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Abstract

_A series of experiments involving flow visualization and probe measurements was
carried out in order to obtain the critical swirl intensity at which vortex break-
down is initiated for annular S\virﬁng jets in sudden expansions as a function of
i-l'llct blockage and expansion ratio. ‘In the process of obt aiﬁing the critical swirl in-
tensity, the velocity profiles at the expansion inlet were also measured. In addition,
a mathematical model based on the Momentum Integral Method \vé.s developed
in order to analytically predict the critical dimensionless angular momentum flux

of the swirling fluid.

It was found that both sudden expansion and presence of a central hub at the
throat of the expansion contribute to a lower critical swirl intensity. The critical
swirl intensity was found to reach a minimum at an expansion ratio of ab;ut two,
followed by a small increase in larger expansions. Increasing the central hub to
throat ratio up to 0.63 resulted in a sharp drop in the critical swirl intensity. It
is expected that the critical swirl intensity would decrease further as even larger
hubs arc applied, even though central hubs with hub to throat ratios larger than
0.7 are impractical from an engineering point of ﬁexv. The mathematical model

closely predicted the experimentally obtained critical swirl intensity.
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Chaptér 1

Introduction
A vortex with an axial velocity component is called swirling flow. It is a three

dimensional phenomenon with its total velocity véctor, V; , composed of axial,

radial and tangential components ( Fig. (1.1) .) The flow may or may not have

vorticity.

Swirling flow exists both in laminar and turbulent forms. In industrial practice,
swirling flow is usually in a fully turbulent state with its fluctuations occurring
in all three directions, while laminar swirling flow has mostly been studied for

academic purposes.

Swirling flows are encountered in many engineering situations. In particular.
swirl is used extensively as an aid to efficient, clean combustion in gasoline engines,
Diesel engines, gas turbines, industrial furnaces, utility boilers and many other

_ praétical heating devices, including small domestic home furnaces. Figures (1.2)

to (1.4) represent schematics of swirl flow in some of its applications.

Swirling jets have large scale effects on the flow field. Jet growth, decay , and



-

rate of entrainment, plus flame size and stability, are a.ffected by the degree of
"swirl imparted to the flow. The degree of swirl is charactenzed by a chmensmnless

quantity called the Swirl Number , denoted by S and defined as: .

-

5= Azial Fluz Of Angular Momentum ' (1.1)
" R.(Azial Fluz Of Azial Momentum } ' )

where R is the equivalent throst or nozzle radius. ‘An alternative definition which

includes the pressure force in the axial momentum term has also been used.

An idealized picture of a swirl flow is given by a Rankine vortex [1] . A swirling
Auid behaves like a solid body’ near the axis of the flow . This region is called
the forced-vortex or solid body core, in which every particle of the fluid has the
same angular velocity. As a result, the tangential velocity éompcznent is directly
proportional to the rédia.l distance from the axis of rotation. Away from this
region, c_ach particle of the fluid moves freely in a circulé.r path with its tangential
velocity .var_ving inversely with radial distanﬁe from axis of the flow. This outer
zone is called a free vortex and extends from the edgé of the solid body core to

the tube wall.

The tangential velocity componént of the swirling flow decays rapidly with
downstream distance if the flow is allowed to expand. As a result,an adverse axial
pressure gradient forms in regions close to the axs of the flow. In weakly swirling
flows, flows with a sv;rirl number below a critical value, this adverse pressure gra-
dient is not large enough to cause flow reversal. Weakly swirling flows can be
unstable and exhibit periodic motions, such as precession. Figure (1.5) represents
a schematic of a weakly swirling flow in a sudden expansion. However, as the in-

tensity of swirl is increased, the adverse pressure gradient becomes larger, and the

[



flow undergoes a transition to a complete flow reversal at the centre of the flow.
The recirculation bubble formed at the axis of the swirling jet ié‘call?d’mntrai
Toroidal Recirculation Zone , distinguished from the Corner Recirculation Zone

formed due to sudden expansion. Both of these recirculation zones are shown in

Figure (1.6).

The central recirculation zone is only one form of a series of phenomena called
vortex breakdown:. A.vortex breakdown is usually characte;ized by the devel-
opmént of a stagnation point on the axis, followed by a region of reversed axial
flow encapsulated by a greatly expanded strez;.m surface (2] . Six types of vortex
breakdown have been reported so far [2] , but the ceﬁtra.l toroidal recirculation

zone is the only one which has been observed in fully turbubent fow.

The central backflow zone, when used in a fuel burner, contributes to cleaner
and more efficient combustion by improving flame stabilization and by providing
high rates of turbulent mixing much as a bluff body stabilizer does [1]. Hot
combustion proéiucts and unburnt fuel are recirculated to the throat region where
fuel and air are introduced. As a result, the fuel and air fre preheated and better
mixed, due to the high turbulence level in the flow, before reaching the flame .

The advantages of application of swirling flow in combustion are summarized in

the following three remarks:

e Reduction of flame length because of higher rates of entrainment of ambi-

ent fluid and faster mixing close to the nozzle and near recirculation zone

boundaries.

e Improved flame stability because of the presence of the backflow zone which

recirculates hot combustion products.



¢ Minimized maintenance and extended.life of equipment, since no bluff body
is required and flame impingement on solid surfaces ( with heat and deposit
problems ) is avoided [1] ?
For these reasons, combustors employing swirling low are almost invariably
designed to produce a swirl above the critical value. For design purposes a knowl-
edge of the minimum or critical SWil:l needed to produce recirculation is useful.
Swirl Iévels much above the critical value would result in higher pressure losses
without further improvement in mixing or flame stability [3]. Also, the flow field
generated by many swirl combustors can be approximated by a sw1r11ng Jet issuing
nto a sudden expansion (3]. The objective of the present research is therefore to
determine the critical swirl for a swirling air jet issuing into a sudden expans:on as
a function of expansion ratio. The role of a central hub is also to be investigated,
since the hub is representing a central fuel nozzle or vane support in a real burner.

In pursuit of this goal, three' different actions are undertaken:

¢ Use of flow visualization techniques in order fo visually establish the fow

. conditions under which the central toroidal recirculation zone is initiated. .

Measurement of inlet velocity profiles to the expansion at the crtical swirl.

Development of a momentum integral model to predict the critical swirl.

In the following chapters, first a brief review of the literature relevant to the
present investigation is gi\;'en, and then both the experimental apparatus and pro-
cedure are described in chapter 3. In Chapter 4 a mathematical model based on
the momentum integral method is developed together with a method for fitting

simple velocity profile forms to the measured velocities. Finally, in chapter 5 the

4



results of hoth the experimental and the mathematical investigations are presented

and discu:vased.

B



- Typical Particle Path

In Swirling Flow

Figure 1.1: Total velocity vector and its components



Figure 1.2: Application of swirling flow ‘in a cyclon furnace [1].
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Figure 1.3: Application of sw1/r}1ng figw in a gas turbine engine [1].
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Chapter 2 -

Literature Survey

Previous experimental and "analytical work in axisymetric recirculating swirlénﬁ%

flows provides an important background for the present investigation. Informa-
tion regarding turbulent swirling flows has been extensivelﬁr reported; Howe
attention will be concentrated on papers directly related to the present *gork: mea-
surements and models of the critical swirl in various geo'metries, the behavior of
swirling flows in sudden expansions, and the effects of a central hub on expansion
flows. The word ‘critical’ swirl as used in this thesis is defined as the minimum
required to produce central recirculation; some of the authors cited here have used

this word in other different senses.

TN
2.1 Experimental Work

Gore and Ranz [4] used a hot wire anemometer to measure the velocity profiles at
the onset of vortex breakdown in swirling flows moving axially through expanding

cross sections. Under such conditions, regions near the axis oscillated regularly

12
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betwoen forward flow and back flow. Smoke introduced at the axis was observed
to move first forward and then backward. Critical swirl intensities were measured
'in both air and water over a range of operating conditions. It was found that the

critical swirl is independent of Reynolds number in the range of 20000-60000, but

it is dependent on apparatus geometry.

2
wf

Mathur and Maccallu;xl (5] presented measurements of the flow fields of free
turbulent swirling jets (i.e. sudden expansions of infinite ratio) issuing from hubless
and annular vane swirlers for various swirl intensities, and suggestec.i that the
recirculated mass flow is dependent upon swirl number. For the hubless swirler
~a critical swirl number of about 05 can be roughly estimated by interpolating
between measured axial velocity profiles, while for annular swirlers of hub to throat
ratio of 0.33_, the critical swirl is about 0.25. The'tangential velocity profiles also
suggest that the solid body core radius increases with swirl number for both types

of swirlers. They also concluded that for both swirlers jet growth is enhanced by

increasing swirl intensity.

In another investigation, Mathur and Maccallum [6] obtained the axial and
tangential components of mean velocity in turbulent jets issuing from an annu-
lar swirler into different enclosed expansions. They related the axial location of
maximum wall pressure to the impingement of the jet on the expansion section
wall, while the center of the back flow zone was related to the point where wall
static pressure was minimal. The axial velocity profiles indicate a critical swirl less
than that observed for free swirling jets under similar conditions. Introduction of
a secondary swirl issuing from the hub (co-swirl) was found to improve jet growth

and reduce the critical swirl number.
Beltagui and Maccallum {7} studied the effects of sudden expansion ratios of 2.5

13



and 2.0 on swirling flows emerging from both hubless and annular vane swirlers.
They characterized a weak swn'hng flow as one having an axial velocity maximum
at the center of the _]et and suggested that the maximum diameter of the recir-

culating zone is controlled by the expansion diameter and is mdependent of swirl

intensity ane_the._back_ﬁamoneis_esiib_li&hed. Therefore, they sug:g:estédl a,_gwirl
number based on the expansion diameter rather than thﬂe swirler thrc‘aa.t diameter
to include the effect of expansion. The presence of a central hub in the swirler
was found to have little effect on the flow, although their data do not allow any

conclusions to be reached about the effect on the critical swirl.

