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Abstract

This research project compared the performance of two subsoiaic ejectors with multring
entrainng diffusers. The first ejector system was investigated by Qi Chen in his thesis. It consists
of a nozzle, mixing tube, and a Full Entraining Diffuser. The Full Entraining Diffuser was found

to cause drag forces in an airplane because it protrudes du¢ ehgine cowling. In order to

make a streamline fit in the engine cowling, the Full Entraining Diffuser needs to be cut. The
second ejector system was then designed by the author to investigate the effect of cutting the
diffuser on a 3Bincline on the pdormance of the ejector. This study involves experimental and

numerical investigation on how cutting the diffuser affects the performance of the ejector.

The experiments were conducted at the Hot Gas Wind Tunnel (HGWT) at Grant Timmins Lab.
Both ejectorsystems were tested, but the Ejector with Full Diffuser was only tested urfder 20
inlet swirl condition to compare with Thenos

10°, 2P, and 30) were applied on the Ejector with Cut Angled Diffuser.

Numerical studies using Computational Fluid Dynamics (CFD) were also conducted for both
ejector systems. Gambit 2.4.6 and Fluent 6.3.26 were used to generate mesh and run the CFD
simulations for all cases. The numerical studies were conducted to conclutiflaviéeatures

CFD can or cannot predict and how important they are in terms of predicting the overall ejector
performance (pumping, pressure recovery, velocity and temperature distributions at the diffuser

outlet).

The experimental results showed tha inlet swirl had similar effect on the Ejector with Cut
Angled Diffuser to the Ejector with Full Diffuser. In general, cutting the diffuser orf m&8ihe
does not affect the overall performance of the ejector. For the CFD simulations, NGwki t h



Enhanced Wall Function was found to give reasonable prediction on the bulk flow properties,
such as total pumping, pressure recovery in the diffuser, wall temperature, and velocity profiles

at the diffuser outlet.
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Chapter 1 - Introduction and Scope of Current Study

1.1. Introduction

In somegas turbine applications, the engine, its enclosure and exhaust duct must be cooled to
limit the temperature to reduce stress and fatigue. There are various methods of cooling a gas
turbine and using an a#ir ejector is one of themf subsonic a-air ejector is a simple pump

with no moving parts. luses turbulent mixing and viscous for@ehigher momentum fluid to

pump a low momentum fluid. An ejector consists of a driving nozzle, a mixing tube, and a
diffuser (see Figure 411). This makes aiair ejector an attractive option for gas turbine cooling

since t offers loner manufacturing anchaintenance cost compared to a mechanical pump.

Due to the widespread use of gas turbine ersgind the simplicity of an ejector, improving the
performance of the gas turbine through design of specialized exhaust ejectors is of extensive
interest for tle industry.Improvement in the efficiency of a gas turbineesult ina reduction in

fuel consumption and pollutiofhe primary driving nozzle and entrainment of secondary air in

the mixing tube causes backpressure on the gas turbine engine. Keepiagkihredsure to a
minimum is essential in order focrease the pressure recovelycreased pressure recovery
means less fuel is needed to get the same amount of power and this reduces turbine inlet

temperature, which increases engine life.

The design ofejector is a mature field of engineering. Based on past research and published
literature, a near ideal ejectanith ideal pumping and mixingould be designed. However,
usually this requires a very lomgector Practical exhaust duct are often restddby the engine

installation space and weight requirements, which keeps it from being ideal in size and shape.



There are several ways of overcoming this @sstuch as using a hypermiximgzzles or an

entraining diffuseto compensate for the shoregedor system

Thereis very limited datdor the performance of entraining diffusers that allow airflow tigio

the diffuser wall. Andrew [[Lstudied the effect of the entraining diffuser geometry on the total
pumping ability. Fora ringed entraining diffuge the pumping ratb increased aslivergence
angle (2) decreasedPresz and Werld2] studied multi-staged ejector systemwith an
alternatirg lobed nozzle and found thidte four-staged system gave the most benefit imteof
lowering backpressure afitcrease mixing and pumpindn this current studyhte performance

of two entraining diffusersvas compared experimentally and numerically. The first entraining
diffuser (see Figuré-1) was investigated by Chen][3 he full diffuser was found to cause drag
since it protrudes from the engine cowling (segie 12). In order to reduce drag, the full
diffuser was cuin a 30 incline (see figure -B), so that it fits the engine cowling in a more
streamline manner. The main theme in this research is investigating the effect of cutting the
diffuser on the owall ejector performancdt is to be expected that a reduction in diffuser

pressure recovery would result by cutting the diffuser in an incline.
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Figure 1-1: Flow schematic inside theEjector with Full Entr aining Diffuser

Figure 1-2: W.R. Davis Full Entraining Diffuser installed on CASA CN-235(IR suppressor)
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1.2. Objective

The objective of this researglaslisted as follow:

1. Obtain flow properties (velocities, temperature pressure) from the ejector systems
experimentally

2. Perform a RANS based CFD studf the ejector systems

3. Validate theCFD results with experimentaésults for both ejector systems

4. Compare the experimental and CFD results of both ejector systems

5. Determine the effect ofuttingthe Entraining Diffuser on a 3ihcline

6. Confirm that important features of the flow could be resdliay the CFD

1.3. Scope and Contribution of Current Study
This research project involvetthie experimental and computational study of two types of ejector

systems. The two ejector systems tWatreconsidered in this current study are:

1. Round straight ejector i Full Entraining Diffuser

1 Experiment and CFD with 2(nlet swirl tocomparet€Chends dat a

4



2. Round straight ejector with Cut Angled Entraining Diffuser (Experiment and

CFD)

1 Experiment and CFQQ°, 1¢°, 2, 37 inlet swirl)

Experiments were carried out the Hot Gas Wind TunnéHGWT) at Grant Timmins labThe

inlet swirl was generated using multiple swirl vanes upstream of the nozzleCafeputational

studies were carried out with RANS based turbulence madéh Enhancd Wall Functiors.

The Ejectowith Cut Angled Diffuser system was compared with the Ejector with Full Diffuser

to investigate the effect of cutting the diffuser on the ejector performance experimentally and

numerically (CFD). Some performance parameters that are considered aredlisted

1.

2.

3.

Pumping and mixing

Backpressure

Velocity and Temperature profiles at the diffuser outlet
Diffuser and Mixing Tube wall temperatures

Separation length

Flow structure inside the ejector, such as core separation
Diffuser pressure recovery

Effects d inlet swirl on all of the above

Some existing instrumentatiaand software a&s used to obtain flow properties data in the hot

gas wind tunnel. Computational studies were performed with Fluent 6.3.26 and Qaffhit

Fluent User Defined dnctiors (UDF) were developed to generate the flow properties at the

nozzle inlet.



Chapter 2 - Theory and Literature Review

2.1. Background

The subsonic akair gector is a device that mixes the high velocity primarydfisiream with the
secondary fluid streamThis process is mainlgominated by turbulent mixing and viscous
interaction of the high velocity primary stream with the secondaigam[4]. This process is
known as entrainment. Ejectdnave no moving parts and acts like a pump, therefore, it is easy
to build and maintainThe purposes of ejectors are to increase pressure rise, mixing of two
streams, and pumping. Some of the ejector applications are found in aerighestey (IR
suppression, thrust augmentation, and exhaust duct cooling), HVAC systems, and industrial

Processes.

An ejector contains a driving nozzle, a mixing tube, and a diffuser to convert maximum kinetic
energy to pressure hefsl. Figure 21 shows the schematic of an ejector with conical diffuser
Past researchasshown that a number of factors can uifihce the ejector overall performance.
These include standoff distance, s, and geometric variations, snoazs outlet diameter (g

mixing tube length L, inlet treatment andhixing tubediameter, Ry, diffuser exit diameter, i

and lengtt3],dif f user angle (2U) and shape of mixing

1



3
N
>
=
(9]

=
IS
)

T

®
!
I
i
|
i
|
I
i
i
|
I
i
i
i
W

Il
N0

R

Nozzle Diffuser

2
P _____E__ - ——

=)

8¢}

_|

C

o

(]

Figure 2-1: Schematic of the flow inside ejector with conical diffuser

Ejector performance is a function of the ejector geomfiy It is dependnt on various
parameters, such as, nozzle outlet diametg), (dozzle shape (round, lobed, oblong, notched,
etc), mixing tube geometry, standoff (s, distance between nozzle and mixing tube), diffuser angle

(2U0), diff us eq), mixingtttbesand diffisexr shape, @and inletdlow condition.

An idealair-air ejector could be designed based on past research. However, in order to reach an
ideal performance, the ejector usually requires a very long mixing tube to [@irttegy stream
completey mix with thesecondarystream. The problem is that the requirements of the engine
installation limits the length and weight of the mixing tube and thus pretrenejector system

from being near ideal. The length available for the mixing tube is usmalgh shorter than
needed for efficienimixing. Advanced hypemixing nozzle (oblong, lobed shaped nozzle)
could be used to improve the ejector performance on a short mixing Aubezzle with

triangular tab has also been used in the past to improvagfji



The exhaustluctof a gas turbine must be cooled to meet the temperature limitation criteria. The
temperature limitation is required for structural integrity, space usage and infrared suppression.
Whena passive cooling system is required, thetdwan becooled by ejectors witimulti ring
entraning diffuser (see figure-1) that could provide film coolingrhe addition of an entraining
diffuser at the end of the mixing tube causes tertiary entrainment into the diffuser. This tertiary
flow is mixed with the stream from the mixing tube to provide further coolinge#training

diffuser typically has a poer pressure recovemhan a conidadiffuser [§].

The primary nozzle flow needed for pumping in the mixing toheses back pressuoa the

enghne [4] Reducing back pressure in the exhaust system is important to keep the pressure ratio
acrossa gas turbine high, which leads to hagtpower of the gas turbinir the same turbine

inlet temperatureBetter flow control and diffusion in the exhaggstem results ia decrease in

back pressure on the gas turbine engine.

2.1.1. Nozzle

A converging nozzle issuallyadded at the end of the gas turbine exhaust to increase the
fluid velocity for the ejector The flow pattern at the nozzle exit which signifidant
affects the ejector performance is a function of the nozzle geometry. A conventional
round nozzle generally needs a very long mixing tube to achieve an efficient mixing
between the primary hot flow and entrained secondary lle@ause of slow shear laye

growth

Toulmay, Skebe etal. and Presz et al5[8, 9 suggested that substantial incresase
pumping performance witla circular lobed shapknozzle could be achieved witla

shorter mixing tube. The presenuilarge scale streamwise vortices at tiozzle exit of



the lobed nozzlgsee figure 2) are knownto cause rapid mixing with little los<J.
Their results shoed that with the advanced design lobed nozzle, pumping was double
that of conventional nozzle while the mixing tube lengths reducedby a factor of two

or more.

