rotation. Therefore, the present study aims to present
data for more realistic geometry angbeoating conditions. In addition, simplified
rectangular ducts and annular ducts are also tested for comparison purpose.

The results of the study showed that the rotation does provide a significant increase
in heat transfer and pressure loss in experimateling the passage between the turbine
blade root and disc. Comparing the realistish@pe passage and the rectangular passage
with similar aspect ratio, the realisticsBape passage showed less heat transfer and less
sensitivity to the effect of rot@n. The pressure loss characteristics on the other hand
proved to be very similar. For the experiments modeling the passage between turbine disc
and shatft, the effect of rotation once again showed to increase the heat transfer and pressure

loss. The effet is more prominent when there is less axial flow.
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Chapter 1 Introduction

1.1Gas Turbine Air System

Gas turbine are commonly usenh applications such as aircrafts and power plants. They
convert high temperature gases into mechanical energy. The efficiency and the power output of
the turbine can be increakby increasing the opating gas temperatures. However, using high
temperature requires cooling systems to keep the machinery at a safe operating templeeature.
turbine is also designed withcaoling systenteferred to ashe turbine internal air systerm this
system airs bled from the upstream compressor and passes through several passages cooling the
machinery A typical layout of the air system is show in Figurel-1. Of the variougpassages in
the air system the present study focuses on two passwgked in redThese passages atet

passage between the turbine blade and disc and the passage between the turbine disc and shaft.
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Figurel-1 Typical InternalAir System for arindustrial Gas Turbin8ide View[1]



1.1.1 Passage Between the Turbine Blade Root and Disc

The turbine rotor is assembled by combining two components, the turbireeasiddhe
turbine disc. The root of the turbine blade has a shape that resembles a firtree shape and dovetails
into the grooves of the disc. The assembly is designed to include small gaps in between the blade
root and disevhich resembles an§hapeThe @ps help maintain mechanical integrity by creating
a passage for cooling air to flow through so the blade and disc can survive high temperatures and
pressureskigure 1-2 shows the blade and disc assembly along wittathpassage. As the rotor
rotates about the-axis, the cooling air flows through thesBaped passage in the x directidhis
passagés typicallynot exactly parallel to the shaft axiutcan besimplified to a rectangular duct

rotating about a parallel axis for study.

Figurel-2 Passage Between Turbine Blade Root and (Bisant View)

1.1.2 Passage between Turbine DidBore and Shaft
The rotor disc is also connected to the shaft which drives the rotation. The assembly is
designed with a small clearance between the lbse and shaft which creates an additional

passage for cooling air to flow through. This passage can belesbds an annuladuct

2



undergoing rotatiorfrigurel-3 shows the passage between turbine disc and shaft. As the rotor and
shaft rotate about theaxis, the cooling air also flows through the passage along the x direction.
In an actual engine the turbine disc rotates with the shaft however due to limitations of the test

facility, in this study theassage is simplified as an annuactwith innersurfacerotation.
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Figurel-3 Passage Between Turbine Disc and Blade

1.1 Effect of Rotation

1.1.1 Coriolis Force

As a duct rotates about a parallel axis, often referred to as parallel mode rotation, secondary
flow occurs due to Coriolis forceshe Coriolis force is defined as a force acting perpendicular to
the direction of motion caused by rotation. The effect of rotation caused by the Coriolis forces has

been gquantified by Morris & Woodg&] by a rotational Reynolds number defined as

0 T_O (1)



As the Coriolis effect induces secondary flow, it enhances heat transfer in a rotatiriggluet.

1-4 shows a summary of data and correlations frbendture comparing the Nusselt number and
the rotational Reynolds number.
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Figure1l-4 Comparisorof Heat Transfer Dattor Circular, andRectangulaDucts with Rotation

1.1.2 Taylor Vortices

When fluid flows through an annulductwith inner surfaceotationand stationary outer
surface secondary flovoccurs in the form ofaylor vorticesTaylor vortices form when the radial
pressure gradient and viscous forces cannot dampen out the clrarigescentrifugal force

induced by rotation, resulting in the flow becoming unstg®leG. I. Taylor [4] quantified the
effect of the Taylor vortices with the Taylor number defined as
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Figure1-5 Comparisorof Heat Transfer Dattor AnnularDucts with Rotation

1.2Research Objective & Scope

The purpose of this study is to experimentally investigate the heat transfer and pressure

loss characteristics in tleér passages between turbine blade root and disc andftheibine disc

and shaft. It is important understand these characteristics asathpassage play a significant

role in keeping the machinery at safe operating temperatures in gas tufbieexperiments in

this study are conducted at steady stateraodeled after a uniform heat flux test.

The scope of the study is as follows

Passage 1Passage Between Turbine Blade Root and Disc

1 ExperimentaDesign oftest rigto investigate heat transfer and pressure loss characteristics

in duct flow rotating about parallel axis

1 Focus on laminar and turbulent regions to model real engine conditions



1 Investigation ofthe effect of rotation oheat transfer and pressure loss ahtaristics of
realistic Sshape and simplified rectangular ducts rotating about a parallel axis
1 Investigation of the effect of aspect ratio on heat transfer and pressure loss characteristics

of rectangular ducts

Passage 2: Passage Between Turbine Bladed® and Disc

1 Experimental Design of test rig to investigate heat transfer and pressure loss characteristics
in annular duct flow with rotating inner surface and stationary outer surface
Focus on the turbulent region to model real engine conditions
Investgation of effects of rotation on heat transfer and pressure loss characteristics on
annular duct flow with inner surface rotation

1 Investigation of effects of radius ratio on heat transfer and pressure loss characteristics on

annular duct flow with inner sface rotation



Chapter 2 Literature Survey

2.1Heat Transfer and Pressure Loss in Stationary Duct Flow

The heat transfer in the present study is driven by forced convection. Therefore, before
analyzing the characteristics, it is important to understand the different regimes of convection.
Metais & Ecker{5] created a chart dirting the different regimes. This chart contains a distinction
between the laminar and turbulent regions and a distinction between forced convection and free
conviction. Figure 2-1 shows the boundaries for forced and free convection and laminar vs
turbulent regions. The figure compares the Reynolds number with the Grashof number multiplied
by the Prandtl number often referred to as the Rayleigh nurebetet! by

.Y YO
Y& ' OO0 er (6)

Most correlations and experimental data from literature operate in the forced convection
zone. The characteristics in mixed or free convection differs from forced convectithreesfdre,
it is important to verify that the experimental data lies within the forced convection region.
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The heat transfer is represented by means of heat transfer coefficient given by

n
Ny @

The heat transfezoefficient is then presented in a rdimensional form as the Nusselt number.