Sarpkaya [8] examined the effect of degree of divergence on the type and lo-
cation of vortex breakdown for gwirling flows in comcal diffusers. He concluded
that the adverse prevsure gradient due to comcal expansion affects the position of
the recirculating "bubble”. An increase in the angle of divergence of the tube was
found to result in an increase in this adverse pressure gradlent He suggested that
the occurrence of breakdown and its location depends on the flow rate and swirl,
the external pressure gradient, the initial upstream conditions, and the angle of
divergence of the expansion section. In another publication [9], Sarpkaya tested
the stability of vortex breakdown to gradual and aBrupt changes in the upstream
and downsfream flow conditions. These changes were introduced by means of in-
creasi.ng the inléf flow rate, by releasing a small air bubble from one of the guide
vanes, by oscillating one of the swirl vanes, by oscillating the hypodermic tubing
used for eccentric dye injection and by varying the setting of all vanes. Among the
three types of breakdown observed, "double helix” and "spiral” forms were present
only at low Reynold numbers and were found to be very unstable under any of

the disturbances. The third tvpe, called the "axisymetric bubble”, and equivalent

14



to the central recirculation being discussed in-this thesis, was observed at higher

Reynolds numbers and was\fbnndJ be quite stable.

. Faler and Leibovich 2] used flow visualization and laser boppler anemometer

measurement to study vortex breakdown in a vane-generated swirling flow issuing

ifito a conical tube. In an apparatus mﬁtféléd‘aimr‘SmplmyféTﬁowﬁsuuiimmfh—;—
studies revealed a total of six distinct modes of vortex breakdown. As the Reynolds
nuﬁber and circulation of the flow were increased, these disturbances showed
a fixed order of succession and the mean breakdown position moved upstream.
They described the breakdown as a “finite amplitude wave which can be held
‘fixed in location if the upstream propagation speed of the wave vanishes. This
speed depends upon both tangential a.nd‘ axial velocity profiles; an increase in
swirl increases the propagation speed and an increase in o.xiai velocity de-crea.ses
the propagation speed. Therefore, an increase in swirl at a fixed flow rate will
cause an upstream propagation of: vortex breakdown.” The Reynolds number
range covered by their experinzlent went up to 8000. In all the cases in which
vortex breakdown occurred, they found the flow to be laminar upstrcam of andl
in the breakdown region. It became turbulent shortly downstream- of the end of
the recirculation zéne. Their experimental results showed that increasing flow
rate at fixed vane angles produces positional changes, and increases the upstream

" propagation velocity of the wave.

Rhode [10] studied the existence, size and shape of both the corner recircula-
tion zone and the central backflow zone for vane-generated lturbullent swirling jets .
issuing into 45 and 90 degree expansions. The size and shape of the recirculation
bubble for each flow field was illustrated as an artistic impression deduced from a

collection of flow visualization photographs of tufts and smoke responding to the

(T
A
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flow. Increasing swirl intensity was found to decrease the size of the corner recircu-

~lation zone, while decreasing side wall expansion frogg 90 to 45 degrees practically

removed the corner recirculation zone.

W

Analyzing a considerable amount of data obtained from flow visualization ex-

ry

periments performed bn swirling jets 1ssuifig into a slowly diverging section, Es-
cudier and Zehnder {11} suggested a simple criterion for the occurrence of vortex
breakdown at a fixed location in the expansion section. They proposed a criterion
for the breakdown bé.sed on the local Reynolds number, the circulation number,

n = 1, and the ratio of radial to tangential velocities at the throat, R :
Re «x n7*R™1

The proportionality constant was found to be independent of the divergence angle
and the type of breakdown observed. The correlation was found to be well suitéd
1

for Reynolds numbers ranging from 500 to 100000.

Escudier and Keller [12] measured the axial and tangential velocity componeﬁts
of a vane-generated annular swirling turbulent jet issuing into a suddenl expansion
and investigated the effects of sudden exit contractions on the velocity profiles and
recirculation zone. They concluded that the shape of the recirculating b'ubble was
affected by exit geometry. The backflow zone was found to be longer and nar-

<
rower for larger contractions. In addition, by presenting streamline patterns, they
showed that for a strong exit contraction and a swirl well above the critical, the
recirculation zone assumed a mushroom shape, a character even more pronounced
if the diameter of the a.nmﬂa.r section was reduced, while in the absence of such a
center body, the recirculation zone was limited to a toroidal region without flow

reversal on the axis.
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Dixon et al [13] experimentally examined the aerodynamics of an unconfined
turbulent swxrlmg jet issuing from an annular dlvergent nozzle. The nozzle had a
hub to throat ratio of 0.68 and a 30 degree angle of divergence. Mensurements were

taken at swirl numbers of 0.5 and 1.0 with and without the presence of a secondary

swirling flow through the hub. At both swirl numbers & central recirculation-zong————

was observed. However, the backflow zone became smaller as a greater jet flow

_was introduced through the central hub,and the maxin%.?\um recirculated mass flow

rate was found to decrease with increasing axial momentum flux ratio of hub fow

\
to nozzle flow.

Rao et al. [14] investigated turbulent swirling flows generated by a vane swirler
of 0.35 hub to throat ratio issuing into a sudden‘expansion to study the effect of
vadable vane angle and expansion variation on the occurrence and size.of _tlhe
backflow zone. Experimental results indicated that the solid b.od'y core radius in
the expansion section is roughly the same as the radius of the backflow zone, and
both are proportmnal to the expansion size. They also observg—:d that an increase
in swirl reduces the size of the corner recirculation zone: resul\ag from the sudden
expansion, and increases the axial velocity in the backflow zone. By interpolation
between their r.eported flow fields, a critical swirl number of about 0.2 for an

expansion ratio of 2.4 and hub to throat radius of 0.35 can be estimated.

Altgeld et al. [15] used laser Doppler anemometry to measurc the.thrce com-
ponents of the velocity vector and their fuctuations in an axisymetric swirling
isothermal turbulent flow generated by a vane swirler of hub to throat ratio of
about 0.5 emerging into a sudden expansion of 2.4 ratio. Ata swirl number below
0.78, the effect of placing a contraction in the form of a baffle downstream of the

backflow zone was tested. As a result, the backflow zone was stretchied along the
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axis about 3.5 times more than when the baffie was a.bs?nt‘.

Yoon and Lilley [16] , using a five-hole Pitot probe, fnvestigated vane-generated
turbulent swirling flows entering 45 and 90 degree expansions of ratios 2.0 and. 4.0

equipped with downstream contractions of 45 and 90 degrees. They studied the

effects of the above geometries on theshape-and-size-of-the-backflow_zone for
different swirl intensities. They found that in a sudden expansion the size of the
backflow zone increased with increasing swirl vane angle, i.e. swirl intensity, until

a certain angle was reached, after which its length began decreasing while its width

" continued to increase. The effect of a gradual sidewall expansion on the size and

shape of the backflow zone was found to be minimal. They also observed that

placipg a 45 degree contraction downstream of the backflow zone would result in

a shorter recirculation zone and higher maximum swirl velocity, while increasing

the contraction slope would cause an increase in the solid vortex core radius.

Ramos and Somer [17] used a laser Doppler a.némome_ter to measure turbulent
confined swirling‘ flows produced by two vane swirlers capable of creating concen-
tric co- and counter-swirling flows. Under both conditions a recirculation bubble
was formed. They char_actgrized this backflow zone by the presence of a toroidal
vortex, low tangential velocity, high turbulence intensities and large dissipation
rates of turbulent kinetic energy. The occurrence of a backflow zone under co-
swirl conditions contradicted the results reported by Vu and Gouldin [18], who
used a hot wire anemometer in the same geometry and at the same swirl. The
authors attributed the difference to the disturbances introduced by the hot wire

and its lack of sensitivity to flow direction.

Hallett and Giinther {19] studied the effects of swirl intensity on flow and

mixing patterns in a turbulent stepped sudden expansion flow. Measurements of
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frequency spectra revealed the presence of a low frequency oscillation in weakly
swirling flows. Increasing swirl weakened the periodicity of this oscillation, and
it disappeared cpmpletely at the onset of vortex breakdown. -F low visualization
revealed tl;a,t this periodicity was due to precession of the flow downstream of the

throat before the backflow zone settled in. They suggested that the stabilizing role

of vortex breakdown was due to the fact that it caused the flow to fill the cross
section immediately after the throat. They also reported a critical swirl number

of about 0.38 for a 2 : 1 expansion.

Hallett and Toews [3] determined experimentally the crmtical swirl intensity
required to produce a recirculating zone near the axis of the flow for turbulent
- swirling flows issuing into sudden expansions of ratio 1.25 to 3.0 as a function of
expansion ratio and inlet conditions. Using an idealized Rankine vortex to describe
the tangential velocity proﬁles, they shpwed that the static pressure droI:) in the
radial direction after expansion is a func;tion of expansion ratio and solid body
vortex radius, as long as circulation I remains nearly constant duﬁﬂg expansion.

They also suggested that an inlet flow with a small core radius would undergo

a larger decrease in radial pressure difference on expansion and hence show a

lower critical swirl, while an axial velocity distribufzion with a maximum on the
axis would require a larger pressure gradient and hence have a higher critical
swirl. These predictions were confirmed by experimental results. They suggested
that the axial pressure gradierit increases with expansion ratio and asymptotically
approaches a limit for very large expansions. Since the critical swirl intensity is
inversely related to the axial pressure gradient, one would expect the critical swirl

to approach an asymptoté as well. Their experimental results confirmed this, but

also showed that in some cases a slight minimum would occur at an expansion
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rn.tid of about 1.5. They explained this by dividing the pressure gradient into two
components , one caused by the axial velocity reduction { which would also be
present in a non-swirling flow ), the other due to the change in swirl velocities in

expansion.