Hu et al. L] tested seven rectangular lobed ejector / mixer systems, which were the
combinations of four rectangular lobed nozzles with three rectangular mixing tubes. From

his results, it was found that the ejector/mixestegn with rectangular lobed nozzle can

improve pumping ability by 2009800% at a reduced mixing tube length to “avto

compare to a conventional ejector with the round nozzleurthermore, with the
rectangular lobed nozzle, the required pressure recov&mnde along the mixing tube

length is reduced te2 tom o f round nozzl e. Simil ar resul

Wu [11].
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Figure 2-2: Lobed nozzle diagram and Laser Induced Fluorescence flow piate at the nozzle exifRe = 6000)
for circular nozzle (left) and lobed nozzle (right)[12]

Lobed nozzles havdeen used for military applicatiorsuch as in the American
helicoger RAH6 6 7 C o ma ntbhehstealth fayhted FL17, to reducedhe infrared
radiation signal 10]. However, the disadvantage of lobed nozzles is the high
manufacturingcost Nozzles withtriangular tabs (see Figure3} could be an alternative
since it produces similar performance witbwl manufacturing cost. McBean7][
investigaéd the performance o nozzle with four triangular tabsising CFD and
experimerdl methods Countefrotating streamwise vortices wepeesent at the nozzle
exit and mixing was improved by 20% to 30%. Noazlth 135 tabs was found to have

the optimum diect on mixing. Zaman et al. [L&lso found that a pair of counter

10



rotating streamwise vortices generatedaahbbed nozzlewas able toenhance mixing
with asmall thrust penaltyCarletti and Rogersl] investigated the effect of introducing
half delta wing vortex generators at the nozzle exit for an ejector system with a
cylindrical mixing tube. They found that the vortex generator increased entraibgnent

up to 40% over a cwentionalcircular nozzle.
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Figure 2-3: Schematic of ejector with tabbed nozzl¢7]

Ho and Gutmarkl5] reported mixing and entrainment enhancements of jets from elliptic
nozzles due to axis switching phenomenon. Axis switching results from faster growth
rate of the jet shear layem the minor axis plane compare to the major axis plane, such
that at some point downstreathe major aml minor axes are interchanged [16]. Chen
[17] did an expamental study on ejector witan oblong nozzle, mixing tube, and a
diffuser with swirl. It was found that unlike the rourgjector where the pumping was

reduced at 30swirl, the pumping fobblong ejector kept improving up to 3€wirl.

11



Wilezien and Kiben§l8] reported enhanced entrainment from a notched ndzute the
6 c ut Bshoprain fgure 2-4. In the case of Cut Angled Diffuser, some entrainment

could also occur in the 6cutd section of

Figure 2-4: (a) Notched and(b) Stepped Nozzlg18]

2.1.2. Mixing Tube

The mixing tube is thélow channel where the mixing between the hot and cold flow
occurs. The transfer of momentum from the primary hot flow to the secondary cold flow

causes decay in the centerline velocity of the primary hot flow. The dynamic pressure is

12



reduced and static @ssure is increased along the mixing tuls®me important

geometrical parameters of the mixing tube are shown in figére 2

. Lnozz — - - I‘I\/IT -
Dni Dne DI\/IT
I |
<>
standoff (s) R

Figure 2-5: Simple Ejector with Mixing Tube

The length of the mixing tube,L determines the amount of mixing and pressureimnise

the ejector. There is an optimum length where the optimum mixing occurs depending
upon the flow and geometry parameters. Below the optimum length, mixing is not
optimal and above this length efficignstarts decreasing because of viscous lo3ges.
static pressur@encreases along the length of the mixing tube. The exit steggspre of

the ejector is almosttmospheric so the longer mixing tube will produce higher pressure

rise provided the lengttioesnot exceed the optimum length.

A study of a round nozzle isubsonic flomwith cylindrical mixing tube by Toulmafp]
determined that the optimum length of the mixing tube to k= 5 [9). Blevins [19

and Meakhail 20] suggested that the optirm Ly,/Dn: is around 5 to 7, wheas Vyas
13



and Kar[21] suggested that the optimum length of the mixing tube is 44 times the nozzle
exit diameter (). McBean reported that for nozzle with tabs the optimal mixing tube
length is 3.5 to 4.5 R[22]. Manganello and Bogatsky reported that the optimum mixing

tube length using rectangular jet without tabs is,§Z3].

Ejector performance can be improved by increaiiegstandoffdistance Standoff, s, is

the axial distance between the nozzle exit and mixirbe inlet (see Figure-®. CFD
studies by the author were performed on the effect of standoff. Mixing length is the
distance between the nozzle exit and the mixing tube outlet. The addition of standoff
increaseghe mixing length of the ejectawithout adding mixing tube lengthOverall
weight of the ejector could be reduced lgving astandoff. However, increasing the
standoff also brings the pressure at the nozzle exit towardsplrric pressure, which
reduces pressure recovery ancreases backpssure on the turbingyas and Kar found

the optimal s/g-lay between 0.8 and 21].

Theabrupt expansion at the mixing tube indatuss separation at the wall of the mixing

tube The entrained secondary flow experiences adverse pressure gnasierthe

mixing tube inlet due to abrupt streamline curvature. Separation causes pressure loss and
reducel mixing since it createan effectiveblockage for the flow. Conical or small bell

mouth inlet treatment (see Figuresp could reduce separation anégsure losBlevin

[19] shows that the pressure loss decreases as the radius of rounded inlet increases. With
aconi cal inlet, press Janéa/D-olsMcBeaargp] raported mi z e d
that with conical inletthe separation length is redutdy 60% compackto rounded

inlet. An improvement in mixing was not observed, but pumping improved 3% to 5 %

due to this modification.

14



Figure 2-6: Rounded Inlet treatment (a) and Conical Inlet treatment p) [19]

2.1.3. Diffuser

A subsonic dfuser is an expanding duct thdécelerates the flow to recovidae kinetic
energy from the flow stream and turns it into static pressure. This process in turn, slows
the flow even further when the diffuser is attached ® ihixing tube.An efficient
diffuser is the one which converts the highest percentage of the dynamic pressure or
kinetic energy into statipressure given a restriction on ttiéfuser length or expansion

ratio [19].

In a diffuser, the pressure gradiempiposes the flow, which causes the boundary layer to
decderate and thicken rapidly. The flowould alsopotentially separate from the diffuser
walls to form hrge unsteady eddies that bldblke diffuser flow. The separation is called
diffuser stalland itharns the diffuser pressure recovery. Diffuser performance is mainly
a function of the inlet conditions, Reynolds number, diffuser geometry, and Mach

number.

15



Optimum conical diffuser geometry could be designed using a performance chart based

on daa fromCockrell and Markland [24]. White [23ound that the minimum loss for a

conical diffuser occurs @& di ver gence toaSndggrees. Reell) Jotsiom,a |

and Kline[26] found the maximum effectiveness, pressure recovery, and minimum loss
occurred at 2U of about 7 degrees at a con

the diffuser area ti and length ratio of twalimensional diffuser was presented.

One method to improvéné performance of a short diffuser wldrge divergence angle

was to install vanes inside the diffuser, as shown in figtifeThe diffuser is subdivided

into severapassages, which reduce the divergence angle and the area ratio. Stalled flow
regimes inside wide angle diffusers could be converted into a series of unstalled diffusing
passages with less severe pressure gradient. Thus, the addition of vanes can maprove t
poor vaneless diffuser performance toemmoptimum pressure recoverdO]. Cochran

and Klein [27 reported that the addition of vanes produce an increase of pressure

recovery by a factor of 2 amqtoduceda much steadier and uniform diffuser outleil

16



2.2.

Figure 2-7: Two-dimensional diffuser with three short vaneq19]

Performance Parameters

2.2.1. Averaging Methods

In order to evaluate the average performance ofumiform flows, an appropriate

averaging rethod must be chosen carefully. During averaging process, it is required that
each variable is given a weighting factor, which represents the significance of the
variable. In fluid mechanics, two commonly used weighting methods are area weighted

average ath massweighted average.

Area weighted average is the simplest way to average quargitsen by the equation

2-1[28],

—  (2.2)

17



Mass weighted average is given by the equa@rj28],

(2.2)

For averaging pressure where it is not dependent ositgean areaveighted average
was used. For averaging temperature andisatermal velocity profile, where it is

dependent on the density and mass flamass weighted averagras used.

2.2.2. Pumping Ratio

The entrainment aimbient cooling air byhe primary jet exiting the nozzle is one of the
most important parameter in the ejector performance. The jet entrainment in the mixing
tubeand diffuser arelirectly related to temperature and velocity reduction in the mixing
tube outlet. The entrainment of thecgrdary ambient fluid is referred as the pumping
performance of the ejector§here are three pumping ratios discussed in this study
secondary, tertiary, and total pumping ratios. Secondary and tertiary purapogare

determined aff],

% ~—  (2.3)

% ~—  (2.4)

where, 4 ,nq is the mass flow rate of the secondary flew,4is the mass flow rate of the

tertiary flow, and4 ; is the primary hot flow.The total pumping ratio was defined[&$,

%o —  (2.5)

18



where 4 4eis the mass flow rate at tloiffuseroutlet.

2.2.3. Back Pressure

The ack Pressure Coefficientygis defined as the ratio of average static gage pressure
at the nozzle inlet to the average dynamic pressf the same spot. From Ché&h, [Cyp

is calculated using the following equation,

Pgni
C,=— (2.6

ni

At the mixing tube outlet, thstatic pressure is atmosphericq(B 0) and inside the
mixing tube, the pressure is satmospheric. Therefe, higher losses due to separation
at the mixing tube inlet, leads to higher pressure at mixing tube and nozzferirdetall

standoff

2.2.4. Kinetic Energy Flux Factor (fye)

Mixing of momentum andhiermal energys an important parameter that determirtes t
effectiveness of an ejector. In an ideal ejector, the momenturerardyof the hot and

cold flow are completely mixed at the diffuser outlet, such that velocity and temperature
are uniform. However, this rarely occurs and incomplete mixing meanshthibw at

the diffuser outlet has high excess kinetic enedgpamic pressureand thermal energy

The kinetic energy which is not recovered is lost to the surrounding enviroriight.
maximum local temperature at the diffuser outlet could causedihtheating oalarge

IR signatureTherefore, the velocity or temperature profile is not uniform (see Figure 2

8).
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Figure 2-8: Typical velocity and temperature profile at the mixing tube outlet

The kineic energy flux factorfi, is the ratio of the actual kinetic energy flux to the

uniform flow kinetic energy flux with the same mass flow rate. Matitarally, it is

expressed as, [4

"Q 2.7)

v

where,U is the velocity} is the density, and is the mass flow rate. For uniform flow

theval upi #fed@qual t o Lis@reaterthah Eforwnan Lnifaem flov.

2.2.5. Temperature Uniformity Factor (f;)
The emperature uniformity factof;() was defined as [6

"0 (2.8)
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where, T, is the temperature of the hot flow at the nozzle inlgixiB the local maximum
temperature at thdiffuser exit, and 1,4 is the average diffuser outllow temperature
The temperature uniformity factor shows how the diffuser outlet aveflye
temperature iIis close to the maxi mugthe emper

v al u gis equal todl for uniform flow anldssthan 1 for noruniform flow.

2.2.6. Effective Area Ratio (AREg)

The effective area ratio is mathematically definedéis [

0'Y - (2.9)

The value of AR is equal to 1 for uniform flow and less than 1 for non uniform flows.
The kinetic energy flux factor and the effective area ratio are used to quantify mixing

because flow uniformity is dicgly correlated with mixing.

Different velocity profiles may have the same valuég@br ARg. Due to this reason the
mixing will also be represented by plotting velocity atanperatureprofile at the
diffuser exit and centdine velocity and temperater profiles, as found in many

references likéitchell and London29].

2.2.7. Separationlength (Reattachment point)

Separations caused by excessive momentum or pressure loss near the wall in a boundary
layer that tries to move against strong adverse pregsadgent Q ifQ o» 0,Q @Q « 0,
G, < 0)[25]. At the mixing tube inlet, the flow immediately separdt@sthis reasorfsee

Figure 29).
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At some point at approximately 0.3Pto 0.3Dy; downstreanof the mixing tube inlet

the separation reaches ¢ t i c al cdnamdthe flow meatttddes to the mixing

tube wall Thepointwhere the flow starts to reattach is called the reattachpzent In

CFD, by plotting t he , aedy the wal, erercansdeterrairesthe U
reattachment lengtby measuring the axial length of the wall at which the wall shear
st r g <90, Exp&rimentally, the separation length was obtee d by usi ng

method R2] using soot and olive all

Velocity (m/s)

0.12

0.11

0.1

>0.09

0.08

0.07

0.05

Figure 2-9: Streamline curvature at the mixing tube inlet, colored circle shows the streamline at thedge of
the separation region

2.2.8. Diffuser Effectiveness

The performance of the diffusergsiantifiedwith the static pressure recovery coefficient,

Cp. From Sovran iad Klomp 0], for an ideal uniform flow at the diffuser exit with no
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2.3.

friction or pressure losses due to separation, the ideal static pressure recetferiect

could expressed as,
_ A
CPyear =1- (E)2 (2.10)

In most cases, ideal uniform flow is imgsible to achieve. The static pressure coefficient

is then experimentally determined as pressure rise from the diffuser inlet to outlet

normalized by the dynamic pressure at the diffuser iBI& [

Cp:g 2.11)
~ru,’
2

Hence, the diffuser eftet i v e # & slefined ab the ratio of the experimental static
pressure coefficient, Land ideal static pressure coefficien.idear IN Most practical
cases pvgll be below 1.0, since Cp is less thandegpdue to pressure lossgx].