Q

The Nusselt number is a naimensional parameter that denotes the ratio between heat transfer
from convection and conduction in a fluid defined as

66 —5

(8)

Several factors can influence the Nusselt number in internal flow starting with the boundary
condition. Two of the most common boundary conditions for heat transfer are uniform wall
temperature and uniform heat flux. As their nanmeply, the boundaries are defined as either
having constant temperature at the walls or constant heat flux. As cooling systems in turbines
mostly resemble heat flux boundary conditions, the present study will focus on the heat flux
boundary condition. Thedundary condition is important as the heat transfer is heavily influenced
by the presence of a boundary layer in internal flow. When the boundary layer is developing, also
known as the entrance region, the heat transfer is known to decrease exponenmgltlyeaaxial
direction. However, when the boundary layer is fully developed, also known as the fully developed
region, the heat transfer is constggjt

Another factor that can influence the heat transfer is the Reynoldsenuimbhe laminar
region, the Nusselt number is knowntobeconstand er i ved from an energy
law of cooling.However,in the turbulent region, the Nusselt number increases with Reynolds
number. This trend has been well studied with several correlations avafgiee 2-2 shows a
summary of the correlations and past experimental data. From this figure another parameter can
be seen influencing the heat transfer. Geometric parameters such as tiseciosshape, aspect
ratio or radius ratios all can also influertbe heat transfer. Comparing the correlations and data,
most follow similar trends with the absolute values varying based on aspect ratio but the data blue
and green diamonds show different trends. This is because the experiments for this data included

rotational effects while the rest of the references are stationary experiments.
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Figure2-2 Comparison of Heat Transfer Data for Circular, Rectangular, and Annular Ducts

Pressure loss occurs in internlavi due to friction between the fluid and the walls at the
boundary. Similar to the heat transfer the pressure loss behaves differently in the entrance region
and the fully developed regioim the axial distribution of the pressure loss, this pressuee los
decreases exponentially in the entrance region and decreases linearly in the entrang§.region
The pressure loss can be representedomalimensionaterm known as thBarcy friction factor

defined as

10
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The friction factor is often correlated witthe Reynolds number and the relative roughrfagsire

2-3 contains a summary of experimental datamooth duct flowfor friction factor In general,

as the Ren increases the friction factor decreases on a linear trend illedagaph. The dathat

other factors such as rotation and kan also influence the friction factor.
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2.1.1 Circular Crosssection

Heat transfer in circular ducts have been the most document and most of the correlations
widely used today for heat transfer stem from experiments on circular ducts so they often serve as
a baseline for comparisomhe laminar Nusselt numbef the fully developed region is derived

theoretically to have a single valueusimpan e r gy bal ance and Newtonods

incompressible, constant property fluid with negligible net axial conduf@ijorThe values are
listed below.

00 oo 51 EAI Of 7AI 1T 4A1 PAOA (109
00 e 5T EA Of (AAO &1 6@ (10b)

While heat transfer in the laminar region can be calculated by theory the same cannot be done for
the turbulent region. Therefore, several experiments have been conducted to develop empirical
correlations for heat transfer in the turbulent region. Dittuigo&lter[8] studied heat transfer in a

stationary circular duct and proposed the correlatainl for Ren 10 and 0.60Pr 0160
00 Mg o #1111 ETC (11a)

00 g tY® 0 B '0Qmo Q¢ Q (11b)

Where PR is 0.71 for air arRkpn is given as

vQ o o— (12

This correlation is solely dependent on the Reynolds number and Prandtl number. It is known to

have errors as great as 25%. More complex correlations have been developed with errors reduced

12



to 10%. Petukhoi®] developed a correliain basing the Nusselt number as a function of Reynolds
number, Prandtl number and friction factatid for 10O R © x5.0° and 0.50Pr 0200

- QqJ YQ UTI‘ (13
PBIX P& QU U p

Gneilinski [10] expanded on the Petukh{®] correlation replacing the Reynolds number with
(ReDh-1000) modifying theorrelation valid for ® 0 0 O RF0° and 0.50Pr 02000

56 v YO PRI (14
P PE QY Ui P

Taler[11] further expanded the heat transfer correlation valid for both the transitional and turbulent
region with ranges of 280  ©, OR &afd 0.10Pr 01000

Dy YO o @ oQ vy 8
56 we 2w YR pmmm’ 0 OB X (19
BTy p®SQY 01 p v Y

Lau et al[12] conducted a series of experiments on smooth circular duct passages. While the focus
of this study was the effect of plenum length and diameter on heat transfer and pressure loss, the
study prowdes experimental data for heat transfer in circular duéigure 2-4 shows the
comparison between the experimental data with equét®nThe data shows excellent agreement

with equation(14) regardless of the plenum lehgir diameter which is represented by L/d in the
figure. The study also presents data on the heat transfer coefficients as Begma-5. The
experimental data shows the expected profile as the heat transfer coefficient decreases

exponentially in the entrance region and is constant in the fully developed region.
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The Pressure Loss characteristics are represented by the Darcy friction factor defined by
Equation(9). Moody[13] created a simple chart to estimate the friction factor in a pipe based on

the Reynolds number and the pipe roughness. For the laminar region, the friction factor is given
as

QT

Q YQ

(16)

For the turbulent region, the Moody Diagram uses a correlation developed by Colebrook often
reffered to as the Colebrook White equafibd] denoted by

cli—-

£ ) 1
o Yo o o p

Petukho\9] also presents a more simplified correlation for the friction factor given as

Q pd ICQ BT (18)
2.1.2 Rectangular Crosssection

The crosssectional shape of the duct is also important parameter as this study presents
three differenttrosssectionsthe realistic geometry, rectangular, and annular. While studies on
therealistic Sshapedyeometry crossection is rare, theffect onrectangular and annulducts
are well documente@&hah & Londor{15] preformed several experimerms the Nusselt number
for laminar duct flow with various crossections For laminar flow ina rectangular duct, the

uniform heat flux Nusselt number is given as

00 o p (19
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Shah & Londoralso included a study of the effect of aspect ratio and numbealts
heated expanding on a study done by Schmit & NeJd6]l. Schmidt & Newell calculated the
Nusselt number with a hydraulic diameter defined using the heated perimeter. Shah & London
corrected the definition to use the wetted perimeter instégdre2-6 showsShah & London:
summary ofthe distribution of the Nusselt number based on the aspect ratio and the number of
walls heatedin the present study the aspect ratio is defined as width over lengthFsguia?2-6
h*=2a/2bCase 1 seems parabolic since all 4 walésheatedCases 2 and 5 also behave similarly
but slightly skewed. Case 3 shows the Nitssumber increasing when aspect ratio increases and
case 4 shows the Nusselt number decreasing when aspect ratio increases asfiesimgimrtant
to note however, that the cressctional area is constant for the different aspect ratios inulig. st
C. Y. Wang[17] also studied the effect of aspect ratio and number of walls heated. This study
shows a plot of the isotherrfar a rectangular duct with all four walls heatedrigure2-7. When

all four walls are heated, the walls with shorter lengths generally have the highest temperatures.
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Figure2-6 Laminar Nusselt Numberr&énds Based on Aspect Ratio and Number of Walls Heated