So et al. [20] investigated the mixing of a central non-swirling jet in confined
turbulent swiriing flows generated by a vane swirler. It was found that the ex-
istence of an external swirl had little or no effect on the general behaviour of a
jet. Even though the jet decay was proportional to the inverse of axial distance
travelled, as is the case in absence of an external swirl, the decay took a higher
slope very close to the nozzle exit. The slope of the tangential velocity in the solid
body co1;e' did not seem to be affected by the jet wi;en the jet Iﬁo entum was
small compared to the axial momentum of the swirling ﬁé:w. This was no longer
true when the jet momentum was about one half -of ﬁhe axial momén m of the
swirling flow. In addition to the jet studies, the presence of a center body, the jet
nozzle, in the flow and its effect on the central backflow zone was investigated. It
was concluded that the presence of a central hub.would enhance the formation of
a backflow zone in the central region of the flow due to the decrease in centerline
axial velocity. The mean tangential .velocity was not affected Ey the presence of
the central hub, since the flow rotates like a solid body vortex core near the tube
wail. Also, measurements of axial and tangential velocity fluctuations showed that

the turbulence in the annular swirling flow is nearly isotropic.



2.2 Mathematical Modelling Of Swirling Flow

A mathematical solution of the flow field of interest has the potential of provid-
ing answers more quickly and more economically than an experimental approach
to the problem. To achieve this, the model should simulate tile flow in all its
aspects. This may involve simultanously soiving a set of non-linear partial differ-
entia.l‘ equations or assuming certain proﬁlc;s for experimentally obtained velocity
distributions in conjunction with more conventional methods, lsuch as the mo-
mentum integral method, to predict the flow behaviour. Owing to the advent of
the present high capacity computers, mathematical modelling and numerical so-
lutions are now finding more favour and are being used extensively to supplement

the existing experimental results.

Gore and Ranz [4] used an iterative method to solve the inviscid equation of
[ a4

~

motion for a swirling flow issuing into a conical expansion to study the effect of
swirl intensity and the angle of divergence on the behaviour of the flow. The
model predicted a backflow formation in the throat area, and tglcy suggested that
a realistic prediction of the cﬁti;:al swirl is dependent either oﬂ knowledge of the
pressure distribution at the throat or of the radial distribution of axial velocity at
the throat. Experimental results obtained by the authors did not agree with the

mathematical predictions, especially in predicting the critical swirl.

Chow (21] analytically solved the governing differential equations to study the
behaviour of a swirling fluid in tubes having axisymetric deformation along the
length. His assumptions of inviscid, incompressible and axisymetric flow and intro-
duction of Stoke's stream function reduced the governing differential equations to

one which could be solved in conjunction with a proper equation defining the tube



radius. He éhaxjécterized the intensity. of swirl by the Rossby number, Ro = 35,
where « is the axial velocity and w is the angular velocity. FRo is inversely pro-
portional to the swirl number. Chow concluded that for a sinusoidal deformation
of the tube wall , the critical Rossby number is a function of the n** zero of the
first order Bessel function. His results suggest that the central recirculation zone
1s only the first in a series of flows which exhibit an increasing number of recircu-
lation zones as the swirl intensity increases. A similar result was obtained for flow

through converging-diverging nozzles.

Bossel [22] obtained a numerical solution using the method of weighted residu-
ais for swirling flow issuing into an expansion of variable radius of divergence. He
obtained analytical solutions to the ‘ﬂow under the assumption of quasi-cvlindrical

flow ( i.e negligible derivatives in the axial direction. ) He predicted that stag-
nation on the axis, i.e. the backflow zone initiation, oceurs at a critical swirl
which is large for small expansions and approaches zero at large expansions. The
latter prediction is physically unreasonable and results from Bossel’s use of the

“quasi-cylindrical” assumption by neglecting the derivatives in the axial direction.

- Beltagui and Maccallum [7] proposed a swirl number based on expansion di-
amecter rather than the throat.diameter for vane generated swirling Bows 1ssuing
mto a sudden expansion. They also derived a relationship between the swirl num-
ber under isothermal and burning conditions. As ;1 result, the swirl number of
a swirling flow under combustion could be predicted from the experimentally or

analytically obtained isothermal swirl numbers.

Morton {23] used the momentum integral method to study the effect of swirl
strength, angle of divergence and secondary mass flow on the strength and size

of the recirculation zone inside a diffuser. The velocity profiles were described

[S]
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by simple functions, which were then used to integrate the governing differentizil
equations. His Iz;rediCt':iohs showed that increasing the swiﬂ intensity and the angle
of divergence wouldolead to a steéper a.xié.l pressure‘ gradient, hence a larger and
stronger recirculation zone. Also, one could notice from his plots of nfjnl velocity
distribution at various swirl intensities and divergence angles that the onset of
recirculation occurred at lower swirl intensities as the divergence angle __increnscd.
Using a similar method, Domkundiwar et al. [24] used wall static pressure as an

indicator of the position where the onset of recirculation occurs. His conclusions

in regard to critical swirl were very similar to those of Morton [23).

Nakamura and Uchida (25] employed a polynomial distribution to represent the
axial and radial velocities as functions of axial and radial locations. Fitting these
expressions into a simplified axial equation of motion, they predicted a polynomial
press&i’*@bﬁfhn, while applying the radial equation of motion resulted in a
different representation of pressure distribution. Assuming that the circulation
remained constant along a streamline, they expressed the stream function as a
function of the circulation and the angular velocity of the swirling flow. Equating
this representation of the stream function with the one obtained from integrating
the axial velocity profile, they obtained a critical angular velocity at which the
backflow zone initiated. They also found that the critical state was reached when

the difference between the two pressure profiles was minimal.

Hallett [26] used a simple momentum integral model to estimate the critical
swirl intensity required to produce central recirculation in a swirling sudden ex-
pansion flow. Representing the tangential velocify by a Rankine vortex and the
axial velocity by a linear relationship up to the solid body core boundary and a

uniform value afterwards; he derived an explicit expression for the inlet critical
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swirl needed to initiate downstream flow reversal. The derivation was carried out
by applviug’ conservation of mass and momentum in conjunction with an extra
_assumption requiring stagnation of the flow on the axis. The critical swirl was

found to be a function of expansioh ratio and inlet velocity profile shape.

A number of authors have used finite difference techniques to solve the govern-
ing differential equations, generally with the aid of the x — ¢ mode; for turbulent

exchange.

Kubo and Gouldin [27] developed a numerical procedure based on stream func-
tion and vorticity with two turbulence equations to study the presence of flow
reversal for annular swirling jets issuing into a sudden expansion. Effects of intro-
ducing a secondary swirling jet through the hub, of the axial velocity ratio of the
two swirling flows and of Reynolds number on the formation, size, and location of
the recirculation zone were investigated. The critical swirl for which the backflow

"zone appears was obtained as a function of axial velocity ratios. It was found
that increasing the axial velcn.city ratio caused an initial steep drop in critical swirl

followed by an approach to an asymptote as the axial velocity ratio tended to

infinity.

Rhode [10] used finite difference methods to numerically solve the governing
equa'tions in order to predict the effect of side wall angle, swirl intensity, expansion
ratio and the turbulence intensity of the inlet flow on swirling jets issuing into an
expansion. In regions close to the throat, due to the high turbulence intensity of
the flow, the predictions did not match the experimental data. However, after two
throat diameters, the agreement was quite good. The deficiencies in his predic-
tion were also attributed to an inaccurate specification of velocity and turbulence

distributions at the inlet to the test section.

24



Dixon vt al. [13] used a numerical solution of the time mean ;quations gov-
erning conservation of mass and momentum, supplemented by a two-equation-
effective viscosity turbulence model, to predict the aerodynamic behaviour of an
unconfined swirling jet emerging from an annular divergent nozzle. Maps of the
backflow. zone and the predicted velocity profiles were presented in conjunction
with experimentally obtained values to examine the effect of varying the level of

swirl on'the central recirculation zone. The predictions adequately represented

the measured quantities.

Rao et al. [14] developed a computer code to predict the three velocity com-
ponents, utilizing the x-¢ turbulence model for a vane-generated swirl issuing into
a sudden expansion. The model accurately predicted the axial velocity proﬁles‘
and the occurrence of a backflow zone for all swirl strengths, while the tangential
velocity predictions indicated large deviation from experimental results at high
swirl intensities and regions near the throat. They attributed this deviation to the

high turbulence level of the flow unider such conditions. -

Ramos and Somer [17] developed computer codes using two two-equation tur-
bu.lencelmodels (#—e¢and kK — 1) to predict the flow behaviour for confined
concentric swirling flows under both co- and counter-swirl conditions. These mod-
els use an isotropic eddy diffusivity and solve the equati;ms for turbulence kinetic
energy and the turbulence length scale. They predicted the existence of a backflow

zone under both conditions. Their predictions were verified by LDA measurements

under similar conditions.

Escudier and Keller [28] proposed a uniform axial velocity and Rankine vortex
model for tangential velocity distribution to derive the expression for the critical

state, in a cylindrical tube. According to their findings , the flow upstream of the
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back flow zone is in a state where waves can not propagafe upstream.

Escudier and Zehnder [11] | proposed a criterion for vortex breakdown at a
fixed location in the tube. They suggested that breakdown occurs when the local
Reynolds number becomes proportional to the cube of the circulation number and

the radial to tangential velocity ratios.