Cp
Cpldeal

hy = (2.12)

Nozzle Inlet Flow Conditions

2.3.1. Swirl Angle and Number

Swirling flow is a spiraling motion, which Isaa tangential velocity componeir. this

study, the swirling flow was generated by swirl guide vanes that were installed in the

annulus The primary purpose of swirl in a jet is to increase the angle of spread and the

rate of decay of axial velocitydll]. The effect of swirl on the ejector performance is a
correlation between the strength of the swirl and the geometry of the ejectoe,(shap
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length, area ratio, diffuser divergence anglé)e level of swirl is usually characterized
by the swirl number, S, which is the ratio of the axial flux of angular momentum to the
axial flux of the axial momentum. The swirl number is calculated by exugtion2-13

[31].

Y o — (2.13)

where,

O "H 1 DI QO

O "01 Q0

Dny is the hydraulic diameter 4is the tangential velocity and w is the axial velocity. For
complex flow where the direction of the tangahtwelocity variesover the integrated
area, the absolute value of the tangential velocity should be used to represent the overall

swirling level.

The swirl angley, which represents the angle of absolute velocity with respect to the
axial direction, wa used to characterize the flo®].[ The swirl angle is appropriate to
indicate the level of swirl for a flow that is uniformly rotating about the axial direction,
such as vanes generated swirling flow. For axisymmetric flow, the velocity profile of the
swirling flow are characterized mainly by the tangential velocity component (in
cylindrical coordinatg) as a function of radius,qsu= f(r). The tangential velocity

distribution of a real swirling flow in a round duct can be described as a Rankine vortex
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type. Rankine vortex is a combination of forced vortex flow (solid body rotation) near the
central core region surrounded by freeter, irrotational flow. The tangential velocity

distribution of this Rankine vortex can be modele{i3ds,

6 ——p Qon — (214

where, g is the radius of the vortex core. The equati above satisfie the forced
vortex equation at small r and free vortex equation for large r, as shown in Ziglre
Forced vortex flow is rotational and has the maximum velocity at the maximum radius.
The velocity distribution can be modeled @& 12 ®¢ & £00 &ree vortex flow

presents an infinite tangential velocity at the coeaterand can be expressedd@s
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Figure 2-10: Typical radial distribution of Rankine vortex velocity profile in swirling flow at the conical
diffuser QU =° ARG 4) inlet[32]
When the swirl flow entarthe diffuser, the flowis forced toward the wall by the
centrifugal force and wall boundary layisiess prone to separate even if the divecgen
angle of the diffuser is large, which resudt in a high pressure recoveryHowever,
excessive amoustof swirl causahe axial velocity to decrease a very low level near

the centerline of the diffuser or evém a reversed flow regioifcore separationand

diffuser pessure recovery ieduced33].

The effects of inlet swirl on performance of conical diffusers were experimentally studied
by McDonaldet al. [31] and Senoo et al. [32The resultof Senoo et al.32] (see Figure
2-11) showed that the pssure recovery of conical diffuser was highly improved as the

diffuser inlet swirl was increased if the swirl level wapt moderateExperimental data
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from Senoo et al. (see Figukel?2) also showed that the axial velocity of the diffuser
centerline deased as the swirl number increased. Furthermore, it showed that excessive
amouns of swirl caused c@ separation. McDonald et §B4] studied the effect of swirl

on 24 different diffusers with total divgre nc e an gl e°to(32.(His rebuto m 4
suggested that inlet swirl only had positive effect on the diffuser performance for
diffusers that had some separation with axial flow. For certain diffuser geometry, there is

a critical swirl level, which prodzes the optimum performance.
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Figure 2-11: Pressurerecovery coefficient vs. swirl ével for diffuser with various divergence angles [32
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Figure 2-12: Radial distribution of axial velocities downstream of a 18 diffuser [32]

Chen [35] investigated the effect of swirl oan ejector with an entraining diffuser
(AgdAm: = 2.13 and P = 20P). His results reported that flow uniformity in the diffuser
exit was strongly improved with the addition of swirl. Pumping ratio was also improved
up to 2@ swirl. Higher swirl level causes core separation, which reduced pumping. The
best diffuserpressure recoverywas observed with 3Gwirl because the swirl kept the
flow attached to the entraining diffuser waRddition of swirl helped reducdlow

separation in the diffuser walls.

2.3.2. Turbulence Intensity

The turbulence intensityl;l could be déned as the ratio of thequareroot of turbulent

kinetic energy to a reference mean flow velocity [\36] :
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YO - (2.15

The experimentattudies of Bradley and Cockrell and Sajben et al. at various turbulence
intensity were reviewed by Klein 7B Bradley and Cockrell applied 3% to 7% TI at the
diffuser inlet and Sajben et al. applieth 10 3% at the diffuser inlet. For conical diffuser
with larger area ratio (AR=2.43), the higher turbulence intensity shows increase in
pressure recovery by up to 14%. Chenos
variation between Tl = 7% to 5% at thezate exit for 0 to 3¢ swirl. The turbulence

intensity was chosen to be 5% for all cases in this study.

2.3.3. Reynolds Number Independence and Mach number

For a subsonic ejector with a simple mixing tudgas and Kar 21] determinedhat the

primaryjet entranment rate is independent after Reynold numbefJRgeater than 2 x
10" based on the diameter of the primary noz&lesimilar resultwasalso reported by
Ricou and Spalding38], where the entrainment t@me asymptotic atprimary jet

Reynolds numberrgater than 2.5 x f0Carletti and Rogerfl4] stated that velocity
decay for a vortex ejector is essentially independenoptle exitReynolds number from
1.5 x 10 to 5 x 1d. Theprimary jetReynolds number ithis numerical study was in the

range 6 3.5 x10° to 4.5x 10°.

For the mixing tube entrainment, the primary jet had achieved Reynolds number
independence. However, the diffuser ring entrainment was not Reynolds number
independent because the entrained flow in the small diffuser ring gapnitially

laminar.
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The mach number of the flow exiting the primary nozzle was measuredridhigerange

of 0.23 to 0.25. Théow wastreated as incompressible fluisa < 0.3)

2.4. Turbulence Model

Above a certain Reynolds number, there is a transitiothenflow from the laminar state to
turbulent state. Thdvehavior of the turbulent flow is noted by the random nature of the
fluctuating properties,ukh as velocity and pressur@6]. These fluctuations cause mixing of
transported properties, such as matoen and energy. Typical fluctuations of the instantaneous
velocity, u, is shown in figure 213 [3§. The consequence of turbulent fluctuations for the mean
flow equation is that the flow variablas and P is calculated by the sum of the mean and

fluctuating terms,
6 6 6Q©0 0 o0QoNL T vLOONL T VOO (2.16)
- | =& (216
where,u is the scalar velocity term, u, v and w are the velocities in x, y and z component and p is

the pressure. The time average velocity tedis defned as, [3p

6] g%onb 2.17)

>v
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Figure 2-13: Turbulent instantaneous veocity fluctuation with time [36]

Numerical simulation of the time dependent NaBéwvkes equation is computaially
expensive and time consuming because of small scale high frequency fluctuations. Therefore, for
most industrial application, the instantaneous governing equations areaviamaged or
ensemble average to simplify the numerical computation. The fastous continuity and
NavierStokes equations in Cartesian coordinate system for inviscid incombpgefiow is

shown below as, [36

Q"Qa (2.18
—  QQ0 -— 1QQWi Wi (219
—  QQi0 -— 1 QWi i (220
—  QQHO -—— 1QOW G0 (2.21)

31



Subgituting thesum of time averageelocity components and the fluctuating terms in the x, vy,
and z direction (equatioR.16 to the continuity and Navie®tokes equations (equati@ml8to

2.21), yields the time average X, y, anagrromentum equation3f]

Qady n (2.29

— QO QW00 -— QW D (223
— QO QQAWOQ -— FQOW AR (2.29
— Qs QUWOQ -— FQOW G (229

The process of time averaging is known as Reynolds Averaged Navier Stokes equations
(RANS). Extra terms on theght hand side are introduced due to this process. The terms involve
products of fluctuating vetities and are associated with convective momentum transfer due to
turbulent eddies. These terms are usually expressed on the right hand side to reflect their role as

additional turbulent stresses as shown in equ&tidé to 2.28[36]

— Q0% -— tQ0m o - —2 —9%° 995
— QAW  -— fQom an - —° °0 2.27
Qb0 . tQOW 0 - Q © (229
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The extra terms result from six additional Reynolds stresses, which consigteoftinmal

stresses and three shear stresses:
750, 0 T
Pt tedd t ot "e®0  t ot "000

Note that the effect of density )X fluctuations are neglected since it is small enough that it does

not affect the flow properties and turbulence up to Me3=0.5 [36].

2.4.1. Modeling Turbulence

The six extra terms inhe RANS flow equation appear due to interactions between
various turbulent fluctuations. In the RANS equations all the information of the
instantaneous values of the variahles, w andp is lost but the solution of the equations

becomes computationallgasier. The challenge is that six extra equations are also
required to close the problem to solve the six extra terms. Several turbulence models are
available to model these extra terrbat only three 2equationk t ur bul ence mod

used in this current study,

1. Standardk-U model
2. Realizablek-U mo d e |

3. RNGk-U model

242. k-U model s

k-O i s -eguatibnwodel solving turbulence kinetic energy, k and turbulence

di ssi pati on-Ur aetsehitain the cloSuneeof thke turbulent RANS based
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equations based on the Boussinesq hypothes

the viscous stresses are proportional to the rate of deformation of the fluid el@@ent, [
T f—_ — (2.29

Hence, in 1877 Boussinesq proposed that the Reynolds stresses are proportional to the
mean rates of deformation as shoimnequation 2.3336]. Turbulent stresses increase

with an increase in the mean rate of deforamat
T "00 ¢ — — - 1Q (2.30

w h e r ig thecturbulent eddy viscosity with units of-Bec and k (fis?) is the turbulent

kinetic energy per unit mass and expressed3éb, [
Q - 6N QN (N (2.31)

The convention of the suffix notation is that i or j = 1, 2, 3 corresponds to the x, y and z
direction respecti vijeeénsures alchreect épression foknormal d e | t

Reynol ds wsy,U essle dJ, U

The Boussinesq approach then iamphe noenmal t hat
Reynolds stresses are both isotropic scalar quantity, whicbtiappicable in swirling
flows, flows with large rapid extra strains (e.g. highly curved boundary layens)yith

separation, flow with strong adverse pressure gradiethtsecondary flow that are driven
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by anisotropic Reynolds stresg§86]. Under theseonditions, equation 2.313 not able to
accurately compute the individual Reynolds stresses even though the turbulent kinetic

energy is predicted to reasonable accur@6y

The disadvantages mentioned above are associated with starOartbdel Several

ways of overcoming these issues and improving the performance of stardardki nc | ud e
modifying the turbulent viscosity term, such as in Realizablé kand -RN&r kby
solving all of the transport equations of Reynolds stresses along with turbulence

di ssipati on r ayneds Stiéss Medel (RSMpd of these tuRulence

models will be discussed further in section 2.4.3t0 2.4.7.