[15]
16



/”.ﬁﬂ
e X
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Severalstudies have also been conducted on turbulent flow in rectangular Spatsow
et al.[18] conducted experiments on rectangular ducts with asymmetrically heated walls. Heat
transfer in a symmetrically heated duct with opposing wall heated were compared to that of a duct
with only one wall heated and that of one where one wall was providethadikat flux as the
other. Sparrow et al. showed that in cases where only one wall is heated the heat transfer can
decrease up to 120 percent.Shen et al[19], Tsand20] effect of turbulator®n rectangular duct
flow but presented data for smooth passages as well. L. B. Wan{2é{ atudied turbulent flow
in converging & diverging ducts. However, this study contains data for both heat transfer and
pressure los® rectangular ducts. Smif2] studied rectangular serpentip@ssagebut presented
data for smooth rectangular passages with different aspect ratios.

2.1.3 Annular Cross-section

Shah & Londor{15] also provided data for heat transfer in the laminar region for annular
ducs. Figure 2-8 shows the trend of the Nudsnumber as the radius ratio changes. While here
the radius ratio is defined as the inner radius divided by the outer, thesthr@nethat for a fixed

inner cylinder radius, a larger annupassagéeight will produce a higher Nusselt number.
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Figure2-8 Nusselt Number for Uniform Heat Flux Laminar Flow in Annulls]

For the turbulent region, Roberts & Barr¢28] shows the development the boundary
layer in the annulus'he boundary layer forms along the walls of both the inner and outacss
Rothfus et al[24] Studies the velocity distributions and friction factor in turbulent annular flow.
Figure2-10shows that for annular flow the friction factor along the outer wall still behaves similar
to a circular ductFor heat transfelays & Leung[25] preformed experiments for the effect of
radius ratio in the turbulent regiofhe results show the same trend in the turbulent region as the
laminar.Barrow[26] also conducted experiments on anntiaw. This study concluded that the
friction factor increases with the radius ratio and that the heat transfer behaves similarly to a

circular duct.
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2.2Heat Transfer and Pressure Loss Characteristics in Rotating Duct flow

2.2.1 Duct in Parallel Mode Rotation

The effect of rotation is also key parameter in this study. When a duct undergoes rotation
about its parallel axis, secondary flows occur due to centrifugal forces and Coriolis forces. The
centrifugal forces occur in all instances of rotation while Cari@drces occur when a system
rotates but the velocity of the flow relative to the system does not coincide with the rotation. Mori
& Nakayama[27]. Figure 2-12 shows the secondary flow induced by the rotating. The left side
shows when the rotation is ngtrong,and the right side shows when the rotation effect is large.
The secondary flow causes the boundary layer to bes&pwed towards the rotation direction
due to the Coriolis forces. Woods & Morf28] Conducted a similar study in the laminar region.
Figure2-13 shows the velocity and temperature profiles of a rotating duct in theszossnal

view.

20



u
b
{Aiii) 1 BLii)
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The nonsymmetric profiles due to secondary flow can affect the heat transfer. Because of
this, Morris & Woods[2] conducted experiments to develop a new correlation for duct flow

rotating about a parallel axis. Morris & Wood proposed the following correlation dependent
on the axial and rotational Reynolds numbers.

06 &Y 08 (20)

where n = 0.016 when L3 34.65¢ = 24.02 and n = 0.013 when L{B 69.30¢ = 48.03 Figure
2-14 shows the correlation compared to their experimental trata.important to note however,

that he data does show very scattered results especially when the rotational Reynolds number is
larger.
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Figure2-14 Comparison of Laminar Flow Data with Proposed Correlati@hs

Typically, flow passages in turbine air systems resemble a rectangular cross section irstead of
circular oneNeti et al.[29] presented a numerical study on laminar heat transfer in a rectangular

duct rotating about a parallel axis. Similar to the circular duct the velocity profile becomes skewed
due to secondary flowFigure 2-15 shows the comparison between the stationary and rotating

velocity profiles.
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Figure2-15 Comparison of Velocity Profiles for Rectangular Duct with and without Rotation
[29]

Morris & Dias[30] preformed experiments on a rotating square duct and comparesktiits to

that of data from rotating circular duct. This study concluded that while the squarsectes

does exhibit an increase in Nusselt Number as the rotation speed increases, the heat transfer for
the square duct is less sensitive to the étfeen the circular duct. The correlation for a square

duct is

06 TMpY® 8 (21)

Levi et al.[31] investigated the effect of rotation in laminar heat transfer in a rotating rectangular

ductusing the Grashof number defined as
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This study revealed that when the Grashof number is less tA#ameh(the effects of rotation are
negligible but when Gr > f0The Nusselt Number is about twice that of flow without rotation.
Hanafizaden32] also comparedhe effect of rotation using the Grashof number. This study
concluded that while the effect of rotation does increase the heat transfer, the effect of is minimized
as the Reynolds number increasilari et al. [33] also investigted the effect of rotation on
rectangular duct flow. This study contradicts the results of Morris and Dias stating that the
rectangular crossection with an H/B range of 6 to 60 is similar to that of a circular duct. Sleiti &
Kapat[34] showed that in parallel mode rotation, the leadirgling, and radial outward walls

have enhanced heat transfer however the radially inward wall experiences a decrease in heat
transfer. Sarja et al[35] furtherconfirms this by stating that this tendency is due to the centrifugal
buoyancy forces induced by rotation. Fréigure 2-17 when all walls are heated, the top wall

produces the highest Nusselt number while the bottom wall produces the least.
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Regarding thériction factor, Shevchuk & Khalatop86] conducted aieviewstudying the effects

of rotation about a parallel axis on duct pressiiifds studyreviewed experimental data from
Johnson & Morrig37] showingthat compared to a stationary duct, rotation about the parallel axis
causes the friction factor to increase. This increase is greater when the &fdrter As for the
effect of rotation, perimental data for a duct with Lidf 10.6 was compared with J equal to
450, 870 and 1200-he notation of the data in the Shevchuk & Khald88] may be incorrect as

the data from this paper shewhat higher J values resulted in lover friction fadttwever, in

the Johnson & Morri§37] paper, the opposite trend is observed with the highalugs resulting

in higher friction factor. Following the data from thegmnial sourcg37], the effect of rotation is
seen to be greater at lowerdgreThe study of Johnson & Morr[87] also showed that the effect

of the eccentricity is negligible when comparing friatiactors.
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2.2.2 Annular Duct with Rotating Inner Surface and Stationary Outer Surface