Escudier [29] proposed a rnodf:l for the tangential velocity profile given by

I['(1- e'"'z"‘sz) wr
2mr + P}

where w is the tangential velocity, T is the circulation, § is a measure of radius of
viscous core, w 15 thé angular velocity of the vortex, and r is the radial distance
from the axis of flow. The first term of this equation was derived by Burgers
(28], while the second part was introduced by Escudier to account for the effect of
Taylor—GBrtlér vortices that form on the tube wall, mix up the fluid outside the
core and result in a rel;'ltively uniform and stable vorticity. The Taylor-Gortler

vortices are even more pronounced for jet-driven vortices.

2.3 Summary

As both experimental and analytical work of other researchers in swirling flow
shows, the focus has moétly been on the effects of various upstream and down-
stream conditions on size and shgpe of the backflow zone. Although some authors
have given estimates of critical swirl intensity at whicli the central recirculation
zone initiates, these estimates had been obtained in the process of studying the size
and shape of the recirculating bubble. The only actual measurements of critical

swirl in a turbulent sudden expansion flow are those of Hallett and Toews [3]. The
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other results for critical swirl are for gradually diverging tubesi and for laminar or
ncarly laminar flow. Only two mathémapica.l models for explicit prediction of the
critical swirl in a sudden expansion are available, those of Hallett [25] and Bossel
[22]. Because Bossel’s model assumes quasi-cylindrical flow, his prediction that
the critical swirl intensity' approaches zero‘as the expansfon ratio tends to infinity
is unrealistic and the validity of his model is confined to small expansion mti‘os.
Kubo and Gouldin [27] are the only authors to use a finite difference model to

predict the critical swirl but their results have not been checked against experi-
mental results. There is therefore a need for both experimental and theoretical
work on the critical swirl in a sudden expansion with a central hub. The present
investigation deals particularly with measurement and prediction of the critical
swirl intensity as a function of velocity distribﬁtions at the throat for bun annular

swirling jet issuing into sudden expansion. -
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Chapte.r 3
Experimental Procedure

The purpose of the experiments was to measure the minimum (critical) swirl re-
quired to produce central recirculation in a sudden expm!‘!sion as a function of
exéansion ratio and hub size. Two steps were requjfed for this : Flow visualiza-
tion was first used to establish the apparatus conditions required to produce. the
critical swirl, after which thg velocity profiles at the expan.sion inlet were measured

and integrated to obtain the critical swirl number.

~

3.1 Experimental Apparatus

A schematic diagram of the experimental apparatus is shown in Fig. (3.1). Since
the objective is to study the behaviour of annular swirling jets issuing into sudden
expansions, three different annular sections (hubs) are used in conjunction with
four different expansion tubes. Each hub is made up of Plexiglas and is equipped
with a built-in tube of 0.013 m inside diameter to deliver smoke for flow visual-

iz%on and to simulate fuel injection in case of mixing studies. The hubs have

-

5
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diameters of 0,025, 0.050 and 0.063 m, which correspond to ?: rz;_bios.of 0.25,
0.50 and 0.63, where r is the hub radius and r, is the throat radius. The throat
diameter is kept con.stan_t throughout the investigation at 0.101 m . It is also
desired to obtain a flow without a centerbody, so that a comparison can be made.
To achieve this, a special hub is used which extends only to the swirl generator. A
sliding smoke lance is incorporated with this hub and is placed a3 far possible from

the throat as the visualization resolution allows. Fig. (3.2) shows the schematic

of these hub sections.

Four expansion sections of 0.125, 0.163, 6.200 and 0.300 m diameter, corre-
sponding to expansion ratios 2 of 1.25, 1.625, 2.0 and 3.0, are also used to
study the effect of expansion ratio on critical swirl. These expansion sections are

also made up of Plexigla.é, so that flow visualization can be carried out.

The expansion section is connected to the throat by means of a pair of circular
flanges on one side and to a circular duct leading to the blower on the other side
by the same arrangement ( Fig,. (313) ) Different sizes of flanges are designed to

accommodate each expansion section.

A blf)wer draws air through the test rig. Air enters through a pair of ASME
sta.ndar)d nozzles which are used for flow metering . One of the nozzles delivers air
to the axial air delivery tube, while the other one delivers it to the back of the box
where it enters the swirl generator . Before entering the swirl generator, tangential
air has to pass through a cloth screen where both dust; and larger eddies of the
turbulent flow are trapped, resulting in a cleaner and more uniform air delivery to
the swirl generator. The mass flow rate of air delivered through the nozzles can
be varied independently by using a pair of sliding gates. Each of the flowrates is

monitored by a water manometer placed on a 7.7 degree slope. The total flow rate
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can also be controlled by a slider gate at the entrance to the blower. The air is

exhausted to the outside atmosphere by a long circular duct.

Minimizing leqkage in aerodynamic studies is of great importance. Any leak-
age into the main box would result in a higher mass entry into. the system than
measured by the manometers, since the entire system' is under suction. In the ex-
pansien section, any leakage would result in a higher radial velécity and complex
effects on the axial and tangential velocity profiles. It would also lead to a possible
air flow measurement error depending on the location of the leakage. To minimize
this, every joint, flange conne.ction and any other place that could cause a leakage

is heavily sealed by silicone sealant and then by a thick layer of duct tape.

3.2 Swirl Generator

The heart of the experimental rig is the swirl generator. Methods of inducing swirl

in a stream of fluid can be divided into three principal categories:

1. Tangential entry of air into a cylindrical duct.

2

. Axial or radial vanes in axial tube flow.

3. Rotation of mechanical devices which impart swirling motion to the fluid

passing through them ( eg. rotating tubes )

~

Tangential entry and guide vane generators are extensively used in practice
while rotating bodies have only been employed in academic experiments. Figures

(3.4) to (3.6) show a schematic of each type of swirl generator.
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In this investigation, a ta.ngentiai plus axial swirl genera.for:-, l‘a moedification
of thé: design of Hallett {30} , is used ( Fig. (3.7) ). The swirl generator allows
both the swirl inteﬁsity and the shape of the axial velocity prof‘i.le at the swirler -
. exit to be varied independently. Swirl ig, produced by admitting air through fo-\;m “
E\afpgential inlets of length L. The angulé.r momentum imparted to the flow can
be controlled by means of a sliding sleeve which varies L. Each tangential port
is equipped. with a moveable partition attached to the sleeve and a bell-moutl}ed
entry in order to produce uniformity of the inlet velocity. By admitting a secondary
non-swirling stream of air to the system ( hereafter referred to as “axial air” ), the
swirl intensity of the resulting flow can be reduced . By regulating the proportions
of air introduced tangentially and axially as well as the length L both the swirl
intensity and the shape of the axial velocity profile at the swirler exit can be varied

[30] . In practice the degree of variation of profile shape was found to be slight,

and L was held fixed at 100 mm.

3.3 Flow Visualization

;

In order to ascertain the flow conditions necessary to initiate the central toroidal
recirculation zone formation, flow visualization is used. The flow condition is given

by the swirl intensity { i.e the proper ratio of tangential to axial air flow ) for a

given sliding sleeve position, L .

After unsuccessful attempts to visualize the flow with tufts and paper “flags”,
it was decided to use smoke introguced through the central hub to make the flow
" visible. Two different methods of smoke generation were tried in an attempt to

maximize resolution and minimize maintenance. At first, smoke obtained from

31



burning wood chipé was used. Figure {(3.8) shows a schematic of the apparatus.
The smdke, was accompanied by a large amount of tar which was deposited in
tubiﬁg and on the expansion section wall , causing clogging of the tubes and
obstructing visﬁa.lization,of the low . To minimize these pfobléms,'the incoming
smoke was condensed at two d.ifferent stations, leading to partial extraction of tar
from. the smoke. The first condenser consisted of a circular container equipped
with water cooled spiral tube. The smoke entered the container frbm one end,
passed through the water cooler unit and then exited. At the second station, tar
was further condensed by allowing the smoke to impact on the surface of water in
an Erlenmeyer flask. However, the tar level still remained high. Filtration using

a column of tffrcoal was tried, but resulted in a great reduction in the visibility

of the smoke. Owing to these problems, it was decided to abandon this method.

Much better success was achieved using smoke from titanium tetrachloride ,
TiCl, [31] . Flow visualization was carried out by means of the fumes given off
by liquid titanum tetrachloride when exposed to moist air. TiCl, is a light yellow
" liquid with a pungent acid smell. The liquid deveiops dense, white 710, fumes

when brought in contact with moist air as a consequence of the following reaction:
TiCly + 2H,0 = TiO; + 4HC!I (3.1)

The apparatus used to produce the fume is shown in Fig. (3.9). In order to delay
the formation of the fume until it reaches the expansion section, the incoming air
l;ad to be dried by passing it through a column of dessicant. The fume was deliv-
ered to the expansion section by means of the smoke lance in the centerbody. This
method proved to be very effective. TiCl; is non-lammable and non-explosive,

but reacts strongly with water. It is very corrosive and toxic owing to the for-

mation of hydrochloric acid. Its vapours should not be inhaled and safety goggles
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should be used to avoid any possible contact with eyes.

-~

To enhance the contrast in the expansion section, the rear:interior of the plex-
ig'la.ss _tube was painted black and the rear exterior .covered by black construction
paper . A box covered by black curtains was placed in front' of the test section
in order to minimize surface reflection due to exterior lights in the laboratory. To
further enhance the contrast, two high-powered photoflood lainps were used to’
illuminate the test section through a narrow opening provided on the top of the
expansion section. This arrangement gave a thin "sheet” of light, so that a cross

A

section of the flow was obtained ( fig. (3.10) ). ' .

To determine the required mass ratio of tangential to axial air required to
initiate flow reversal at a fixed sleeve setting, the tangential gate was left, fully
open and the axial gate was gradually opened until the transition regime was
reached. The reverse of this procedure was also followed by leaving the axial
gate partially open and by gradually incfeasing the tangegtial flow until trahsition
was reached. The reverse procedure was applied to check for hysteresis in the

flow. Thus transition zone is characterized by an alternation of recirculating and

non-recirculating flow, the latter usually being a periodically precessing flow.