2.4.3. Standard k-U

The standard k) odel has two transport equations for k dnd They are sho

equation 2.32and 2.33respectively, 36]
— Q0 Q QQ8-"Q1 (XD ¢ 'YIY 77T (2.32
— 0 "Q’Df QQ-"Q @Q 6 -¢ YJIY 06 "— (233

The turbulenceeddyv i s ¢ 0si$ gpegcified ;1 terms of velocity scale,and length

scal e, A,

Q; (2.39

Q¢
|-GI><

(2.39

3
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07 o (2.3

- @i N (237

S56 is the rate of the fluid deformation an

[ - — — (2.39

Finally, substitut i ng2.3tdnd eqlation 238he furbalemtr ms i r

eddy viscosity can be expressed by,

For kU ‘ "0 — (2.39
where, 0 Tm8rw
Standard KJ mod e | I's the most widel yelirutieehdat and v

transfer industry. The model is relatively robust, offers a reasonable accuracy and
requires a modest computational power. It has achieved a lot of success in calculating a
wide variety of thin shear layer and recirculating flows without tleed for the
adjustments of model constants. However, due to its isotropic eddy viscosity
assumptions, it cannot accurately predict flow separation, strong adverse pressure
gradient, swirling flow, and highly curved boundary layers. It only shows moderate
agreement in unconfined flows and severely quredicted the spreading rate of

axisymmetric jets.
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2.4.4. Realizable kU

The weaknesses of the standatd k mo d e | have provok@dmdeelk! o
variants, such as RNG (Renormalization Groupy) k a redizade kU model s t o

improve its performance.

Realizable KJ mod e | uses the same transport equat
However, the model constantCs no | onger defined as a con
mean strain,andangur vel ocity of the system rotatioc
modified based on the dynamic equation for the mean square vorticity fluctuation to

better represent the energy transfer.

The Realizable ) mo de | has been extdenrangevogflows v al i c
including jet and mixing layers, boundary layer and separated flows. The performance of
this model has been determined to be much better than the star@ardrko d e | wi t |

slightly more computational efforBf].

2.4.5. RNG k-U

Othersuggested iprovement for the standard(k moaisicalled the RNGH). RNG k
is based on Renormalization Group theory and similar in form with standard ko d e |

with several refinemen{28],

1.1t contains additional t er ms thd effectiot s U t
strain rates which significantly improves accuracy for rapidly strained flow
2. It includes swirl effect in the computation d¢dirbulent viscosity, ;, which

enhances the accuracy for swirling flows
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3. It provides an analytical formula for tudeat Prandtl numbers, where the
standard ) mo d e | sspedaifeedconstane value.
4. It provides differential formula for turbulent viscosity, which better models the

predictions for low Reynolds number effects.

The ability of four RANS based turbulenogodels to predict flow field of 3D ejector

with swirling level from @ to 8¢ were investigated by Zhou et [@9]. All k-Umodels

can give good prediction for annular Rewirling flow and weak swirling flow. His

results indicated the ability for RNGU#t o predict the average f|I
standard and &lizabé kU Hah[33] mentioned that the standardk mo d e | does
give good prediction for diffuser flow propertiagen strong swirl is present. Chen [3]

reported thafor the Ejector wit Full Diffuser, Realizabl&-Umodelwere able to predict

total entrainment well, but for the wrong reason. It overpredicted the secondary

entrainment and underpredicted the tertiary entrainment.

2.4.6. Temperature Corrected k-Umodel

The 2-equationk-Uturbulence model are known to under predict mixing in the shear

layer for high temperature jet flows in many cases. The effect of the large temperature
(density) gradient during mixing of the primary jet flow and ambient air was not taken

into account in thetwo-equaton models. Abdol Hamid et al. [fOdeveloped a
temperatureorrected standard@ mo d e | to compensate for th
large temperature gradient for high temperature jet flows into account. The turbulent

viscosityconstant C;, which is a constarit standard and RNG-&model, wasnodified
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to be a function of local total temperature. The equations used in the model are

summarized beloy40],

5 m@d (2.4

o} P U (2.4)

Ty is temperature corrected function and derived from,

% — — (2.42)

. n
Myis turbulence Mach number, —_—

"Q0 0 0 00 0 (2.43)
"Q0 Tt for incompressible flow, Mg 0.1 (2.49

where, Tis the total temperature, c is the local speed of sound, and H(x) is the Heaviside
step function (H(x) = 1 fTeer researcd showedatnad H ( x
temperature corrected standardlk m ohddbetteragreement with experimental data

for subsonic and supersonic jet flows at low and high temperature. In this current
research theRNG kU t ur bul ent V i¢,swa® sodifieg folowimgsthea nt

temperature correction modbly using a FLUENT 6.3.2&JDF developed by Nathon

Begg [4].
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2.4.7. Reynolds Stress Model (RSM)

More sophisticated turbulence model like RSM was developed to overcome the issues
that arise from isotropic assumption in treating the turbulent viscosity. RSM is currently
the most complex RAN®ased turbulence model. ttan beter solve flow with
streamline curvature, swirl, rotation, and rapid change of strain rate because it solves all
of the turbulent Reynolds stresses along withturbulent dissipation rat2g]. However,

this means seven additional transport equationsreqeired for 2dimensional flow,

which makes it more computationally expensive than tequation kUmodels

Armfieldetal. B2] (2D Di f f us er ° and dat{32] (2Di Difftiser JndHel= 2 0
wi t h 2% showed ithéit RSM was able to give closemerical prediction to
experimental data than thelkmodels because of imisotropic assumption in treating

turbulent viscosityThus, the swirling flow could be better predicted.

Due to its convergence difficulties the current study, however, thiwas not chosen to

be the turbulence model.

2.5. Near Wall Modelling
The mean velocity field is affected by the presence of walls due-stippnoondition at the wall.
Past experiments have shown that the near wall region can be divided into thregicud as

shown in figure2-14: [36]

1. Linear or viscous sulayer, this is a very thin layer,” < 5, shear stress is
approxi mately constant ,.dhedondimeansaohal t o wa

distance yisequaltolt.  Wal | s k gyaand dsate dediregas U
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T ‘— (2.45)

W — (2.46

o} — (2.47)

Friction velocity,6 — (2.48)

2. Buffer layer (30 < y< 300)

Molecular viscosity and turbulence effect are of equal importancand) y

are related by the following linear equation,
6 -1 bw (2.49
forsmoothwalls:6 ¢®1 t v8 v (2.50

3. Log-law region

Turbulence dominates this region.

@ = von Karman constant (= 0.42)
U = mean velocity of fluid
ug= friction velocity
y = distance from thewall
€ = dynamic viscosity
3 = kinematic viscosity
E = empirical constant (= 9.793)
ThekU models are valid only for turbulent regic

Separate wall modiag is needed for turbulent high Reynolds number flow to link the fully

turbulent core and the neaalivwiscous region. Accurate representation of flow features near the
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wall, such as separation,dependent on appropriate madglof the near wall region. There are

two options available in FLUENT 6.3.26 to overcome this iss2#, [

1. Standard Wall Functions

The viscosity affected inner region (viscous-$ayer) is not resolved. Serempirical
formulas are used to bridge the viscosity affected region between the wall and fully
turbulent region. The near wall mesh can be relatively coarse because tloelffirst

centroid should be located within the log law layer (30 < $00).

2. Enhanced Wall Functions

The turbulence models are modified to enable the viscosity affected region to be
resolved with a mesh all the way to the viscouslaybr. The near wall madirst
centroid should be located within the viscous daier region (¥ < 5). There

should be at least 10 cells within viscosity affected near wall regign<(R@0).
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Figure 2-14: Turbulent boundary layer velocity logarithmic profile [ 28]

Large computational cost and very fine mesh near the wall are required to apply the &nhance
Wall Function. Compare to standard wall function, enhdmeal function can better represent
strong adverse pressure gradseand separatiorf-urthermore, baseoh the near wall treatment
studyin Appendix G, Enhancd Wall Functiors were required to model the mixing tube inlet
flow separation. RNG k)  w i nhamce BVall Function was used as the primary turbulence

model in all of the test cases.
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Chapter 3 - Experimental Apparatus

3.1.  Wind Tunnel
The Queends Hot Gas Wind Tunnel ( HGWT) of f
Drive was usedThis wind tunnel, shown in figui@1, can produce a temperature of up to°600

and velocity of more than 100 m/s for various flow testing applications.

Figure 3-1: Hot Gas Wind Tunnel Facility

The schenatic of the hogas wnd tunnel is shown in figure-3 The wind tunnel was designed

to simulate the flow conditions (mass flow rate, flow temperature, and swirl angle) at the exit of
the gas turbine. ktan produce approximately 1.4 kg/s at ED0vhichsimulates the flow from a
large gas turbine, such as the GE LM2500 af lif@ar scale The annulus had an inner radius

of 57.2 mm, outer radius of 107.8 mm, annulus height of 50.6 mm, and total length of 35 annulus
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heights. The inner wall was supportegt four streamline struts at two locatié@ and 35
annulus heights upstream from the nozzle inlet. The average Mach number is 0.27 and the

average Reynolds number is 2.7 x 10”5 for hot flow.

Y PR 165 T 16 13% ™
nlt diffser [ pand
[catifugl bowes ' e msulatio —
L&nbleewpling
m‘m \'bm Nozzle Inlet Mount

Figure 3-2: Hot Gas Wind Tunnel schematic [§

The centrifugal blower is a New York Blower type 2512A centrifugal blow. It is a 40 hp blower
that can supply airflow up to 2.2 kg/s at ambient temperature and around 1.8 kg/ACq4300

The air exits the blower, passthrough the turning vanes, and is diffused into a settling chamber
wherearEc | i pse Al 0 b u®heasrthe titg theedesiret! GestifigAekhperature. The
purpose of the diffusing section is to slow the airflow down to ensure that the flaotebiswn

out. As the air is heated, the totaimperaturencreases and the air is accelerated into an outlet

pipe and exits out of the annulus and swirler where the auxiliary components are tested.

3.2. Ejector Geometry
A nozzle, a mixing tube, and two eritriag diffuses, including Full Entraining Bfuser and 30
Cut Angled Dffuserwere involved in thistudy to construct two aair ejector systems. The full

entraining diffuser was used ihe previous study by Qi Chen][@hus, only 20 swirl condition
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was tested using the Full Entraining Diffuser. Th& Gat Angled Diffuser is a modification of
the full entraining diffuser, wherit is cut on a 3@incline. Fourswirl conditions (6, 1&, 20,

30°) were tested on the Cut AngledffDser.

3.2.1. Nozzle

The existing nozzle used in this research is shown in fi§BeThis nozzle has an inlet
diameter of [@; = 210 mm and outlet diameter of{> 172 mm. The nozzle length ratio

Lnozz/Dne= 1.