Flow in an annulus with inner surface rotation and stationary outer suréascalso been
well documentedBjorklund & Kays[38] conducted experiments on the effect of the rotation on
annular flow. This study proposed that the Taylor vortices would enhance the heat transfer
meaning the Nusselt number would increase with the Taylor number. This baalde to the
vortices enhancing mixing of the flow adding energy to the friglire2-18shows thee suggested
vortex patterns presented by Bjomkth & Kays. As the Taylor number increase, the vortices
become more unstable further increasing the heat traBsfeker & Kaye[39] expanded on the
study providing experimental data to show when the effect of the Taylorestéke effect. From
Figure2-19the Nusselt number does not change with the Taylor number until the Taylor number
is greater than 1700 which is thetical Taylor numberBall et al.[40] and Aoki et al[41] also
conducted similar experiments verifying the critical Taylor number to occur atCA08.& Long

[42] presents ca correlation using the modified Taylor number given as

006 ¢ (239)
for Tanoa< 1700
00 1T CYFP (23b)
for 1700 < Taoda< 10
06 md I (23c)

for 10* < Tamoa < 10/
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Abed et al[43] shows the effect of the Taylor vortices on the temperature profile of various
radius ratio annuli though CFD. Frdagure2-20there is less difference between the temperature

near the inner walsurfacewhen the rotation speed is increased suggesting that the increased
rotation has enhanced the heat transfer.
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Figure2-20 Temperature Distributioof Annular Ducts with Inner Surface Rotation and

Stationary Outer Surfadé3]

A rotational Reynold number is also used to represent the éftéaotation on annular flow
denoted by

M0
Yo —— (24)

6 1] (25)
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This rotational Reynolds number is often combined with the axial Reynolds number into an

equivalent Reynolds number defined as

, 0
o o T (26)

YQ
Boufia et al[44] presents a correlation using tguivalentReynolds number given as

66 TBIQYC 27)

for 1.1x10 < Re < 3.1x10d" Jalil et al[45] expanded on this study suggesting a similar correlation

given as

06 Ty P (29)

for 2300 < Re< 23600.

There are also many studies on annular flow with botidtional and axial flowChild &
Long[42], Dawood et al[46], andFénot et alf47] present a review of experiments on heat transfer
in an annular passagehese reviews concluded that there are many minor disparities between the
results of the authors whose work was reviewed. These disparities can be attributed to factors such
as radiusatios,ductlengths and other parameters that may affect the experimental data. However,
the data from these reviews generally follow the same trends.

Tachibana & Fukui48] showed the total heat rate is the sum of heatsteardue to
turbulent axial flow and vortices formed by the effect of rotation. Kuzay & $8}tpresented
experimental data in a verticdlictwith outersurfaceheated and an adiabatic rotor. This study
concluded that theotation causes the radial temperature was changed by having temperature
decreased near the stator wall and increased near the rotokddtionally, a correlation for the

Nusselt number is presented as
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06 9

00 00 p

Where Nuy is the Nusselt number when the annulus is not rotating calculated using
equation(11a).
Childs & Turner[50] also presents a correlation for an annular duct with both axial flow

and inner cylinder rotation given as
. . v, O
OO 0O T8TEuUo re (30

Pfitzer & Beer[51], Tzeng[52] and Jakoby et a[53] both showed the enhancement of
Nusseltnumber as rotation speed increases. However, this effect is reduced at higher axial
R e y n onuntbér.Rao & Sastri54] created a numerical model which shows good agreement
with data from Becker & KayeEl-Ghnam et al[55] primarily investigated the effects of
eccentricity on the heat transfer but also includes experimental data on concentricAdomli.
Ziyan[56] also focused on the effect of eccentricity but proviaecherical analysis for both heat
transfer and friction factor for concentric cylinderéanagida & Kawasakj57], Gilchrist et al.

[58], and NouriBorujerdi & Nakhchi[59] all focused on the effects of turbulators on heat transfer

in rotating annulus but also presents data for smdtis. Molki et al.[60] studied the effect of

rotation on the Nusselt Number acrossdbet this study shoed that the Taylor vortices cause a
sudden increase in the mass transport which also cause a sudden increase in the heat transfer in the
duct This sudden increase occurs closer to the entrance of the duct at higher Taylor Numbers.
Gardiner & Saberskf61] in addition to including experimental data for heat transfer also included

data on friction factor. This study showed that the friction factor does not show significant

influence until the Taylor number >40
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2.3 Effect of Entrance Geometry
2.3.1 Entrance Geometry

Experimental data from literature mostly involve test sections withnballith entrances.
In the present study the test sections have a sharp entrance which makes it important to understand
how the differences can efft the heat transfer and pressure loss. The pressure loss due to entry

effect is given as

o O g 6 (31)

where K is the pressure loss coefficient andsuthe average velocity of the cross section at the
entrance[7]. With the entry effect quantified, it can be subtracted from the friction factor to
determine the friction factor in only the fully developed region.

The effectof the entry loss on the heat transfer has been studied as well.[62]ls
conducted a series of experiments with 12 different entrance geometries. Of the 12 different
geometries, two geometries of are interest for this stiddybellmouth and the sharp edge. This
is because most relevant studies userbellith inlets to study heat transfer however in the present
study a sharp entrance is usedyure 2-21 shows the differing profiles between the balbuth
and the sharp entrance. For the sharp entrance, the heat transfer coefficient initially increases then
decreases into a plateau. This is because the sharp entranceacategnate air pocket in the
entrance which causes a larger pressure loss and lower heat transfer. As the flow reattaches after
the pocket, the heat transfer is greater and declines in a similar faskignre2-5. For the beH
mouth entrance, the heat transfer coefficient initially drops. This represents the laminar section of
the flow and as the flow transitions into turbulent, the heat transtfficients can be seen as
increasing until it reaches the fully developed region where the heat transfer coefficient becomes
constant. This is further validated by Tam & Gh§] who compared reentrant sharp, and-bell
mouth entrances. Ghajar & Td6¥%] also presented a study of the effect of the entrance geometry
on the transition regiorrigure2-22 shows the Reynolds number where each geometry starts their
transition region. The reentrant entrance transitions at the lowest Reynolds number while the bell

31



mouth the highest. Mohamm¢gb] studied the effects on the entrance geometry in the laminar
region. This study also included the effect of buoyancy forces. This study shows thmbil|
entrance having the highest Nusselt number as thenoeith inlet minimizes the lossgxreasing

the heat transfer.