3.4 Probe Measurement

3.4.1 Probe Measurement Apparatus

1Y

Once the flow condition for the o'nset\\of vortex breakdown is determined by flow
visualization, a five-hole Pitot probe is \lnserted into the flow to measure the three

i v
velocity components and the local static\pressme. The probe diameter is approx-
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imately 0.005 m. Figure (3.11) shows a schematic of the probe. Two pressure
transducers of 10 and 100 Torr capacities are used in conjunction with a valve
board and a chart recorder in order to measure these pressures. Fig. (3.12) shows

the set up for the valve board and the transducers [32].

The probe is provided with a protractor which reads the pitch angle, ¢, of the
flow and is fastened to a holder by means qf_ two clamping screws. The holder
is fixed onto a traversing slide 'by means of a support of adjustable height. The
slide is used to measure the radial location “('Jf the probe head in the throat area.

A schematic of the probe, slide and probe insertion in the throat area is given in

Fig. (3.13), Y

by

The probe is operated in what is referred tb6 as the null mode : the probe is
rotated abogt its shaft until (Py — P,) = 0, at which poi‘nt the pitch angle is
read off the protractor on the probe shaft. The remaining three pressures,. namely
(P, —P), (Pb—PFs) and (P, — P,), where P, P;, P;, P,, Ps and .Pw refer to
the pressures at the probe holes 1, 2, 3, 4, 5 and the wall mounted pressure tap,

located on the throat wall about 0.05"m from the expansion, are then read and

combined to give the yaw angle, x, of the flow which is related to the pressure

coefficient, B, by means of a calibraion curve. B is defined as :

Py — P

B="t""3
P, - P

The dynamic and total pressures are then calculated using two further coefficients

: .-_Pt_P.!
N COEFT/ =P - P
_ P -P

COFTP_R—P,-
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These equa.t:ons are curve fit to calibration curves for the probe The cali-

bration curves and the method of obtmmng them are discussed in the following

sectlon. : . !

. .
3.4.2 Probe Calibraj:i_on

The probe is calibrated by a non-swirling jet of known characteristics, i;ssmling from
a.r‘l .‘.XSME nozzle. The calibration procedu.r;a was developed by McGrath [32]. Fig.
(3.14) shows t‘he set up of 'the calibration apparatus. The probe tip is placed at
the center of the potential core of the jet. To calibrate the probe, it is introduced
into the jet at different yaw angles, x, and the required pressurc differenc'es are
measured. The yaw angle is defined as the angle between the normal to the nozzle
centreline and the probe sha.‘ft. The measured pressures were (Py - Ps), (P, - P)
, (P, - P} and (P, - Pom).” The total pressure of the jet, P, is th&:/nozzlc back
pressure in the calibration unit , and P, represents the barometric pressure which
is also the static pressure in the jet. The probe was calibrated at both high and
low nozzle velocities ( 13 and 41 m/s ) to check for a Reynolds number dependence

of the calibration, but none was found.

=

ﬂ
After the measurements were completed, the data were plotted. The three

plots are presented in figures (3.15) to (3.17).
o (Py— Ps)/(Py — P2) vs. yaw angle, so that the yaw angle can be predicted.

o (P, — Pym)/( P — Py) vs yaw angle, so tha.t the velocity pressure coefficient,

COEFYV , can be predicted from the yaw angle.
e (P,—P,)/(P,—P,) vs yaw angle, so that the total pressure coefficient, COFTP
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o
~,can be predicted from the yaw angle.

¥

Each on these curves is then fitted by a ninth degree polynomial: .

(Broa8dl  if B <0.1779 (3.2)
X = =
(B+0300) ;¢ B> 0.1779

0.0453

COEFV = 0.96+(2.207 x 107%y) ~ (8.027 x 10~5y?)
+(3.418 % 107%x%) + (2407 x 107 "x*) — (3.136 x 107%x®)
—(1.169 x 1071X%) + (1.494 x 107" ™) + (2.875 x 107*y®%)

4+(4.755 x 1071%y?) (3.3)

COFTP = —(1.000x 107%x) — (2.577 x 107*\%) — (4.026 x 10—_6X3)
—(4.129 x 107 x*) + (8.540 x 10-2x%) + (2.800 x 10~195°)
~(6.683 x 10~'%x™) — (6.802 x 10~"x®) + (1.926 x 107'°y°)

I (3.4

3.4.3 Probe Measurement Technique .

The following steps are followed in order to proceed with flow measurements at

the throat:

1. the atmospheric temperature and pressure and the readings of the two mano-

meters connected to the flow metering nozzles are recorded.
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After the probe is inserted into the flow, the opening in the fange is com-

pletely sealed and the whole apparatus is checked thoroughly for any possible

leakage.

. The probe is nulled ( aligned with the flow ) by rotating the probe until the

pressure difference ( P, — P3 ) is zero. Once the probe is aligned , the a.pgle
of rotation ( pitch angle ) , is read from the attached protractor with an
accuracy of £0.5 degrees. To set the zero angle on the protractor, the probe

is nulled in a non-swirling flow ( pure axial air flow. )

-—

Once the probe is aligned, ( Py - Ps ), ( P, - P, Yand ( P, - P, ) are
obtained by changing the valve positions on the valve board. P, 1s the,wall
pressure just upstream of the throat and is used as a referer;ce pressure. It
is measured by a pressure tap inserted in the wall of the test section, about

J
2.0 cm from the throat.

Measurements are taken radia.l&-y, starting from the hub surface and proceed-

ing toward the throat wall in 2.0 mm increments.

One measurement of ( P) - Py, } 18 taken at one of the measurement stations

halfway between the hub and the throat surfaces. so that the wall pressure

can be calculated.

P

The traversing slide reading at each measurement point is recorded and
compared with the reading at the center of the throat cross section. The

slide’s scale could be read with a vernier to within 0.05 mm.
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3.5 - Data Reduction Program - : .

‘To obtain the three velocities and ‘the static pressure from the five hole probe

measurements, a computer code was developed. The ‘code had been originally

developed by McGrath [32], but was modified and converted from FORTRAN to

BASIC for the present investigation.

In order to initiate the program, the following data are stored in a data file:

Test section diameter in inches.

Hub diameter in inches.

L 4

Swirl generator slider opening in cm.

Room temperature in °C.

Barometric pressure in Torr. )

Tangential and axial manometer readings in cm. H,O.

Id
Number of measurement points.

(\qa- P ) in Torr. : ‘ |

.

Measurement of ( Py - Py ), ( P, - Py ), ( P, - P, ), pitch angle and slide

reading at each measurement point.

After converting the above data into SI units, the yaw angle, static pressure

and dynamic pressure were calculated using the equations in section 3.4.1

e The wall pressure, P,. is calculated from the measured ( P, - P, ) at the

location where { Py 5 P,,, ) is taken, using the following equation:

38
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Py = (P = Pun) = (Pi~Py) - (39)
e The local density of air, p, is calculated from the ideal gas law.

e the total velocity, V;, is calculated in the following manner: |

{ P, - P, )is equal to the dynamic pressure, so that

1 .., ‘
(P.—P,) = zpV}? (3.6)

therefore

v - \/QCOEFV(PI-—PI)

(3.7)
i)

1

e The axial velocity u , the tangential velocity w , and the radial velocity, v,

are determined using the measured pitch angle and yaw angle:

u = V,Cos(x)Cos(¢) | (3.8)

v = WV, Sin(x) _ (3.9)
il

w = ViCos(x)Sin(t) ' (3.10}

¢ To have an estimate of the total mass entering the system, and also the por-
tion of the mass that has to be swirled to initiate the vortex breakdown, the
tangential and axial mass flow rates are calculated from the two manometer

readings, using the following equations :

P!an )&zﬂ
133.32 ° T

M, = 7.836 x 10"3\/(&,," - (3.11)
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Pﬂ: Pﬂi‘.‘

133.32) T (3.12)

M, = 1.9056 x 1073 \/(Pm‘ -

where M; and M, correspond to the mass flow rate through the tangential

and axial gates, and P, and P,, are calculated in X Pa from
Pran = (98.1 Sin(v)+ 0.4807) LT

P.. = (98.1Sin(v) +0.4807) LA

where 7 is the inclined manometer’s angle with the horizontal and LT and
LA correspond to the tangential and axial manometer readings. The total
mass flow rate ( M, + M, ) is then calculated a.nd 1s compared with that

integrated from probe measurements as an estimate of probe error.

3.6 Integral Quantities

In addition to the mentioned quantities, a number of Antegral quantities were
calculated by numerical integration of the measured velocity profiles using the

trapezoid rule , so that a better understanding of the flow could be achieved:
! s

e Mass flow rate at the throat,
T
My = 27.'] purdr (3.13)
. s
e Volumetric flow rate at the throat, Q@

0 = 2::/” wrdr (3.14)

Th
* Reference axial velocity, U,y
Q

Upey = ——2——
STt )

@ 40



¢ The Reynolds Number based on the forward flow, Re

Re = Wees(ry—ra)

= (3..16)
¢ The axial flux of axial momentum, T

T = 2n /rl pulrdr (3.17)

. Th X

and in non-dimensional form
T
Tp = ——— .

2 = Uy (3.18)

The mass flow M, integrated from the axial velocity profile is used in calcu-
lating dimensionless quantities rather than the mass flow determined from

£

the flow meters in order to roughly cancel out any probe error in measured

quantities such as T.

The axial flux of tangential momentum, Q

Q = 27r/‘puwr2dr {3.19)
Th

e )
and in non dimensional form, Qp
Q

Qp = ————
7 Ma Uesri

(3.20)

Swir! Number , § was calculated from the definition given in equation (1).