B |

210 172

| !
—an T

Figure 3-3: Nozzle schematic (units in mm)[6]

3.2.2. Mixing Tube

A round straight mixing tube, shown in figuBe4 was used in this research. The mixing
tube has a diameter of o= 244. A small bell mouth inlet of radiusiR 7 mm was used

to reduce flow separation. Some @insionless parameters are listed in t@ble

46



Table 3-1: Dimensionless parameters

Ejector Area Ratio

(AmdAnd 2

Length Ratio(Lmt/ Dimy) 2

Standoff Ratio (s/g) 0.5

Figure 3-4: Mixing Tube schematic (units in mm)

3.2.3. Diffuser

Two entrai ni ng° dérefubed & ehis sesearéhUThey ar@ Bak four
ring Entraining Dffuser (see Figure &) and one 30Cut Angled Dffuser (see figure 3
6). Every diffuser ring is connected with struts which are spaced 22.5 degree apart. The

same bell mouth inlet as the mixing tube was constructed at the entrance of each ring.
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Figure 3-5: Full Diffuser schematic (units in mm)
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Figure 3-6: Cut Angled Diffuser schematic (units in mm)
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3.2.4. Ejector with Cut Angled Diffuser and Ejector with Full Diffuser

The schematics of the Ejector with Cut Angled Diffuser and Ejesiitr Full Diffuser

are shown in figure-3 to 39.
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Figure 3-7: Schematic of the Ejector with Cut Angled Diffuser (units in mm)
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Figure 3-8: Schematic of the Ejector with Full Diffuser (units in mm)
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Figure 3-9: Cut Angled and Full Diffuser

3.2.5. Geometric parameters summary

Summary of some impaht dimensionless geometric parameters discussed above are

listed in table3-2.
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Table 3-2: Summary of fixed geometrical parameters

Geometric Parameter | Description Value
nozzle area ratio AmiAne 2
standdf ratio S/the 0.5
mixing tube length ratio| Lm¢Dmt 2
diffuser angle 2h 20
diffuser area ratio AgdAmt 2.3
diffuser gap ratio hy/Dimt 2/35
overlap ratio Lo/hg 2

3.3. Data Acquisition and General Instrumentation
This section discusses the hardware and software used to obtain data from the experimental

measurements. FiguBe10 shows the general schematic of the experimental setup.
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Figure 3-10: Schematic of the experimental setip

3.3.1. Software

Labview 5.1 was used to convert the digital signal from the data acquisition. A modified
version of preexisting software developed by David Poirier was used to control the
stepper motor, obtain temperature aptessure data, and calibratke pressure

transducer.

3.3.2. Digital Acquisition System (DAQ)

The digital acquisition system used in the esiment was Data Translation DT 3003

Multifunction Card. It has 64 single ended analogue input channels.
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3.3.3. SevenHole Probe

The severhole probe (see Figure-Bd) was used to determine the three dimensional
velocity components, velocity magnitude, dynarmand static pressure of a flow field.
The severhole probe is able to accurately measure higher angle flow than other multi
hole probe (three or fiveole probe) without having to null the probe. The flow variables
could be calculated using four pressteadings. The calibration of the sevienie probe
was done using a modified Gallington method from James Crawitd The
measurement uncertainties from the calibration procedure were found td” ipitct

error, #.8 yaw error, 11 Pa Berror,and 12 Pa Baicerror, ¥12 Piynamic€ITor.

Figure 3-11: 7-hole probe schematid42]
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3.3.4. Thermocouples

K-type thermocouple was used in this research to obtain temperature data during the
experiment. The re of the thermocouple is betweeBOPC to 1350C with
uncertainties of 2Z or 2.2% (larger of the twd¥#5]. The DAQ has a thermistor wired

into the system, such that ice bath reference junction is not necessary. Temperature data
was takenat a rate b900 samples/seavhich were averaged over a sampling time of
approximately two seconds. The thermocouple is mounted tchlbéprobe to measure

the diffuser outleflow temperaturésee Figure 32).

Thermocouple

Figure 3-12 Thermocouple mounted on the tip of a #hole probe

3.3.5. Pressure Transducer

Three Omega PX13®01D4V pressure transducergere used to obtain pressure data
during the experimeniThey requires Vdc excitation voltages artiey can measure up
to #1 psi. The measurement uncertainty is 0.3% of the pressure [pésjg&ach pressure
transducer used a sampling rate of 900 samples. /Asg@ressure sampling time was
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established in order to minimize the error associated with averaging transient readings
(se2e Appendix D). Based on the observation by the author, a 2000 pressure sample
(around 2 seconds sampling time) was sufficient to minimize the variance in pressure
readings. The pressure transducer was calibrated using a procedure described in

AppendixC.

3.3.6. Data Conversion from SeverHole Probe and Thermocouple

The temperature, total pressure and six static pressures were converted into three velocity
components, a total pressure, a static pressure, and density. This was done using the
calibration coefficient derived using the theory described in Appendix A and
Converte.exe (FORTRAN90) program created by David Poiriemamdified byJames

Crawford.

3.3.7. Experimental Outlet Traverse

The data acquisition software describedserction 3.31, allowed the outlet travese
pressure and temperature measurements to be automated. A program made by Nathon
Begg[41] was used to generate the/xcoordinates of the circular traverse plasieown

in figure 3-13. An x-y Arrick Robotics traverse was used to move the mountkdl&

probe in the traversing grid (see Fig@é4). The software moved the mottwr the first
coordinate, took the flow field and temperature measurements and repeated this process
until the end of grid coordinate was reached. The diffuser outlet traversspaeed at 8

mm increment, which resulted in 1620 points.
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Figure 3-13: Traversing grid for flow properties measurement with 7hole probe at the diffuser exit

Figure 3-14: Arrick Robotics x -y traverse system
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3.3.8. Wall Pressure Taps

The mixing tube and diffuser wall pressure was measured using surface pressure taps
made of stainless steel. Holegre drilled at several locations at the mixing tube and
diffuserwallwi t h 1/ 160 dr i || bits and the stainle
Silver solder was used to close the gap around the hole. All of the tubules were ground
flush to the mixing tube and diffuser inner wall. It was important to ensure thati$h®o

burr on the inner wall because it would cause flow separation and give an incorrect
pressure reading. Wall pressure data was used to determine the pressure nesioeery

the diffuser.In total 44 wallpressure taps were used on the Ejector With Angled

Diffuser and 46 prexisting wall pressure taps were used on the Ejector with Full

Diffuser.

3.3.9. Primary Mass Flow Rate

The inlet mass flow rate was taken using-aofe probe located at 3.5 annulus height
upstream from the nozzle inlet. The inliew conditions before the primary nozzle were
measured at 5 mm increment from the wall of the annulus centre body to the annulus
wall. Based on a hdtow properties study by Chen]j@he hot flow was treated as pure

air in this study. It was found thealculation errcs of the flow propertieassociated with

this werewithin 3.3%.

3.3.10.Secondary Mass Flow Rate

The secondary mass flow rate (mass flow entrained at the mixing tube) was not measured
directly. It was calculated by subtracting the primary nfass rate (1) and tertiary
mass flow rate 5;g) from the total mass flow rate at the diffuser outliegy.
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3.3.11.Tertiary Mass Flow Rate (Hot Wire Velocity Anemometer)

Hot wire velocity anemometer was used to measure the velocities in the diffuser gaps and
calculate the tertiary mass flow. The inlet of the diffuser ring was divided into slots by
the struts which were spaced at 22ggrees apart. The velocity measurements at the
ring inlet were performed at the slots during the experiment and the averagdskes.

The hot wire velocity anemometerd= 5 mm, see Figur8-15) has a range of 0 to 30

m/s with 3% error. 1&econd time constant was set in the device to average the reading
and 5 samples were collected at each point of measurement to firavetege gap
velocity. Asds cr i bed i n ]Gtiwaesrfodrgl thathere wearestwolliritations in

using the velocity probe to measure velocity distribution at the diffuser gap,

1. The actual measure point was 13 mm upstream from the gap inlet
2. There vas an unreachable region for the velocity probe due to the sensor location

(see Figure3-16)

The tertiary mass flow rated4g4) was calculated from the gap inlet velocity
measuremenfThe tertiary mass flow was quantified with crude calculation due to the
complexity in quantifying the velocity distribution in the diffuser gap and entrainment
throph the O6cutd section of the Cut Angl ed

associated with secondary and tertiary entrainment.
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Figure 3-15: Hot wire velocity anemometer[6]
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Figure 3-16: Unreachable region in measuring the veldty in the diffuser gap inlet [6]
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3.3.12.Diffuser and Mixing Tube Wall Temperature

The mixing tube and diffuser wall temperature was measured by Infrared (IR) Imaging. It
provides abetter understanding of the film cooling effectiveness of the ejector system.
The Inframetrics ThermaCAM SC1000 IR Camera was used to obtain thermal images.
The thermal images were pgsbcessed with the ThermaCAM Researcher 2001
software package to gete temperature contour along the mixing tube and diffuser. This
camera has a measurement range frb@iC to 1500C with ’C or 2% uncertaintytige

larger ong [47]. In order to haveuniform emissivity close to unity and eliminate

reflections, the mixingube walls were painteitat black.

Thermocouples were spot welded (see Figui&)3onto the mixing tube to measure the
temperature at that particular spot. The known temperatures were entered into the
ThermaCAM software taletermine what the emissivityas ( U =-0.99) Théte are

four temperature ranges (@ 120C, 250C, and 45€C) in the IR camerand it is

important to use the appropriate range for the best thermal image.
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Spot Welded
Thermocouple

Figure 3-17: Spot welded hermocouples

3.3.13.Swirler (0°, 1@, 20, 3@)

The swirl was used to simulate flow exiting the gas turbine. The swirl angle is
approximately constant in the radial direction. The fixed blade swirler contained 16
uncambered blades with equal radial spacinghénhiot gas wind tunnel, the swirleas
installed 16 annulus height upstream from the nozzle inlet. Figd&sBows the 10

20°, 3@ swirlers cartridges. The Ejector with Full Diffuser was tested withs®@rl only

in order tocompare withC h e Ejécor data. The Ejector with Cut Angled Diffuser was

tested with0°, 1@, 2¢, 30 swirl.
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Figure 3-18 10, 20, and 30 degree Swirl Bladd$]

3.3.14. Summary of Instrumentation

Summary of the range and uncertainty thle instrumentations used during the

experiments are summarized below in tabk 3

Table 3-3: Summary of instrumentation ranges and uncertainties

Measuremen Measurement
Instrument .
Range Uncertainty
OmegaPX139 Pressure Transduceg =7 kPa 0.3% of range
K-type Thermocouple -200°C to larger of 2.2 C or 2%
1350C '
Hot Wire Velocity Anemometer 0-30 m/s 3% of range
+1° pitch
#.8° yaw
(0]
Seven Hole Probe 0°t0 53.3 1 Pa Rol
flow angle

#2 Pa F%tatic

+12 Pa I-Ei)ynamic

FLIR ThermaCAM SC1000 IR -10°C to

0,
Camera 1500C larger of 2.2 C or 2%
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Chapter 4 - Numerical Computation

4.1. Computational Domain

The computational grid of the Ejector with Full Diffuser and G0t Angled Diffuser are shown

in figure 4-1 to 4-4. The pessure near the mixing tube inlet and diffuser outlet is unknown.
Therefore, the inlet and outlet plenum were made large enough such that the ambient boundary
conditions could be specified far enough away from the mixing tube inlet and diffuser outlet. Fo
the ejector with full diffuser, 45 degree slice of the model was made because theaow
assumed to be periodic. However, periodicity cannot be applied for the ejector Withit30
angledD f fuser due to o6cut & p°anodewas Eonstructed tadnmodflef us er |

the flow inside the ejector.
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Velocity Inlet

Pressure Inlet

Pressure Outlet

Periodic

Figure 4-1: Boundary conditions of Ejector with Full Diffuser

Ejector (MT + Diffuser)

Figure 4-2: Computational Domain of Ejector with Full Diffuser

64



Velocity Inlet

Pressure Inlet

Pressure Outlet

Figure 4-3: Boundary conditions of Ejector with Cut Angled Diffuser
Ejector (MT + Cut Angled Diffuser)

Nozzle

Figure 4-4: Computational Domain of Ejector with Cut Angled Diffuser
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4.2. Boundary Conditions

The boundary conditions for the 45 degree slice ejector with full diffuser and cut angled diffuser
geometry are set up as shown in figd# and 43. Velocity inlet was used at the entrance of the
annulus part. Fluent User Deéd Function (UDF) was used to model the tangential, radial, and
axial velocity (ug, U, w) for the swirl velocity in cylindrical coordinates. Turbulence intensity
wasset at 5%. The Ejector with the Full Diffuser waisly modeled with the 20swirl. The hot

flow properties, such as specific heat, thermal conductivity and viscosity,cakrulated using
absolutetemperaturédased polynomial equations. The densitytted hot flow was calculated
based on the ideal gas laReriodicboundarywas applied on all of the side faces of the 45

degree slice as shown in figute.