HEAT TRANSFER COEFFICIENT= Btu/h 112 deg F

30 REYNOLDS
NUMBER
| 105 a::l:]_._m‘I
|2 800
20 A -
| 69570
e 43 270
10 ,5:\1 - IOTTO —
9600 ——g
ol S
o 1 2 3 4 B8 . a 10 15

DIMENSIONLESS AXIAL DISTAMCE, 2/d

(a) Sharp Entrance

Ely

REYNOLDS
NUMBER

\—.mnoo_t

‘——nm-——l.

o e 19000'——]

30180

HEAT TRANSFER COEFFICIENT—Btu fhitf deg F

"

T_"IOZ“}—J[
o
0 1 2 3 4 18 -

DIMENSIONLESS AXiAL DISTANCE, x/d

(b) Bell-mouth Entrance
Figure2-21 Local Heat Transfer Coefficient62]

32



10
ET 002IRe | "
LS 2 ST
.
\ -
’ -
. o T
-. . L *U% o L
. \ o7 B B’
=gt
A \ g o 5%
i v Yoo,
) -
b s . -
" N =
" k=) w 5
".'-. u\.’l:%rg - ¢
\ s L0
X s T REENTRANT
M, . Il SQUARE -EDGED
ol . & HELL-MOUTH
1 DEET i 04
SLPr = 4.364Re Pr

Figure2-22 Transition Region for Different Entrance Geomet{t&s

1100 ——
—ofe—  Bell-mouth
10.50 - |—€— Sharp-cdged Re=1600
= 1.40 *
—3¥—  (L/Djcalm. = 20 Gr=1.40*10
10.00 — | —@— (L/Djcalm. = 40
—— (L/Djcalm. = 60
9.50 - |—&— (LDjcalm.=80
)
32 9.00 -
8.50
8.00 —
7.50
?-m I T T T T | I I T I T TTT |
3 4 5 6 789 2 3 4 5 &6 T8 2
0.01 . 0.10
Z

Figure2-23 Nusselt Profile for Mixed Convection with Different Entrance Geome}égk
33



Chapter 3 Experimental Approach

3.1Experimental Rig & Test Models

3.1.1 Soft Disc Rotating Rig

The Soft Disc Rotating Rig was designed to test the heat transfer and pressure loss
characteristics in rotating duct flow. The rig has sebupsone to test duct flow rotating about a
parallel axis and one to test flow in an annulus with irsuefacerotation. Figure 3-1 shows the
schematic for theet upto test duct flow in parallel mode rotatichblower controlled by a 60 Hz
frequency invertersi used to pull air through a slot@RohacelB1 IG-F soft disc, through the
hollow shaft, through an orifice and exiting into atmospheric conditions as outlined by black
arrows. The rotation speed is controlled by a motor using a 60 Hz frequencyrianertbe mass
flow rate is measured using an orifice designed following the British Orifice Stan@&jdsn
Figure3-2a, the connection of the blower to the soft disc is shdle plumbing is connected to
the hollow shaft and a tachometer is placed to measure the rotationfSgeee3-2b, shows the
rotational components of the rig. The soft disc is wrapped with shrink wrap to make the outer
surface smooth and help hold the disc together. Additionally, in the section where the hollow shaft
is marked, there is section of the shafted wrapped in duct tape. This is where the sensors were

fed through to measure the temperature and pressures of the duct.
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(a) Mass Flow Components
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(b) Rotational Components
Figure3-2 Photo of Parallel Mode Rotatid@et Up

The schematic adinnular duct configuratiocan be seen iRigure3-3 with the flow path
marked withblackarrows.The rotation speed is controlled by a motor the same as for the parallel
mode rotation set upn terms of how the mass flow rate was controlldjs supplied from a
compressor and the mass flow is regulated by setting a reference pressure to a ParR8dR119
pressure regulator monitored by a Fluke 719 pro 150G pressure calibrator. A Valworx 529100A
solenoid valve is included in the assemblgiait off the flow in case of emergencies. The mass
flow is measured using orifices following British orifice standdff§ once downstream of the
pressure regulator and once again upstream of the plenum to check for salkegie Figure3-4a
shows the rotational components of the rig. The rotor and stator can be seen along with sensors
attached. The rotor is made of Rodld81 IG-F and has fixed dimensions while the stator is made
from acrylic and is changed out for different radius rafrdgure3-4b shows the plumhg for the
annular duct configuration. In thegh-pressureegions,2 . Stainless steel piping was usked
ensure safety. After the pressure is regul ate
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used. The larger diameter piping allowed thespure in the pvc to stay below the maximum
operating pressure of the piping.
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Figure3-3 Schematic of Soft Disc Rotating Rig (Set up for Annular Duct Test with Rotating
Inner Surface)

(a) Rotational Components
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(b) Mass Flow Components
Figure3-4 Photo of Annular DucBet Up
3.1.2 Realistic S-shapedModel of Passage between Turbine Blade Root and Disc

Therealistic Sshapednodeltest section iscaledrom a real enginavith the results listed
in Table3-1. Since the Nusselt number correlations and pressure loss correlations depend on the
Repn it was important to align is parameter. Also, since the,céAh also influence the heat transfer
and pressure loss this parameter is also alighiee.radius is scaled down to one third and the
hydraulic diameter is scaled up by a factor of 4. Scalivgxdibe radius reduced cost of material
and reduces the stress on the soft disc while under rotation. The hydraulic diameter is scaled up by
a factor of four allowing easier machinability when creating the mdded. entrance was also
designed with a shagxge to match what would typically be seen in a real engine.

Although much effort was placed into making the model accurately represent real engine
parameters, there are still some limitations. Firstly, in a real engine the passagéedoff the
x-axis. This slant could not be modeled as the machining of #leaped geometry proved to be

difficult. Additionally, since the assembly of the blade root and disc is that of sliding the blade root

38



into the dovetail of the disc, the blades root will malightly as therotor is rotating. This will

cause the passage craeextional area to vary throughout operation.