Q

S:rl_,.r

(3.21)

The swirl number and Qp are two alternative parameters for characterizing -
the swirl intensity. The swirl number is the more widely used of the two.
However, the dimensionless angular momentum flux has been used in this

thesis, as it is easier to compare to the results of the theory to be developed
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e - h - .
later. The two are very similar in value. Since any departure from a uniform

axial velocity will cause T to be greater than My, U,.s, the swirl number, S,

is generally less than the dimensionless axial flux of angular momentum.

e The static pressure drop in the radial direction, ( P, - P, ), can be theoret-
ically estimated by a simplified form of the radial momentum equation ( see.

chapter 4 )

2 &

. ;- w2 -
(P, - P,) = f p-dr (3.22)

¢ The angular momentum flux stream function, 2y,

2r I puwridr

Q

qunc = (323)

Each integral was calculated numerically using the Trapezoid rule. The data

reduction program is presented in Appendix (A).

3.7 Probe Measuremeht Errors

Multi-hole probes are frequently employed for turbulent fow measurements. Such
Iﬁrobes measure the total velocity vector’s magnitude as well as its direction. Pres-
sure and velocity gradients, flow confinement, proximity of flow boundaries, tur-
bulence intensities and ﬂoﬁ perturbation‘ are among the sources of erfor related
to the five hole probe measurement (36] . Little information is available about the
effect of turbulence on the five hole probe, but the effect is known to be significant

at high turbulence intensities and it is expected to result in higher measured ve-

locities, with an error proportional to the square of turbulence intensity 37] . In
: \
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practice, although turbulence is known to influence the probe response, the effect

is frequently ignored {36].

The effect of shear on a five héle probe is significant in regions of high velocity -
grac_lient‘ and can be expected to result ih an en:or for the direction of the total
velocity vector [37] . At regions of high velocity gradient adjacent to the hub and
throat sgrface, the probe would yield axial velocities that are high and tangentinl

velocities that are slightly low [37] ;
\\-_r.,.___‘

In turbulent flow, a probe is subject to varying yaw and pitch angles and vary-
ing velocity and static pressure magnitudes. The maximum yaw and pitch angles
to which the five hole probe operates are limited ( +40 degrees ) and consequenfly

experimental problems arise when the flow direction is highly vanable.

Flow disturbances by the probe are another source of crror in experimental
_ measurements using five hole probes. Well—knqwn examgples of flow perturbation
are probe blockage in confined flows, flow distortion when\{';;easuﬁng in the bound-
ary layers, generation of secondary flows, tripping of flow instabilities and local
ﬂpw changes. Occurrence of each of these perturbations is subject to prebe ge-
ometry, location in the flow ﬁeld; the apparatus configuration and flow conditions

{36]. Gouldin [36] notes for swirling flow the potential for secondary flow along the

probe support toward the vortex core when a probe is introduced perpendicular

to the vortex axis.

The interference of the probe in swirling flows can be avoided if the probe
dimension is much less than the thickness of the vortex core [36). Since in turbulent
flow, the vortex core is found to be much larger than in laminar flow, a perturbing

probe in laminar flow may be small enough to be non-perturbing in turbulent
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ﬂow (36]. In addition, the axial vortex ﬁlame.nts' which corﬁprise the vortex core
are usually undisturbed upstream of the vortex breakdown in laminar flow. The
introduction of the probe locally disturbs these filaments and the downstream
propagation of Such disturbances causes a significant change in the flow far away
from the probe [36]. But in a fully déveloped turbulent ﬁoﬁv, such filaments are
already highly distorted and the insertion of the probe adds no significant new
distortions (36]. The evidence indicates that turbulent flows with low or moderate
swirl levels ‘appear much less susceptible to probe perturbations than laminar

swirling flows [36}.

With all the rprobe measurements made in turbulent swirling flow, there have
been very few references to significant disturbances induced by the probe. Com-
parisons between velocity rnr‘ surements made with probes and laser Doppler ve-
locimeters showed differences as would be expected due to the large number of
possible errors associated with probe techniques, but the differences do not sug-
gest significant probe distortions [36]. Measurements of Rhode [10] using a dummy
probe of the same size and shape as the one used in the present research, proved
the disturbance effect to be negligible, while Mahmud et al. [37] suggest that the -

perturbation effect is less than 10% . ’

The overall error in these measurements was estimated by comparing the mass
fows measured by the manometers ( equations (3.11) and (3.12) ) with those
calculated from the axial velocity profiles ( equation (3.13) ). This error reached
a maximum value of about 6.53% too high. This is thought to be mainly due to
the eﬁects of turbulence on the measured pressures [36]. Hallett and Toéws (3]

reported a 7% error while Rhode [10] found it to be about 5%.

No experiment to determine the extent of flow disturbance by the probe was

[
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conducted. But measurements of Rhode [10], using a dummy probe of the same
size and shape, proved the disturbance effect to be negligible. Also, the pressure

transducers were regularly calibrated to ensure their accuracy.

The manometers had a +1% fluctuation in their readings due to turbulence,
which in turn suggests a +0.5% error in measuring the mass flow { the mass flow
rate i§ proportional to f‘he square root of the pressure read from the manometers,
and therefore the error in measuring the mass flow is one half of that incurred
during reading manometers: ) In addition, flow visualization was most erroneous
when the largest hubs or the smallest test section were being used. This was due
to the large wake associated with the larger hubs and the fast dissipation of the
smoke in smaller test sections. Assuming that all the velocity components are in
error in the same proportions as the probe measured mass flow, one could deduce
that this error would cancel out if dimensionless quantities were used to represent
the flow. To non-dimensionalize, ..y based on the integrated mass flow rather

than on the metered mass flow was used.
z a

Examining figure (3.16); one would expect a symetrical behaviour, with re-
spect to the null angle, from the probe. The manufacturer’s provided calibration
curves are also very similar to the present calibration curves. Therefore, one may
not include such behaviour as part of the overall probe measurement error. The
unsymetrical behaviour may only be attributed to the fact that the pressure holes

at the tip of the probe might have not been bored to absolute perfection.
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Figure 3.11: Five hole pitot probe
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Chapter 4

\ .. ‘ ) \ . J}.

Development Of A Math;amatlcal
Model To Predict Critical Swirl

Intensity

In thds chapter 3, mathefatical model based on the momentum integral method
is developed to predict the critical dimensi'onless angular momentum flux of an
annular swu'hng jet 1ssumg iito a sudden expansion. The word critical refers to
the minimum swirl needed to initiate fow reversal on the 'L‘{lb Tlg‘ mo(ld assurmnes
_simple forms for the velocity profiles at the throat and at the 1n<:1p1cnt recirculation
zone, allowmg the equations of motion to be integrated. The resulting algehrac
equations, together with an e*cpreqsmn for the stagnatxon of the flow on the axis,
are then solved for the eritical swirl intensity. To test the model against the

experimental data, a proceinre is developed for fitting the chosen velocity profile

shapes to the data.

=
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4.1 Derivation Of The Governing Equations, 7
The governing eq-uaAt_ions, namely the integral equations of conservation’of mass
and tangential and axial momenta, are directly derived from the Navier-Stokes
cquatiéns in cylindfical coordinates. These equations are : H |
r— compbnent ' - s

w P TTe T e

‘ _Ip 18(rv) 10% 20w 32
+ [ar (r Jr )‘-+T’2892— r? gf % Ir (+-1)

§ — component

*\- ;
(Ow BQ w dw 'vw )
P

5 Tt “ Bz
10 1b 1) 1 20 wl
P [31‘( (o )+—5 +—-—E+—— +pga (4.2)

a6 tH|a\r ) Trae T e T o

£ — compornernt

’ ¥
, (au du wdu au)

fUm = U

9t "or ro8 Oz

_&p 19 Bu 1 62 8*u I
2: "¢ |rar \"ar) T ae T o] TP - @3
The continuity equatlon is also deﬁne&s ( ' ¢’
0p 10 100pw)  Aew _ (o)

A pri e v LDk ety B S
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. ywhere g¢., gs and g, are gravitational effects in the three directions. _ )

The derivation is carried out under the following assumptions :

Flow is assumed to be%ncpmpressible and inviscid.

Flow is assumed to be axisymetric, with changes to the properties occurring

only in axial and radial directions.

e Air is assumed to behave as a perfect gas.

Flow is assumed to be steady and isothermal.

Gravitational effect is neglected.

Applying the above assumptions to the above equations simplifies them to :
. ) :

Ou Ju 1dp ' -
UE 3_3: ;ax (4.7)
: v Ov  Ju . ‘
P - ‘ ;+a—ﬁ+a—$—0 (4.8)
SK © Multiplying equation (%.8) by r and taking into account that
y ar :
— = : 4.9
, Ox 0 (+.9)
\’;re have !
v .
O Ju ar  9(ur)
e~ "o oz (4.10)
af dv dv 3] d(vr) '
r—a—r.-{Tv = rar-i-var =7 ’ (4.11)
~ N
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Thercfore, equatidn {(4.8) simplifies to

aur) , B(vr) _ ‘ 1o
Oz + or =0 , (4.12)

o «&
Multiplying equation (4.12) by u and equation (4.7) by r, adding the two equations

and simplifying we get : ;

F A(u’r) + druv) _ _:_(_9_3 (4.13)

Oz or p Oz

Multiplying equation (4.8) by v, adding it to equation (4.5) and simplifying results
n |
duv) v v w?  18p
—+—t— = — = 4,14
. _ Oz + or + r a (4:14)
Similarly multiplying equation {4.8) by rw? and equation (4.6) by r*, adding them
. and simplifying results in :

%(rzuw) + %(r%m +2row =0 (4.15)

Equations (4.12), (4.13) and (4.13) are now integrated over the cross section

of a cylindrical tube of radius R. The boundary conditions are °

' du OJv Jw
u—.viw—g—-a—zﬂg—() (4.16)
. Substituting this into equation (4.12) results in :
| ag,:) =0 = % =0 ©(4.17)

LY

) . . )
Equation (4.12).on integration becomes

R R b o 8 . ' Y ’
/ Mdr+fmdr =0 o (L18)
g ot Oz o Or ) :
Integrating and applying Leibniz’ rl(de . "‘/ - \
| e Y _
i . . d (R :
, » -C—{;/ urdr = 0 ' (4.19)
0
‘,1’ .
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.e. the volume flow rate is constant.