Periodic Periodic

Figure 4-5: Periodic boundary condition on the side faces of the Ejector with Full Diffuser

4.2.1. Wall

An adiabatic no slip wall condition was used for the inner and outer face of the nozzle,
mixing tube, and diffuser. Thewal i s assumed to be Osmoot hod

left as default.
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4.2.2. Pressure Inlet

Pressuranlet boundary conditionvas used to define fluid pressure at flow inleS]

when the velocity wa unknown. It was used to simulate an atmospheric conditom fr
which the entrained fluid is drawn. Pressure inlet condition was applied to all of the inlet
plenum faces and some of the exit plenum fasbere the total pressure was defined to

be at atmospheric pressurgince the flow wadorced normal to the bowdary, the
plenum boundary should be placed far enough away from the flow inlets to ensure it has
no effect on the streamline curvatures or flow structures. Tempermasset to 300 K

(ambient temperature) and turbulence intensiget to 1% for stagnaair [28].

4.2.3. Pressure Outlet

Pressure outlet is similar to pressure inlet with a few exceptiomgasltised to specify
the static pressure instead of stagnation pressure. It is extremely important to specify the
pressure outlet boundary condition far egiotaway from the diffuser outlet to avoid

reversed flow and properly simulate the experimental conditions.

4.2.4. Periodic

Periodic boundary conditions are used when the physical geometry of interest and the
pattern of the flow have periodically repeating nate [2§. This boundary condition
was applied to all of the side faces that represented the cut plane through fluid domain

(see Figure %).
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4.3. Grid Structure

The 3D Ejector withFull Diffuser geometry and mesh were built and generated in Gamlgt 2.4

The grid structures of the Ejector with Fulliffuser are shown in figurd-6 and 4-7. Only
hexahedral and quadrilateral volume meshes were used for meshing in order to minimize the
numerical diffusion and give better solution convergence. These types oélsellgive better
alignment with the flow. Figurd-8 shows the detailed mesh of the rounded inlet and the slots in
the entraining diffuser. Near the wall, the mesh was made sufficiently fine to fulfill the y
requirement for enhanced wall function (@ ).3n the ejector with full diffuser, tetrahedral

mesh was not used, so the mesh is 100% structured.
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Figure 4-6: Mesh structure in the nozzle exit and mixing tube inlet for the Ejector with Full Diffuser
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Figure 4-7: Mesh structure in the Entraining Diffuser region
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Figure 4-8: Mesh structure around the mixing tube and diffuser rounded inlet

The Ejector wih Cut Angled Dffuser geometry and mesh were also generated with Gambit
2.4.6. Unlike theEjector with Full Diffuser, theEjector with Cut angled Diffuser requirethe

use of unstructured tetrahedr al mesh i-n the
hexahedral volume shape. The unstructured mesh was still kept at a minimum to minimize

numerical diffusion. Figure4-9 and 4-10 show that the meshwas still kept structured
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(hexahedral and quadrilateral) i n pabisshowar eas.

in detail in figure4-11.

Inlet Plenum

0.25

mamm
.
EEssEzazs
aaas

:

0.2

0.15

0.1

0.05

> O
-0.05

-0.1

e 222E

-0.15

-0.2

-0.25

IIIHHIII\I'I\IIllIHIWHIIIII[III\I'IIII'HHIHIII

Figure 4-9: Mesh structure in the Nozzle and Mixing Tube regiorfor the Ejector with Cut Angled Diffuser
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Figure 4-11: Tetrahedral mesh in the slot diffuser inlet
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4.4. Convergence Criteria

The convergence of the solution was determined by monitoring the follpanagneters:

ScaledResiduals
Average Exit Temperature diffuseroutlet
Average Exit velocity adliffuseroutlet

Mass flow rate at diffusesutlet

ok LN

Average Wall Shear Stress at the Mixing Tube Wall

All of the parameters mentioned above were monitorecploited. The solutiovasassumed to
reach convergence when the paramefierstuated in the order of 1Dafter a few thousand
iteratiors and the scaled residuals dropped undét. Figure4-12 and 4-13 showexamples of
the graphs of residuals and méssv rate plotted against iteration number for the case where the

solution has reached convergence.
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Figure 4-12: Residual plot of 20 deg Swirl Cut Angled Diffuser Case
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Figure 4-13: Mass flow rate plot against iteration number for 20° Swirl Cut Angled Diffuser Case
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4.5. CFD Solver

The ®gregated pressure based solver calculates the governing equations sequentially and
updaes the flow field accordingly B. It is memory efficient because discretized equations are
stored in the memory one at a time. This method requires shorter iteration times, but it is only
suitable for flows where pressure and density are not coupled, such as in incompressible flow. A
densitybased coupled solver calculates the governing equations simultaneously to ensure flow
properties satisfy all equations§R Convergence takes longer and this is more suitable for
compressible flow. The nozzle Mach number in this reseathfthe rangeof approximately

0.3, which meantheflow couldbe comsidered to be incompressible

4.5.1. Discretization Scheme

A cell-cenered discretization schemavas employed when face values between 2
adjacent cell volumes need to be calculated by interpolating frormetheenter values.
Several discretization schemes are offered by Fluent 6.3.26, such as First Order Upwind,
Second Order Upwind, Thir@rderMUSCL scheme, and Power Law. First Qrde
Upwind discretization scheme siitable when the flow is aligned withe grid in a
simple geometry. When the flow is not aligned with the grids and for tetrahedral grids,

first order upwind discretization scheme vgie numerical diffusion errdi36).

For complex flows or geometry with tetrahedral and goatiex grids, nore accurate
results are obtained by using Second Order Discretization scf#8heQUICK and
MUSCL discretization scheme could provide better accuracy than the Second Order
Discretization schemes for rotating and swirling flg28]. However,convergencevas a

problem with the QUICK and MUSCL scheme in this stu@®pwer Laws scheme
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provides the same accuracy as the first order scheme. Second Order Upwindvgabeme

used for all test cases

4.5.2. Pressure Interpolation Scheme

FLUENT offers five pressure intermilon schemeStandard, PRESTO!, Linear, Second
Order, and Body Force Weighted. The standard scheme is suitable where the pressure
gradient is varied smoothly from cell centers to cell centers. The body force weighted
scheme is recommended where the caselve large body forces. The linear scheme
computes the face pressure as the average of the pressure values in the adjacent cells. The
second order scheme behaves like second order upwind scheme to calculate the pressure.
Some improvements are presenthatite second order scheme compare to standard and
linear scheme. PRESTO! scheme should be used in flows involving high swirl numbers
and flows with strong streamline curvature. PRESafd second order scheme caused
convergence difficulties for th€ut Anded Diffusercases with highnlet swirl due to
unstructured region in the diffusem the Full Diffuser case, the simulation fully
converged with second order schetrecause the mesh consisted of only hexahedral
cells. Thus, e standard scheme was stddorthe Cut Angled Diffuser cases, whereas
second order scheme was used for the Full Diffuser ¢dsmerical investigation with

the Full Diffuser case revealed thatanging the pressure scheme from second order to

standard scheme did not have angefbn the important flow features.

4.5.3. PressureVelocity Coupling

SIMPLE, SIMPLEC, and PISO are provided for the pressure velocity coupling in Fluent

6.3.26 R8]. SIMPLEC is known to accelerate convergence for laminar uncomplicated
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flow where the grid is ayined with the flow. With SIMPLEC, the pressure correction
underrelaxation factor is set to 1.0, which speeds up convergence. For complicated flow
involving turbulence, swirl, separations and other physical models, SIMPLE algorithm is
more suitable. PISGsihighly recommended for transient flow calculations with large

time-steps. Thus, SIMPEwasused for all cases in this computational study.

4.6. Grid Sensitivity Studies

Grid Sensitivity studies on the Ejector with Full Diffuser and Cut Angled Diffuser were
performed using RNGX) wi t h second order discretizati on
used in most cases, except in the coarsest mesh. The CFD simulations were performet with 20

inlet swirl (T; = 653K, 4 1 = 2 kg/s).

4.6.1. Ejector with Full Diffuser

The effect of grid density in the CFD simulations on the flow properties were
investigated byonstructing four different mesh schemes. The results shown in tdble 4
and figure 414 to 416 indicate that the average magnitude and distributions of the
importart parameters (velocity, temperature, and static pressure at diffuser outlet) were
not sensitive to the grid density. There is no significant change in average values and
pumping ratio after 0.5 million cells. Based on the available computational resaartes
time required to reach converged solution, the mesh scheme with 0.5 million cells was

chosen for further studies.
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Table 4-1: Effect of mesh density of core and near wall region on the average diffusperformance at
20° swirl (Full Diffuser)

Core | Near Wall| Near Wall | Pumping
Cell Count Mesh Mesh Treatment| wl { A)2 Viag | Travg Gop Pravg
0.08 Standard
" Coarse Coarse Wall 2.09 85.5 492 0.27 -141
million .
Function
012 Enhanced
. Fine Fine Wall 2.08 85.9 493 0.26 -142
million .
Function
Enhanced
0.5 million Finer Fine Wall 2.15 83.2 489 0.2 -137
Function
Enhanced
0.9 million | Finest Finest Wall 2.15 83.7 490 0.2 -137
Function
0.2
0.15
[~ 0.08 million Cells
- 0.12 million cells
01 0.5 million cells
N 0.9 million cells
0.05 |
E of
>
0.05 |
-0.1 f—
0.15 f—
-0.2 :_ I 1 I I 1 I I 1 I 1 I 1
0.2 0.4 0.6 0.8 1
wi/wl

Figure 4-14: Effect of mesh density in core anchear wall region on the ycenterline velocity profiles
at the diffuser ext for y = 2¢°
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Figure 4-15: Effect of mesh density in core andear wall region on the ycenterline temperature
profiles at the diffuser exit fory = 20°
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Figure 4-16: Effect of mesh density in core and near wall region on the mixing tube axis wall
pressure recovery fory = 20°
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4.6.2. Ejector with Cut Angled Diffuser

Grid sensitivity study was also done in the Ejector with Cut Angled Diffuser. Since the
full 360° Cut Angled Diffuser domain was modeled for a reason discussed in sé@jon

the cell count was a lot higher than the Full Diffuser. Furthermore, a slight increase in the
mesh density in core or near wall region increased the total cell count by a significant
amount. Similar to the Ejector with Full Diffuser, four mesh schemes were compared to
observe the effect of grid density on the flow properties. The results are shown intable 4
2 and figure 417 to 419. Generally, the grid density in the core or nedt vegion did

not affect the average values and distribution of the important parameters in this study.
The backpressure coefficient fff remained the same. Small difference for the mixing
tube pressure recovery at Z/Dmt = 0 to 0.5 was observed. Baséhde oavailable
computational resources, the mesh scheme with 3.5 million cells was chosen for further
studies. This mesh scheme has the same core and near wall meshes size as the Ejector

with Full Diffuser.
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20° swirl (Cut Angled Diffuser)

Table 4-2: Effect of mesh density of core and near wall region on the average diffuser performance at

Core Near Wall| Near Wall | Pumping
Cell Count | \1esh Mesh Treatment | wl { A)2 Viag | Travg | Gop Pravg
2 million Standard
Coase Coarse Wall 2.04 84.1 | 496 0.2 -109
cells .
Function
2.5 million Enhanced
’ Fine Fine Wall 2.02 85.1 | 497 0.2 -115
cells .
Function
3.5million Enhanced
' Finer Fine Wall 2.03 83.8 495 0.24 -118
cells .
Function
6 million Enhanced
Finest Finest Wall 2.04 84.8 | 496 | 0.23 -112
cells .
Function
0.2 2 million cells
2.8 million cells
0.15 3.5 million cells