Table3-1 Scaling forRealistic Sshapedvodel

Parameter|Real Engine [Scaled Model
R (m) 0.945 0.330
L (m) 0.119 0.476
D1 (m) 0.002 0.008
L/Dy 58.690 58.690
Repn 3000 3000

The test sections for the parallel mode rotat&sts are placed in a slot in the Rohacell soft
discas seen ifrigure3-5. The actual measurement for the radius varies slightly from the design.
Therealistic Sshapedpassage was machined out of Rohacell 3FI&n isometric drawing and
crosssectional view with dimensions listed are availablBigure3-6. A photo of the duct cross
section can be seenhkigure3-7. From the photo thievo exit air thermocouples can be seg&hey
are placedalfwaybetween the middle and edge of the flat portion of the top wall wheenthe
of the flat portion is marked with lines from a black marker. Static pressure taps were also placed
slightly upstream but in line with the thermocouple&igure 3-8 shows the locations of the
thermocouples and pressure taps on the top wall. The pressure sensptaceera line with the

end of the heaters at 508 mm from the inlet or 17 mm from the outlet.
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Figure3-5 Test Section Slot in Soft Digeront View(Units: mm)

(a) Isometric View
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(b) Crosssectional View

Figure3-6 Realistic Sshapedvodel Duct front view (Units: mm)

Figure3-7 Photo ofRealistic Sshapedviodel Crosssectionrear view
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Figure3-8 Exit Pressure Tap & Thermocouple Locations
3.1.3 Simplified Model of Passage between Turbine Blade Root and Disc

Rectangular ducts were also constructed to see iddirelations for the rectangular duct
can be applied to theealistic Sshapedmodel In Figure3-9b, the coordinate system is included
with the rotation axis in theomeric viewA duct with an aspect ratio of 20 would have a hydraulic
diameter similar to the realisticshaped model. For the other aspect ratios chosen, the assumption
is that the realistic-Shaped model can be split into thesetionsthe curvesection on the left,
the rectangular section in the middle and the sgrole on the right. Each of these sections can
be represented by different aspect ratio duets.example,ite middle sectiowf therealistic S
shaped modelould have an aspect ratsimilar to 10 Lastly, two other aspect ratios of target
value of 4 and 2 are also constructed. The dimensions can be Jedaeig-2. Dueto machining
tolerances and tolerances in assembly, the measured aspect ratios differ from the design values.
The rectangular duct aspect ratio 2.05 test section was constructed out of 4 acryli¢-pates.
this duct, he aspect ratio was adjusted by iaddspacers made from Rohacell 3XF&s seen in
Figure3-10. Using the spacers, the height of the duct is reduced reducing the hydraulic diameter
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and crosssectionharea.This also effects the duct length to hydraulic diameter ratio since the duct

length is fixed by the design of the soft disc.
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L.

(a) Top View

W L

- -l e -

(c) Front View (d) Side View

Figure3-9 Simplified RectangulaModel AR = 2.02
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Table3-2 Non-Dimensional Parameteo$ Parallel Mode Rotatioest Sections

Geometry| Aspect Ratio = W/H| L/Dj V] Repn = Dp/ug J = (2); /¥
Realistic - 52.71 35.04 169-3714 32-552
AR20 17.33 57.38 37.93 74-3170 27-450
AR10 8.81 30.7 20.41 291-5606 95-1543
AR4 3.93 17.48 10.35 443-10244 365-6148
AR2 2.05 9.55 6.31 630-19032 1014-16664
| 2
o = F
Fop Wall ;\R, y‘(,L, |
Acrylic Casing an
A
AR =3.93 Spacer
A
Left Wall Right Wall
Y v
Bottom Wall
W=2839

Figure3-10 FrontView of Simplified Rectangular DucAR = 3.93with Spacer Installetbr

Stationary Experiment
3.1.4 Simplified Model of Passage between Turbine Disc and Shaft

The annular duct test section is also scaled from a&ngahe; however, different turbines
have different passadeights,so the radius ratios weraned Table 3-3 lists the parameters of
the real engine and scaled modéie rotor radius is twice the radius of the relagine,andthe
radius radios were ranged from 0.05 to. Ulée &arget Ren is too large for testing so the minimum
to maximumRepn was limited to that which can be safely operated in the facility

In a redengine, theshaft and the disc typically rotate together. However, in this study,
only the rotor could be rotated due to limitations of the rig. rob@ wasmade from Rohacell 31
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IG-F and statowas made from acrylic casingzigure 3-11 shows the drawing and coordinate
system.Theradius of therotor isfixed, and the radius ratio is changed by changing the stator.
Table3-4 shows the dimensions of each test sectiSmsilar to the rectangular duct, changing the
radius ratio changes the passage height thus changing the duict L/D

Table3-3 Scaling for Annular Duct Tests

Parameter |Real Engine|Scaled Model
r, (m) 0.141 0.284
r, (m) 0.161 0.332
nriry 0.1418 0.1418
L/Dy, 7.10¢ 7.100
Rey, 326000 3260(

Table3-4 Annular DuctTest Section Dimensions

Prod i n 2 D =2(rry)| LDy |Repn = xOnal
0.05 282 592 28.1 19.9 7792-41657
0.1 282 620 56.3 9.9 10026-40488
0.3 282 733 169.1 3.3 9868-40828
0.6 282 902 339.3 1.7 9764-41689
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(a) Top View (b) Isometric View

h
r

(c) Front View (d) Side View

Figure3-11 Simplified AnnularModel gp i/~ 06
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3.2Data Acquisition System

3.2.1 Temperature Sensors

Temperaturesignals were measured using two different types of thermocouples.
Temperature measurements for the air, ambient, and conduarenall measured by omega T
type thermocouplesvith a reference photo provided Figure 3-12. The thermocouple was
inserted into a 1.6 outer diameter stainless| dtdee with the thermocouple junction slightly
sticking out. This ensured that the thermocouple would not be moved by the flow duringaests.
the wall temperatures, centerline temperatures were measured with thermocouples distributed at
smaller intervad near the inlet and larger intervals towards the exit. To ensure that the
thermocouples are all aligned along the centerline, a thin film thermocouple was designed,
manufactured by FluxTech. This sensor contains a seriestgbel thermocouples inside a

polyimide film. A photo of the sensor is givenkingure3-13.