Equatmn ( 4.13.) on integration becomes a condition for preservation of the

“thrust” { axial momentum ﬁux plus the pressure force ) o

. o ' : - 49
-1 [/0 pu’rdr +/0 prdr] 0 (4.20)

Since the flow measurements are taken at the inlet to the eﬂcpansion, the swirling
jet has not had a chancé to expand yet and the ra.d:a.l velocities should be very
small. ‘Such an a.ssumptlon is supported by the radial velo¢ity profiles rneaburcd
in the present experiments and those reported by Mathur and Maccallum (5] and
Rao et al. [14] . Therefore the integrated equation (4.15) requires conservation of -

arigular momentum flux.

d (R
—_ j puwrdr} =0 (4.21)
dzr \Jo
Finally, if the radial velocity is small, equation (4.14) can be gpproximated by
2 i
Y~ 1or . (4.22)
r por

which is a balance between radial pressure gradient and centrifugal force. The

- = const., o (4.23)

= const. ' (4.24)

4.2  Prediction Of The «Critical Dimensionless

 Axial Flux Of Angular Momeritum

A momentum integral model for prediction of the critical dimensionless angu-

3 - .C' P v .
lar momentum fux is presented in this section and an explicit equation defining
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. (§2p)crit is derived. The model is an extension of one developed for hubless ﬁb\v. .
by Hallett {26] . First, generalized equations Iepresenting tb:einlet tangential and
axial velocity profiles and the downstream profiles at the point of commencement
of vortex breakdown are proposed, and then by using conservation of mass and
momenta 1n conjunction with the assurﬁption of stagnaf:ion on the axis of the flow

LS

(2D)crir. 18 obtained.

The inlet tangential velpcity of the swirlingl'jet is represented by a Rankine
_vortex having a core radius of a;. Measurements of Escud{er and Keller [12] for
== 05 and. those of Beltagui and Mé.ccall@ [7] suggest the existence  0£ a
two equation. profile inside the forced '\‘.';(L)rtex region for low a.nd medium swirl.
As a result, a three piece modified Rankine Vorte;\': for the tangential velocity

distribution is proposed as :

w = whfg for 0L<r<r,
w = wp+(we —wa)FTAE for 1, <r<a - (4.25)
w = = for e <r<m

where w, is the tangential velocity at the edge of the hub and w, is the tangential

velocity at the solid body core boundary defined as

T
L= = 4.9
w o | (4.26)

Therefore, a straight line connectiﬁg the origin to the Iieighbbrhood of the first
" measurement point and another straight line stretching from the first measuremerit
point to the point of maximum taﬁgentia.l velocitjr would sufficiently deﬁné the
tangential velocity. inside the solid body core . The geometry is shown in figure

(4.1). A straight line stretching from the origin to the point of maximum tangential
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velocity would have the following equation

w r o -
w’ = I_ﬂr = —21‘ : (4.2‘)
g ay

while such a line at the surface of the hub would give a value of

' T '
w, = -c-l—frh (4.28)

wy, can be defined in terms of w, by introducing a coefficient, «

' . ' I\ "
wp = Wy, = %-i—rh . (4.29)
1

Once « is calculated (p = 21}) from figure (4.1), ws could be predicted. Therefore,
. Wy .

equation (4.25) can be restated in terms of e :

w o= %-irr‘-r‘ ' fOT‘ OST<F;; \
w = f{ [arh + (ﬁh) (r — rh)] for rm<r<a ¢ (4.30)
w = L for a; <r<r

r -

The axial velocity is approximated by a linear relationship sﬁggestcd by in-
. . ) = .

spection of the velocity profiles measdred in the present experiments.

‘\\/
u = 0 ‘for 0<r<r,
u = u{(o(¢~1)Z} for m<r<rn | (4.31)
u = 0 ‘ for r <r<r;

where u, is the axial velocity at the neighbourhood of the hub surface, r; is the
* throat radius, r; is the expansion radius and  is a fitting parameter. Figure (4.1)

schema.tica.ll],r represents the velocity profiles. .

-
’

It should be noted that the tangential velocity profile stretches all the way to
c :

the expansion wall, while the axial velocity profile ends at the throat boundary.
' !
™
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Experizﬁenta.l résulﬁs of Beltagui and Maccallum {7}, Hallett and Glt"mt.her [19] and
Yoon and Lilley [16] show that swirl is present for r > r; due to its upstream,
transport by the corﬁer recircula.tior.l caused by the sudden expansion of the flow.
Mecanwhile, tzle same investigations reported a negligible axial velocity for r > r.
For the same reason, the. éahééntial velocity profile extends past the hﬁb to the

axis as well (see So et al. [20] . )

The following proﬁles are proposed for the downstream velocities :

w o= wfZ) for 0Sr<a
w o= w for a;<r<rm | (4.32)
u = ug(;’;)z for 0<r<r,;

where ay is the solid body core radius. These profiles are intended to represent
the state of the downstream flow at the critical swirl, w};en sfagnation of the flow
on the axis has just bgen achieved, and are identical to those used by Hallett [26]
for a hubléss Vﬂow. No measurements exist of a ﬂownt:. this state, but data of
Beltagui and Maceallum (7], Rao et al. [14) and Hallett and Giinther {19] taken
at swirl not far above the critical value support the assumed profile shape. Note -

lokamy ‘
that the tangential velocity beyond the core radiug has a flat profile, in contrast
to the tangential velocity distribution at the inlet to the expansion section which
had a hyperbolic distribution. The task of the model is now to solve for the inlet

swirl I which will produce this critical flow state.
The mass flow rate at the inlet, station 1, is calculated by

M, = 27} purdr

= 2z [0 pu1{C—(C—-1')f1—}rdr

(4.33)
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=

4
‘ -t
| [af¢, L ¢ 4 Lt
%lﬁ le = 27rpu1 {T‘% (E + 5 - T‘i § - (3 == -3-)r—1 (4 4)
where M, is the mass flow rate at the throat. At station 2, the mass flow rate is
given by :
My = 2xn [5? purdr
. 2 Jo* P 2 (4.35)
= 27 [;* pug () rdr
—_n .
% 2 .
= M,; = ‘.?.7:',¢:>ugz2 , (4.36)
Equating (4.34) and (4.36) and simplifying results in
g = 2
Uy .
_ A1 8 (=1) Lap -
wheré -
. : .
Ry = (r—z) (4.38)
N2
R, = (r_’“) (4.39)
T]_l‘
The axial ﬂu#c of angular momentum at the throat, 2, is defined by
i
8]
Q = 27 puwr?dr
Th .
a1 ) Tl T—ry 9
W{_/;h puy [C ((-1) Tl] [wh + (w, — wa) o -*,T‘h] rar
1 I .
+ [ 1)—’7-] BEA (4.40)
. ay T T . [
and after simplifying '
. i Q= '27r_,‘ou1_rr'1221 -‘ (4.41)
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- where Z;'is

(\/Ath"' ) a—ﬂ)-{-
A=) [os + (= 1) (8- )] - "
y (4.
2¢-D(47-5) + $G-a)
G50 (1- 4%) |
and o
) Coap —ar
while at station 2, 2; is defined as
= a L g PV
Q = 2[5 pus( 5w S)ridr + (4.44)
Jaz pua( S ) war® dr]
which simplifies to
5/2 :
Q= (I'uluJ'?_rIRal2 ; f;O ] (4.45)
where ) .
v 2
X = (EE) (4.46)
. \T2 — e .
PR Equating (4.41) and (4.45) and simplifying results in
t ' Wy T z -
§= 2[‘2 Ry 11 A (447)
e R [t - A7
’ The radial momentum equation after simplification by our assumptions reduces
to
~ dp _ Wl
dr P T

which after integration yields a definition for the radial distribution of static pres:

sure at the throar B

-]
[3%]



P

F4

L""“:-.