6 million cells

at the diffuser exit fory = 2¢°
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Figure 4-17: Effect of mesh density in core and neawall region on the y-centeiine velocity profiles
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Figure 4-18: Effect of mesh density in core and near wall region on the-genteline temperature

profiles at the diffuser exit fory = 20°
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Figure 4-19: Effect of mesh density in core and near wall region on the mixing tube-axis wall

pressure recovery fory =20
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4.7. Outlet Plenum Domain Independence Studies

The domain independence study for the Ejector with Full Diffuser and Cut Angled Diffuser was
performed using RNGK) wi th Enhance Wal l Function. Al l
second order discretization scheme. The outlet plenum domains for both ejector systems are
shown in figure4-20 and4-21. The outlet plenum radius was kept constahe hlet condition

at the nozzl %swiilikE 658K, arms, =¥kgls 20

o.s |—
.- p—
e —
R =F8 — .
- [0 ]
—o.a — _
Rop =550
_o.s |—
—o.=a |— i :|‘
= | R,=186
O .= O <3 oO.s o5 1 1 .= 14‘: * l'fl - I‘l!j‘ * * :.2 * *
-—

Lo, = 200, 400, 500, 800

Figure 4-20: 2D view of the geometry of the computational domain for the Ejector with Full Diffuser (units in
mm)
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Figure 4-21: 2D view of the geometry of the computational domain for the Ejector with Cut Angled Diffuser
(units in mm)

4.7.1. Ejector with Full Diffuser

Four different Outlet Plenum lengthsygl= 0.2, 0.4, 0.5 and.6 m), as shown in figuré-

20 were involved in the outlet plenum study with the Full Diffuser. The pumping ratio
and averaged parameters (velocity, temperatugga@ static pressure) at the diffuser
outlet were used as a comparison. The results asemtesl in table-8, and figure £22

to figure 424. The data show that the outlet plenum length did not hawaiceable

effect in the averaged diffuser performance and the velocity and temperature profiles at
the diffuser outlet. The total pumping ratie; and the averaged diffuser outlet
parameters do not change aftgy £ 0.5 m. The final plenum lengthyJfor the Ejector

with the Full Diffuser was chosen to be 0.5 m.
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Table 4-3: Effect of Outlet Plenum length on the CFD simulation resultsly =9 2 0

el 1 I [ A
0.2 2.08 83.7 490 0.23 -140
04 2.15 83.2 489 0.2 -137
05 2.15 83.1 489 0.2 -136
0.8 2.15 83.2 490 0.2 -138

| Outlet Plenum Length =0.2 m
N\ Outlet Plenum Length = 0.4 m
0.15 |- \ Outlet Plenum Length =0.5m
B ~_ Outlet Plenum Length =0.8 m
01
0.05 |
E ofF
> T
-0.05 |-
01|
o1
7
1 T I [ |
0.2 0.4 0.6 0.8 1
w/w1l

Figure 4-22: Effect of Outlet Plenum length on the ycenterline velocity profiles at the diffuser outlet
aty = 2@ (Full Diffuser)
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Figure 4-23: Effect of Outlet Plenum length on the y-centerline temperature profiles at the diffuser

outlet aty = 2@ (Full Diffuser)
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Figure 4-24. Effect of Outlet Plenum length on the ycenterline dynamic pressure profiles at the

diffuser outlet at y = 20 (Full Diffuser)
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4.7.2. Ejector with Cut Angled Diffuser

Similar to the Full Diffuser, four different Outlet Plenum lengths, €0.2, 0.4, 0.5 and

0.6 m), as shown in figuré21 were involved in the Cut Angled Diffuser outlet plenum
study. The results arpresented in table-4, and figure 45 to figure 427. Similar
outcome as the Full Diffuser outlet plenum length study was concluded. The total
pumping ratio { ;) and the averaged diffuser outlet parameters do not change gfter L
0.5 m. The final plenum length}.for the Ejector with the Cut Angled Diffuser was

chosen to be 0.5 m.

Table 4-4: Effect of Outlet Plenum length on CFD simulation resultsly =° 2 0

o ] v | | |
0.2 2.04 85.26 497 0.23 -117
0.4 2.04 85.33 497 0.23 -120
0.5 2.03 83.8 495 0.24 -118
08 2.03 83.6 495 0.23 -116
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Figure 4-25: Effect of Outlet Plenum length on the ycenterline velocity profiles at the diffuser outlet

aty = 2@ (Cut Angled Diffuser)
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Figure 4-26: Effect of Outlet Plenum lergth on the ycenterline temperature profiles at the diffuser

outlet aty = 20 (Cut Angled Diffuser)
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i Outlet Plenum Length =0.2 m
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Figure 4-27. Effect of Outlet Plenum length on the ycenterline dynamic pressure profiles at the
diffuser outlet aty = 20 (Cut Angled Diffuser)

4.8. Turbulence Model Studies

The turbulence model study for both ejector systems were perfornged 2€°, T, = 653 K and

11 =2 kg/s. All of the two equation-Umodels were used for comparison. AdditionaRyyG k-

Uwas coupled with the temperature correction model proposed by Abdol Hamid et al. as

described in section26.

4.8.1. Ejector with Full Diffuser (G = 20°)

Chen [§ suggested that one of the criteria of selecting suitable turbulence model is to
find a good prediion on the ejector pumping abilityTable 45 summarizes the
secondary, tertiary, and total pumping ratissi mi | ar t o Chenoé4 fi ndi

turbulence model was able to predict similar total pumpingwith the experimentbut
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not thesecondsy (- 2ng) and tertiary pumping (3rg). Backpressure wsaunderpredicted by

all of the turbulence models.

The ycentreline velocity profiles for all of the turbulence models are presented in figure
4-28. It is apparent that at 26wirl condition, RNG kU asvthe only model that was able
to predict the core separation at the diffuser outMixing, pumping, and the spread of

the jet were overpredicted by the other turbulence nsodel

The data of wall pressure distribution along th&ing tube wall (see gure 429) show
thatallofthek) model s were not able to reasonably
RNGkU had the cl osest prediction to experi |
All of the turbulence models above took roughly the same amount of computational
resources antime to reach convergencBNG kU i s s uthe ethdr tunbulence

models in solving complex swirling flow and it is chosen as the main turbulence model

for Ejector with Full Diffuser simulation in this research.
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Table 4-5: Comparison of Experimental results and CFD results using various turbulence models

(Full Diffuser)

Pumping
Turbulence Model . U 2nd U 3rd Gop
wl A2
Experimental 2.21 053 0.64 0.27
RNG K 2.15 0.56 0.51 0.23
RNG Kk Temp Car 2.36 0.47 0.60 0.21
Realizable ¥ 2.36 0.49 0.58 0.2
Standard k¢ 2.36 0.55 0.52 0.24

Y (m)

-0.05

-0.1

-0.15

RNG k-epsilon Normal
RHG k-epsilon Temp Comr
Redlizable k-eps
Standard k-eps
Author's Full Diffuser Experiment 2011

Figure 4-28: y-centerline velocity profiles for various turbulence models ay = 2¢° (Full Diffuser)
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Figure 4-29: Mixing tube axial wall pressure distribution for various turbulence model aty = 20°
(Full Diffuser)

4.8.2. Ejector with Cut Angled Diffuser (i = 20°)

The secondary, tertiary and total pumping ratios are suinethain table 46. It is
apparent that the-Wturbulence models had similar problems in predicting secondary and

tertiary pumping in the Ejector with Cut Angled Diffuser.

The y-centerline velocity profiles for all of the turbulence ratsdare presentad figure

4-30. Similarly, RNG kU was also the only model that
separation at the diffuser outlet for the Cut Angled Diffuséne data of wall pressure
distribution along the iming tube wall (see Figure-&1) show that all bthe kU model s
were also not able to reasonably estimate the wall pressure recovery. For the same reason
discussed in section 4.8.1 above, RNGk was al so chosenlfars the

the Ejector with Cut Angled Diffuser.
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Table 4-6: Comparison of Experimental results and CFD results using various turbulence models

(Cut Angled Diffuser)

Turbulence Model valfmflg)gz U 2nd U ard Gop
Experimental 2.28 0.76 0.49 0.16
RNG Kk 2.03 0.70 0.45 0.24
RNGk-¢ Temp Corr 2.14 0.58 0.52 0.23
Realizable ¥ 2.18 0.57 0.53 0.2
Standard ks 2.13 0.61 0.49 0.4

RNG k-eps Normal
; RNG k-eps Temp Corr
Realizable k-
0.15 — n Ste:nd:rdek—ef)gs
| ] Cut Angled Experiment 2011
0.1
0.05 |
E o}
> B
-0.05 |
0.1F
-0.15 -~
2
n
L= | | | |
0.2 0.4 0.6 0.8
wiwl

Figure 4-30: y-centerline velocity profiles at the diffuser exit for various turbulence model ay = 2¢°

(Cut Angled Diffuser)
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Figure 4-31: Mixing tube axial wall pressure distribution for various turbulence model aty= 20
(Cut Angled Diffuser)

4.9. Nozzle Inlet Velocities Verification
As described in séion 4.2, the velocity inlet condition was specified at the nozzle inlet (see
Figure 41 and 42) using the cylindrical coordinate. The flow propertias\(, wandV) were
measured using thewxtraverse ay = (°, 1, 2@, and 36. Then, theu, v,andw profile atd =
90° was obtained from the traverse data to be transformed into velocities in cylindrical
coordinateaxial (w), tangential (¥, and radialu;) velocity. This method was used because the
velocity distribution was assumed to be uniform tamigdly. FLUENT UDF was used to model
the radial distribution of the velocities in cylindrical coordisafehe results were shown in table

4-7 and figure 432 to 435. Additional nozzle inlet axial velocity contour experimental and CFD
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data is shown in Apendix I.As show in figure 434 and 435, the axial and tangential velocity

was reasonably modeled by the Fluent UDF.

The axial velocity contourat the nozzlenlet for y = 2P, shown in figure 433 indicates a low
velocity (core separation) region in the centre of the flow. This wasised by theldw
separating off the annulus centre body, as it transitidred the annular flow to the nozzle
flow. Depending on the sngth of the swirl, this region will grow or shrink as the flow travels
through the mixing tube and diffuserhd@ core separation region has an advefgrt onthe
pumping and pressure recovergf the ejector.Figure 436 shows comparison between
experimental data and CFD prediction of the nozzle outlet axial velociyy at2d (additional

data is available in Appendix I). It is apparent that CFD was not able to accurately predict the
size of core separation at the nozzle outlet. This contributed to CFD inability to predict the

important flow features downstream of nozzle

Table 4-7: Experimental and CFD inlet nozzle swirl number

swirll y3t & ¢  SEXP) S (CFD) Aci‘sﬁg""”
0° 0.21 0.18 3°
10° 0.33 0.29 12.5°
20° 0.40 0.37 23.5
30° 0.52 0.49 34
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Figure 4-32 Comparison between the nozzle inlet-xelocity contour between CFD and Experimental data
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Figure 4-33: Comparison between the nozzle inlet-zelocity contour between CFD and Experimental data
aty=20
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Figure 4-34: Experimental tangential velocity profile compared with CFD tangential velocity profile

at the nozzle inlet fory = 20°
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Figure 4-35: Experimental axial velocity profile compared with CFD axial velocity profile at the

nozzle inlet fory = 20°
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Figure 4-36. Experimental and CFD Nozzle Outlet Axial Velaity Contour for y = 10°
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Chapter 5- Result and Discussion

The experi ment al results are compared with th
and CFD with the Full Diffuser wazpeatecaty = 20° for comparison to ensure similar flow
conditions Then the experimental and CFD results of the Cut Angled Diffuser were compared

wi t h Eull ®iffusesresults aty = 0°, 1, 2@, and 36. The performance parameters listed

below are discussed in detail,

1. Temperature and Velocity profiles at the diffuser dutle
2. Pumping Ratios ¢, «ng and«sg)

3. Flow Structure inside the ejector

4. Axial wall pressure rise along the ejector

5. Back pressure (§)

6. Diffuser Effectiveness

CFD simulation results in this section were based on RNMGkwi t h Enhanced Wal I

reassons discussed in section 4.8.2.