Figure3-12 Omega TFtype Thermocouples
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Figure3-13 FluxTech Thin Film Thermocouple

Calibration for theOmegathermocouples were done using an Omega PT100 RTD Probe
and a Sika electronic K325K Calibratas seen inFigure 3-14 and Figure 3-15. Both the
thermoouple and the Omega PT100 were placed into the chamber of the Sika electronic K325K
Calibrator. The temperatures were varied frot@ @ 80C. Figure 3-16 shows the calibration
curves for the omega-fiype thermocouples. The thermocouple data shows good correlation with
the Omega PT100 RTD Prol#&r the Thin film Thermocouple, the film is taargje to fit into the
calibrator.Therefore, a water bath was used to calibrate the thin film thermocotlipkesesults
of the calibration for the thin film thermocouples are listed able 3-5. Using the calibration
curves fromTable 3-5, the temperatures read from the thermocouples) @re converted to the

calibrated temperatas (Tcal).
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SIRE cioctronic

Figure3-15 Sika electronic K325K
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Figure3-16 Thermocouple Calibrations

Table3-5 Thin Film Thermocouple Calibration Curves

Calibration Curves T, = a*T.+b

TC # a b TC # a b TC # a b

TCo1 1.0346 | -1.4909| TC,, 1.0322 | -1.0548| TCy5 1.0344 | -1.1781
TCos 1.0349 | -1.4515| TCyg 1.0289 | -0.8903| TCy, 1.0461 | -1.5637
TCos 1.0352 | -1.4104| TCyq 1.0258 | -0.718 | TCy5 1.0195 | -0.7875
TCyq 1.0362 | -1.4263| TCy, 1.0268 | -0.6808| TC; 1.0402 | -1.4179
TCos 1.0371 | -1.406 | TCy; 1.0257 | -0.4043| TCyy 1.0547 | -2.4244
TCos 1.0368 | -1.3722| TC;, 1.0284 | -0.9955

3.2.1 Sensor and Heater Assembly

With the experiments being designed after a uniform heatdtundition, the thin film
thermocouple was attached to a thin film resistance heater in a manner to evenly distribute the heat
flux and minimize heat loss through conductidigure 3-17 shows the components of the
assembly for the rectangular duct. For the realistsh&e model the components are the same

but without the acrylic platdhe heater is attached to the acrylic plate using 3m double sided tape.
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On the otheside of the heater, thermally conductive dotitked tape (k = 1.5 w/mK) is used.

This is because for the assembly from the heater to the sensor, conduction loss should be
minimized. An aluminum plate (k = 250 w/mK) is placed on top of the heater sxedael high

thermal conductivity would help spread the heat flux uniformly as possible. From the heater,
thermally conductive tape is placed followed by the thin film sefsgure3-18, shows the layout

of the assembly from the top view. For the realistsh8pe andimplified rectangular assemblies,

heat is provided using two Omega thin film heaters. Each heater is 254 mm long and places one
after the other. The lgers do not fully cover the entire length of the duct as the duct is 525 mm
long and the two heaters together are 508 mm long. The locations of the thin film sensors are also
more visible in this figure with dimensions listedTiable3-6. Since the heat transfer is expstt

to decreasexponentially in the entrance region, more thermocouples are located towards the inlet
than the outletFigure3-19 shows the photo of the assembly for the AR = 2.02. The locations of
the exit air thermocouples and exit static pressure taps are shown with the locationsTiabde in

3-6.

One limitation of this assembly is that only the centerline temperatures are measured. Each
wall surface is expected to follow different trends however, for this experiraestationary
conditions, the heated surface is the bottom wall, when rotating clockwise, the heated surface is
the trailing wall, and for theounterclockwiséest, the heated surface is the leading wall. Also, in
this study, the heat transfer is assdrteebe constant along the width of the duct.

Figure 3-20 shows the components of the annular duct assembly. Here the difference
between the annular duct and the rectangular duct is that there is no acrylic plate as the assembly
is placed on the Rohacell rotor. Additionally, the sensor is not placed in thelmeinde the edge
of the heater. This is because there is no fixed centerline as the rotor is rotating. However, the
assembly is extruded from tinetor, so the sensors is placed to the side to minimize influence of
the extrusion tripping the boundaryéa. Figure3-21 andFigure 3-22 show the sensor locations
like the rectangiar ductwith dimensions imable3-7. Here the difference is that since the stator
is easily accessible, air temperatures at more locations were able to be me@seretr
thermocouple is placed for every wall temperature thermocouple till near the inlet region where
the wall thermocouples are too close to place one air thermocouple forResgdrding the
pressure sensors, the inlet pressure was measured in tloenpilestead of assuming ambient
pressure like the rectangular duct.
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Figure3-17 Components oSimplified Rectangular Duct Sensor Heater Assembly
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Figure3-18 Top View of Simplified Rectangular Duckensor antHeater Assembly (Units: mm)



Table3-6 Realistic Sshape & Simplified
Rectangular Duct Sensor Locations

Thermocouple Name

X (Location mm from Inlet)

Figure3-19 AR = 2.02 Sensor Locations

TCos 1.5
TCo, 2.5
TCos 35
TCo4 4.5
TCos 55
TCos 10
TCyo; 15
TCos 20
TCos 30
TCyo 40
TCy1 50
TCy, 100
TCy3 150
TCy4 200
TCys 300
TCyg 400
TCy5 500
TCoeyit L 508
TCexit R 508
pexit_L 504
Pexit_Rr 204
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76 mm
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Thin Film Sensor |4 0.1 mm
Themally Conductive
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Figure3-20 Components of Annular Duct Sensor Heater Assembly
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* Flow Direction o
Outlet — Inlet
TCR17 TCROI
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Figure3-21 Top View of Annular DuctHeater Assembly (Units: mm)
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Figure3-22 qpmr1/= 0.05 Sensor Locations

Table3-7 Annular Duct Sensor Locations

Thermocouple Name

X (Location mm from Inlet)

TCro1 15
TCro2 2.5
TCro3 35
TCros 4.5
TCros 5.5
TCros 10
TCro7 15
TCros 20
TCroo TCao1 30
TCr1o 40
TCr11, TChpo2 50
TCr12 TCho3 100
TCr13 TChos 150
TCRr14 TChos 200
TCris TCaos 300
TCr1i6 TChro7 400
TCr17 TChpos 500
Pintet 0
Pexit 500
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3.2.2 Heat Flux Distribution

While the experiments are modeled after a uniform heat flux boundary conditi®ng
3D conduction losses at the ends, the heat flux distribution will ttebe mapped outhe heat
flux distribution was checked usingFIR A325scIR cameraFigure3-23 shows the image of
the heater assembliefigure 3-24 shows the comparison between the IR image and the
thermocouple data. The absolute values of the IR image are not accurate due to the rests not being
conducted on a blackbody. Wever, the IR image shows the axial distribution of the heat flux.
Assuming the heat flux behaves similarly to the temperature profile, a curve fit of the temperature
profile was made and adjusted to fit the heat flux. The heat flux profiles are shbigare3-25.
The heat flux has been normalized using the heatd#lsulated assuming uniform boundary
conditions defined as the total heat divided by the @e®e the Rectangular duct assembly
consists of two heaters placed one after the other, the heat flux distribution is more exaggerated in
the rectangular duct assembly than the annular duct, which only has one heater. The heat flux

distribution is then ugkto calculate the local heat transfer along the centerline of the duct.