5.1. Experimental Mass Balance

The first task in verifying experimental data was to ensure consergdtinass, momentum, and
energy wee satisfied for the control volume shown in figurd.5The conservation of mass,
momentum and energy that must be satisfied for the control volume are shosquation 51

to 5-3.
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Figure 5-1: Cut Angled Diffuser control volume during the experiment

Conservation of Mass:

(5.1)
Conservation of Momentum:

06 w 00 W W W )

A ) 0 (5.2)
Conservation of Energy:
Q — Q — Q — Q
+ Q + Q — Q

— Q —_ (5.9

The velocities,V, are mass weighted averaged in the conservaguations above. The total

primary mass flow rate4(;) upstream of the nozzle inlet was calculated using the method
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described in AppendiB. The total mass flow rate at the diffuser outlet)(was integreed from

the traversed data of ttiehole probeThe results of the mass balanced calculation for the 0
10°, 2@, and 30 Swirl Cut Angled Diffuser cases and 28wirl Full Diffuser case are
summarized in tabl®-1 below. The data showed that the difference between the calculated
mass, momentum, and engy balance with # experimental ones are withif3 This showed

that the experimental pcedure for acquiring the data svealid.

Table 5-1: Conservation of Momentum and Energy

%Difference
Swirl Level Momentum Energy Balance
Balance
0 1.4% 1.7
10 3.2% 3.2%
20 1.2% 3.3%
20 FD 0.3% 1.3%
30 5.0% 3.0%

5.2. Flow Swirl Level

The inlet swirl would change the flow features and properties inside the ejector, which also
affected the ejector performance. Thewflewirl level could be presented by using a swirl
number §). The swirl number, S, was expected to decrease duoeraasing axial velocity at the
nozzle exit and bigger diameter at the mixing tube. RNG and Realizable knis avere

recommended by FLUENT & to simulate the flow when the swirl number is less than 0.5. The
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highest swirl number in this study was fouto be 0.2 at 30swirl. The flow swirl level at the

nozzle inlet was reasonably predicted by the CFD.

The degree of swirl was categorized as very weak s8@ ( 0 . 2 ) ,

swirl (SO 0 . & The gxBetimental data showedtteeak swirl was produced by inlet swirl

angleupto2band strong

swi r | v &upta ptralf3d] statex dhat bvgak y

swirl could increase the width or confined jet flow. Thus, a slow and wider jet than non swirling

flow would be producedral pumping was enhanced as the swirl level was increased. Stronger

swirl causes a very wide and slow jet than the-swinling flow, and as a result a core separation

zone could be generated due to strong adverse axial pressure gradient.

8 ak. 4s)wiand (st

-
-

Resul ts)

53. 20°Swirl Full Diff user (Authoros vs. Chenos
Table 5-2: CFD simulation set up for Chenoés
CFD seup Chen's CFD Authors CFD
Pressure Scheme 2nd Order 2nd Order
Density Scheme 2nd Order 2nd Order
Pressure Velocity Coupling SIMPLE SIMPLE

Near Wall Treatments

Non-Equilibrium

EnhancéNall Function

Turbulence Model

Realizablék-s

RNG k¢

and

Chendés FulElectoi3i fifnus@h e n pexperimerg and D s[m@lation were

repeated focomparisora t = (.

shown in table 2. However

The si mul at

i n Chenos

i on was

si mul

ati

set

on,

101

up

t

h e

Au

t

C

C



predicted by Realizable-& whereas in the current study it was predictgdRNG kU ¢ s e

section 4.8.1) The reason for this was unknown. The CFD simulation for the Full Diffuser was

also performed with the RealizableéJand norequilibrium wall function and no core separation

at the diffuser exi texpasmental pnd EDenpeérawle.anddldtiy aut ho
uniformity (& and &) at the diffuser outl et show r es
experimental and CFD resulisee table 8). Aut hor 6s experi ment al and (
the Full Diffuser also show reasaa bl e agr eement with-4)CBothofs res
Chendés and Authoro6s CFD si mul atnyandundevpedigpr edi c
tertiary pumping {srg). Furthermore, reasonable agreement was also found in the velocity and
temperature distribution at the diffuser outlet (see Figu2eand 5-3) betweenAuthor’'s and

Cherdbs result. T h e abxtiorai$ showa in figur@-4. 8meall differencedwas t r i

observed in the mixing tube experimental wall pressure from,ZD to Z/Dy = 1.5.

Thus,it i s acceptable to assume similar flow cor

experiment

Table 5-3: Experimental and CFD performance parameters comparison between Author's and Chen's Full
Diffuser results

e a Are

{6ANI 'Y EXP CFD EXP| CFD| EXP | CFD

20° Author's Full

. 1.48 1.57 0.52 | 0.012| 0.052]| 0.06
Diffuser

20° Chen's Full 1.7 18 | 049 |0010| - | -
Diffuser
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Table 5-4: Pumping Ratios comparison between Author’s ath Chen's Full Diffuser result

>t > 2nd > 3rd

{oANI !y EXP CFD EXP CFD EXP CFD

20°Authors Full | 551 | 215 | 053 | 056 | 0.64 | 051

Diffuser
20° Chen's Full
. 2.31 2.37 0.52 0.66 0.78 0.71
Diffuser
[ RNG k-epsilon Normal
0.2 u Author's Full Diffuser Experiment 2011
Chen's Full Diffuser Experiment
u Chen's Full Diffuser CFD Realizable k-epsilon

0.1F

Y (m)
T
"\

w/wl

Figure522 Chends and Author 6s Ful | -denteflihewaoeity prdilE &ty a26fd Exper i
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Figure 5-3: Full Diffuser CFD and Experimental y-centerline temperature profile aty = 20°
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Figure 5-4: CFD and Experimental Mixing Tube axial wall pressure profile aty = 20°
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5.4.

Performance Comparison

5.4.1. Velocity and Temperature profiles at the Diffuser outlet

Figure 55 shows the ycenterline dimensionlesaxial velocity (w/w) at the diffuser
outlet. The w is the local axial velocity at the diffuser outlet apéswhe average nozzle

exit velocity. It is apparent that the experimental results shamedasingdistortion of

the shape of the jet in the "Cutection of the diffusemwith increased swirlThe size of

core separation region increased with increasing swirl angle ug swa0 At 30° swirl,

the Cut Angled Diffuser seemed to increase the spread of the primary jet at the diffuser
outlet, reducecore separation size, and help diffuse the flow. The ability of the CFD
turbulence model to predict the core flow behawas pooup to 20 swirl. At 3¢ swirl,
reasonable prediction of the core flow behavior in the "uncut™ part of the diffuser was
achieved. However, the CFD model was not as accurate in predicting the smetad
distortionof the jet in the “cut” section of the diffus@dditional experimental and CFD
axial velocity contour data at the diffusertleti are presented in Appendix The d#a

show that CFD cannot reasonably predict the axial velocity contour at the diffuser outlet.

The inlet swirl angle effects on the velocity uniformiéyd, temperature uniformity&(),

and effective area ratio &) are shown in table-5. Better flow uiformities at the
diffuser outlet are indicated by how close those values are to 1. Clearly, increasing inlet
swirl angle for the Cut Angled Diffuser improved flow uniformitiémixing) at the
diffuser outlet and enhance the primary jet core cooling. Expetally, ths is illustrated

in figure 56, where the temperature of the hot core was increasingly flattened by

increasing swirl angle. The CFD model was clearly unable to predict the temperature
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distribution at the diffuser outlet fomll swirl cases The core temperature was
overpredicted, which indicated that the flow mixing inside the Ejector with Cut Angled
Diffuser was underpredicted because better flow mixing results in lower core

temperature.

Figure 57 to 514 show the experimental and Ckienteline velocity and temperature
profiles of the Cut Angled Diffuser. The Cut Angled reswtsealso compared with the

Full Diffuser experimental results. Thiejector with Cut Angled Diffuser achieved
similar velocity profilesand core separation simp o 20 swirl with the Full Diffuser At

30° swirl, experimental result showed thidite Ejector with Full Diffuser had much
larger core separation at the diffuser outlet than the Ejector with Cut Angled Diffuser.
The Cut Angled Diffuser then had betfmimping and mixingthan the Full Diffuser at

30 swirl.

Up to 20 swirl, the Cut Angled Diffuser had similar temperature profiles at the diffuser

exit with the Full Diffuser. However, there is a large difference between the Cut Angled
Diffuser and the Full Bfuser at 30 swirl. The Cut Angled Diffuser appeared to perform
muchbetter than the Full Diffuser due to smaller core separatiamet swirl higher than

20>. The RNG kU with Temperature Correction model
capture the flow separation at all swirl levélcan slightly better predict the temperature
distribution because it overpredicted mixifrgp core separationpside the Ejedr with

Cut Angled Diffuser.
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Table 5-5: Velocity Uniformity ( &), Temperature Uniformity (&), and Effective Area Ratio (Az) at

the diffuser outlet at various swirl angle

e & Are
Swirll y 3t S EXP CFD EXP CFD EXP CFD
0 2.52 1.35 011 0.013 0.034 0.036
10 2.40 1.33 0.27 0.013 0.042 0.037
20 1.47 1.28 0.50 0.013 0.050 0.041
30 1.37 1.18 0.59 0.102 0.062 0.051

0 deg Swirl CFD
0 deg Swirl EXP

.
L 10 deg Swirl CFD
0.15F . ] 10 dig sﬁ!ﬁ EXP
B 20 deg Swirl CFD
B | ] 20 deg Swirl EXP
0O1pF 30 deg Swirl CFD
- 30 deg Swirl EXP
0.05 |
E of----- - -
> B
-0.05
0.1
- Cut Section
-0.15F Z
[ A um =
[ = =
-0.2 = L 1 1 1 | I 1
0.2 0.4 0.6 0.8 1

Figure 5-5: CFD and Experimental y-centerline velocity profile under various swirl conditions
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Figure 5-6: CFD and Experimental y-centerline temperature profile undervarious swirl conditions
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Figure 5-7: CFD and Experimental y-centerline velocity profile at the diffuser outlet fory = 0°
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Figure 5-8: CFD and Experimental y-centerline temperature profile at the diffuser outlet fory = 0°
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Figure 5-9: CFD and Experimental y-centerline velocity profile at the diffuser outlet fory = 10°
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Figure 5-14; CFD and Experimental y-centerline temperature profileat t he di ffusér outl et

5.4.2. Flow Structure inside the Ejector

The axial velocity contour of the CFD simulation results are shown in figdieto 5-

19. It isapparent that, the size of the high velocity zone decreases with increasing swirl
level due to improved mixing. The low velocity core separation region in the centre
increased with increased swirl. This core separation reduced pumping by blocking the
volume for the entrained air. The biggest core separation region was seen witlf the 30
swirl case. Correct prediction of the diffuser performance by the CFD models is strongly
dependent on the ability for the turbulence model to capture the flow separatiordeat
The axial velocity contour seemed to be unaffected by cutting the diffuser as shown

figure 5-17 and figure5-18.
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Figure 5-15. CFD axial velocity contour of the center plane fory = 0°

Figure5-166 CFD axi al velocity contddr of the center plane fo
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