140

138

136

(a) Realistic Sshape &Simplified Rectangular Duct
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(b) Annular Duct
Figure3-23 Heating Test IR Image (UnitsC)
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Figure3-24 Sensor Heat Assembly Axial Temperature Distribution
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Figure3-25 Sensor & Heater Assembleat Flux Distributions
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3.2.3 PressureSensors

For pressure measurements, first sensor HDI series pressure sensors wesenssed.
with maximum operating pressures of 10 mbar, 50 mbar, 200 mbar, 500 mbar and 2 bar were used
for this study A photo of tvo 200 mbar pressure sensrprovided as a ference inFigure3-26.
Calibrations were done using a Fluke 719 Pro 150G pressure calibrator asEgeneig-27. A
reference pressure was set in the calibrator and the pressure sensor voltage reading was recorded.
A linear curve fit was then made to convert the voltage signals into pressiirggsg@he results

of the calibrations can be seerFigure3-28.

Figure3-26 First Sensor HCLM200DUF8P5
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Figure3-27 Fluke 719 Pro 150G
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Figure3-28 First Sensor Pressure Calibration Curves
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3.2.4 Mass Flow Rate

The Mass flow rate was measured using orifibesigned using British orifice standaf@§]
for D and D/2 tapsThe equation for the mass flow rate is given as

0 o —
-;Q cwn” (32

p 1

2 K S N&B thé ratio between pipe and orifice diameters @iglthe expansibility factor (1 for

incompressible flow). The discharge coefficient C is defined as

8
0 ™ weEBichp TWIMTU P maip Yy

ﬂ&n@aﬁg—s T8I T 0 T8t YA wckh p mp — I

Wwiop Ty °f @

with the variables defined in the standaise discharge coefficient is a function of the Reynolds
numberin the pipe where the orifice is locatetiich depends on the akivelocity. The Reynolds

number in aircular pipecan be rewritten as a function of the mass flow rate as

vo 1 34)
0

The correct discharge coefficient is calculated by settirigigal guess value for the axial
velocity and solving for the Reynolds number using equati@ Then using this Reynolds
number, the discharge coefficient and mass flow rate can be calculated. With the new mass flow
rate calculated, the Reynold can be solved for using equé@#n If the Reynolds number
calculated from equatior{42) and(34) are within 1% error, the correct discharge coefficient has

been calculatedOtherwisethe next iteration occurs with a new guess axial velocity. From the
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correct mass flowate,the meanaxial velocity of the duct must be calculated using thieohg

equatian

6 (39

For theparallel mode rotation test the orifice used a 76 mm ID pipe witB @m diameter
orifice giving ai = 0.1. For the annular duct, a 152.4 mm ID pipe was used with a 76.2 mm
diameter orifice giving & = 0.5. The orifice plates were manufactuiredouseusing aluminum.
However, these orifices are not calibrated which calls into question the accurauglsydating
to the discharge coefficient. To ensure the accuracy of the mass flow rate measurements,
professionally manufactured orifices have been purchased from USA Industries. Photos of the
orifices are provided iigure3-29. Figure3-30 shows the comparison between the pressure drop
measurements between the orifice manuf&c in-houseand the calibrated orifice from USA
Industries. The results show that both orifices produced similar results validating the data

preformed with orifices machidan-house

(@) In-houseOrifice 152.4 mm ID pipe sizé, = 0.5
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R HEG i

(b) Calibrated Oriice from USAlndustries 152.4 mm ID pipe size= 0.5

Figure3-29 Photo of Orifices
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Figure3-30 Comparison of PressurdfférenceMeasurements between OrifiagesAnnular Duct
Tests
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3.2.5 Rotation Speed

The rotation speed was measured using a Tachometer. A strip of reflective tape was placed on
the shaft surrounded by black tape. The Tachometer uses a laser to measure the rotation speed
rom by seeing how quickly the reflective tape completes one revolution. A photo of the

Tachometer and shaft are providedrigure3-31.

Figure3-31 Photo of Tachometer
3.2.6 Slip Ring

In order to record data from a rotating frame a Moflon GT258622T-3600RPMFLOL1 slip
ring was useavith a photo and specifications listedkigure3-32 & Figure 3-33. This slip ring
contains 22 Ttype thermocouple channels atdlAmerican wire @ge22 teflon wire channels. It
is able to operate at voltages fror’300 VDC/VAC, rotation speed up to 3600 rpm, and
temperatures frori30°C to 80C. Theslip ring does experience heating when operating at high
rotation speeds. Therefore, it is necessargdd cooling air to the slip ring to maintain accurate
measurements.
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3.2.7 LabView

Data is read into babView2019programusing a NI DaepP174. The temperature signals were
read obtained using a NI 9213 module and the pressure signal was obtained N$i9g01
module. A photo of the Daq is provided kiigure 3-34. The VI used to monitor the signals is
shown inFigure 3-35 shows the VI for the Parallel mode rotation test Bigaire 3-36 shows the
block diagram. The temperature and pressure signals were displayed on the monitofsigeen in
3-35andcontinuously recorded into.lvm file. While the pressure and temperature signals could
be monitored on the VI, the mass flow rate and Reynolds number could not. Because of this, the
Ivm file was periodically exported to check the maswflate using a MATLAB codélhe signals
were recorded with a sampling frequency of 10 Hgure3-37 andFigure3-38 show the VI and
block diagram for the annular duct test respectivElys configuration had to use two Dags to
collect the data. The rotor, and stator temperatures were measured along with the pressure loss
acrosghe duct using one Daqg and the second Daq recorded the orifice pressures and temperatures
along with the ambient temperature. The stator temperatures were recorded but not processed in

this experiment.

Figure3-34 Photo of NI Dag System
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Figure3-36 Parallel Mode Rotation Test LabViewdsgk Diagram



Figure3-37 Annular Duct Test LabView VI
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