= por + f§ P dr ' for 0<r <y

=" hpm_i_ﬂ-:ﬁ;_"i.;.f:hp‘—';{-’-dr - for m<r<a
= o+ & {1 2(e -8 In (2)] + ’
B(ay —r4) [2(0‘—)8)'7'1; + %(al +Th)]}f*' ’
[ p  for maSrsm |
(4.48)

where pg, is the static pressure at the axis of the flow at station (1). The pressure

distribution is obtained by integrating the radial momentum equation. Equations

in (4.48) are further simplified to obtain an expression for the throat static pressure
. ' N

profilé :

D1

§ 41

= pm'i‘%(-";)rz ' for 0<r<m,
= put+ G {2 [F+e-8YLIn ()] +

b

Blar—m) [2(a=B)rn + §(r+r)]} for m<rq

o= et & {R[F - In ()] +
Alas —‘r;,) [2(0‘ —B)ra+ ‘2‘(01 + T'h)]
{ +221"2135}- . for ay<r <y
' - (4.49)
At stationI(Q), the integration of the radial niomer;tum equation results in :
1 ~P2‘ = Puz-i-fgpi’:-dr for 0<r<a

: (4.50)
pr = patpd+ [l pldr  for a<r<n

where pg, is the static pressure at the axis of the flow at station (2). After sinpli-

fication

A

Wl [ AT
p2 = Pm*’r'P“g"(;)- for 0<r<a;

pr = pmtpwi[i+In(Z)] for msr<nm

3.
/
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. The axial flux of axial momentum at the throat, Sy, is calculated from

' //,.J ' - 3 =27 {/rl pﬁz.rdr + '/Oﬂ plrdr} - (4.52)
: oL . S

* which after substitution and simpliﬁéation results in

. 'rz 2 o ulr?z )
. Sy =27 {190152 + pTzz + =0 3} _ ' (4.53)
where
g 2 = S (R—-%)+1Ln(3) +

B
?
I
=
?
-
=
P
w®

. A 24 ) - % (1 - Lj% + ' *(4.54)
(o) e (4R
T{g?(u )[RZ——(41+R;,)]+R2—-~11}

and ‘ q

_¢ ¢ 1 AP~ s (- -
Zq = —6— +4- 5 + 5 C?Rh + _5"'_-Rh 2 R2 (4.55)

At station (2), evaluation.of the axial momentum results in : .
% = w{fod () rer + |
B[ ()] e  (458)
) fcr: .[Poz + pwgr(% + Ln (;’:) )] rdr }

Simplification of equation (4.36) results in the definition for S, :

. 9 = o2r {'p-‘—‘—“z fi:‘f?’ + PP + (457).
[ B E ]
<V Fmally, a condition fo;'\stagnatzon of the ﬁow along the axis i¥equired. For a
ﬁ ﬂo;v without a hub, this ts obviously ["6] ' N
| € puf, o

~ Pa (4.58)
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With the addition of a huB, 1o, is reduced nearly to zero, since velocities in the

wake of the hub are negligibly small ( So et al [20] ). However, the external

flow will exert a shea.r stress on the wake reglon which must be overcome by the

pressure gradient in order to stagnate th/ ﬂow The effect of this shear will be:

represented by prc 2 , where up is the veloc1ty at the hub surfacé, so that the
s
'} .
stagnatmn criterion- becomes N
. “i | 5
Poz = Por t+ P‘FT . (4.59)

-

Means for de,termxmng will be dlscussed later.

Applying conservation of axial momentum (<, '—:Ez), and incorporating equa-
$
tion (4.59) results in the following dimensionless quantity :

5
‘E‘:‘ . \ ' '
®? Ry R
. . (p )2=za— BB le—((-1)VE h]  (450)
- - Uy Ty £2 (i‘:. - %"Ln (‘42)) -z, .
. ' Finally, the critical axial flux of angular momentum is derived by using equation
(320) , - : ST .
' ’ o uwridr '
' l Q ., = - Lh - ‘ - (461 )
. . . o ) ( D)crtt T U;:f (T'% o T}Z‘) m ‘Jn )
and substituting eqﬁation (4.41) in (4.61) results in -
U S 9r=zﬁ1' R) T
- o Al r - L .
() o = — U; ( ’ . {4.62)
: . !rl
i
‘ . L )
To find a definition for U,.; from the proposed profiles, we use the continuity
equation : | -
1 : ry T )
2 fr purdr = 27.'_/ pUpesrdr C . o(4.63)
. ra - ™o
5 from which |
: . U,y = 2t - " (a64)
- : ' . 75
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. Substituting (4.64) into (4.62) results in

(@i = (=

uyry

82, (1 Ry)]. o
)[ oy ] (4.65)

‘Equation (4.65) is an explicit relationship which allows for the critical swirl inten-

sity to be predicted from the inlet conditions.

-3

To predi;:t the’solid body core radius at station (2), experimental results of
Rao et al. {14] and Beltagui and Maccallum (7] show that the core radius increases

proportionally with the expansion ratio. Therefore, it seems reasonable to assume

that

2 2
) . P2

af —ry i

(4.66)

2
- The above expression is used to define the downstream core radius, while two other

definitions were tested as well. These were

: 2
[¢5] rs
=] = . 4.67
(.al> , ré—r? | ( )
2 : 2 - .
(“—2) = 2 (4.68)
ai J"f = Th

The model proved to be quite insensitive to the choice of a in prediction of (2D Jeric-
An average difference of about 8% was observed when the results of the latter two*

definitions were compared with those of equation (4.46).

R o
The results of classical boundary layer theory for a circular wake [33] can be

used to obtained an expression for x. According to Schlichting [33] , the axial

velocity on the centreline of a circular wake is given by’

271/3
Uy — g CpTTy
o | —m———t

(4.69)

uy o?z?

where uy, is the flow velocity at the edge of the wake, uq is the axial velocity at the

center of the wake, &p is the drag coefficient of the body generating the wake, o
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is a constant which'depends on the mi:lci.ng length and the width of the wake, and
z is ;:a.ken as the dis_téane from the hub to the point of inception c;f breakdown.
From flow, "\arfisua.lizzition., it was conclude‘d tha.f; z is independent of ry, since the
breakdown occurred at about the same location rega;dlesé of the hﬁb size. On the
| ot-her i’xand, findings of Rao et al. [14] and Hallett a.I;d Giinther [19] suggest that
z is proportional to the throat radius, ry, since there is no evidence that it varies
significantly with the expansion ratio. Equation (4.69) i1s only an approximate
description of the actual flow : it neglects sv;rirl and assumes fully developed flow
and a constant uy, neither c;f which is fully valid. It will therefore only be used to

give the form of a correlation for #, and the power 1/3 will be transformed to an

adjustable parameter A.

Taking the constants out from equation (4.69) and solving for ug results in

2 2A 4A
(f‘_&) =rx=1-2x (E—) + n'f (r—h) (4.70)
Up r ™ .

or in general form
P A 2) o=
K=1-— Tth -+ Tth ('-LI].)
It can be argued that when rj tends to ry, the mass flow in the annulus will become

zero, and & approaches zero. Therefore
l-7+mn=0 — m=r-1 (4.72)

A trfal and error procedure was followed to obtained the proper values of 7, and X
in order to find the most suitable value of k. A computer code in Basic is developed

to compute (Q1p)_,, for each combination of hub and test section. The program is

crit

ncluded in Appendix (B

=1
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4.3 Fitting Model Profiles To The E}‘cpérimen_tal
- .. . : ‘ .

Data !

The inlet tangential velocify of the'swirling jet is represented by a Rankine vortex
having a core radius of a,, and the axial velocity is approximated by a linear
relationship as presented in the previous cﬁapter. This section Ide.scribes how
these profiles ﬁere fitted to the experimental &ata to determine the values of u,

-

¢ and a appropriate to the measured profiles.
5

First, a straight line must be fitted to the axial velocity profile, so that ¢ and

2, can be calculated. From the proposed equations for the axial velocity, one .can

notice that

r=r - U = uy

T'=0=>u=ulC

By inspecting an axial velocity profile, one can easily give an estimate of {. This
is achieved by passing a visual best fit straight line through the profile. Once ¢ 13

assessed, the continuity equation can be used to calculate u,

. /" " [q —(¢- 1)1] rdr = jr' Upeyrdr (4.73)
' Th - 1 Th

After simplification '

Uses -
I_RJ/J]

¢ He-1 [

uy =

(4.74)

The fitting procedure searches for the value of ¢ that minimizes the error

defined by

(=Y

Error, = Z(u; —u;)? (4.73)
=1 X



where u; is the fitted axial velocity at each measurement point, and u; is the
measured value. The fitting is carried out by the computer program listed in

Appendix (C).

The fitting of tangential velogity is carried out so that the mass flow and the

dimensionless axial flux of angular. momentum, calculated by the data reduction

—

program,; are preserved. Using equation (3.19), the axial flux of angular momentum

i3
T 2
Q= 27&'/ puwrdr
rh

and substituting the proposed profiles for the axial and tangential velocities into

equation (3.19) yields

0 = 27 {fr"h'pul[("—(C—l)ﬁ]'[wh'i'(wa—w‘h)l“—'m] .dr+

, _ TR (4.76)
fpm[¢-(¢-1)x]Trar} |

Replacing w, and wy by their definitions, taking out the constants and evaluating
the integrals, yields the final egpression for the axial flux of angular momentum

as
Q = 2wpu, I'ri 2, (4.77)
where Z, is defined as
z = (VAR - B)§-0+
-3 8 # (- D(B- )R] -
2¢-1 (.4?” - 5%) +

{1 - 4)) - G- 47
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and . ; ‘\‘l.l‘. ‘.\'- .
: R, — m)z

m

- — . 2
A o= (2)

- Equation (4.77) is non-dxmenswnahzed by using the average forward velocity cal-

culated by equation (3.13). Therefore

e

R m ref-T1

(4.78)

Substituting the expressions for Q and My, in equation (4.78) and simplifying

results in

2!11]:121(1 —Rh)
Urcj

1p = (4.79)

The proposed model does not take into account the eﬁ'ec,t of the houndary
layer at both the hub's exterior surface a.nd the tube’s interior surface, while -
the measured \lrelocity'proﬁles do possess Bounda.i'y layers. To obtain the same
velocities while preserving the mass flow rate, the eﬁ'ectiﬁe boﬁndaries of the How
are moved inwards by the boundary layer displa.e&gm'ent thic&;ness, as shown In
figure(4.2). Subscripts (1) and (N) in figure (4.2) refer to the measurement sites
adjaceﬁt to the hub and tube surface. The first measurement point is also given a
superscript (') so that it will not be confused with the throa.f radius, ry. The data
reduction program for the five hole probe, presented in Appendix (A), assumes a
h'nea.r profile from uy at ry to zero at r;. Therefore, the mass flow between ry

and r; can be calculated using the trapezoid rule as

M,, = .271'/1 purdr = mpuyry (7T —rx) (4.80)
N .

* The model assumes that at-both ry and ry,, the position of the effective outer .

boundary layer, the axial velocity is uy. Therefore, the mass flow rate between

AN
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TN and Tso is )
My, = 2n f " purdr = 7 puy (13, — %)  (4.81)
N :

Equating equations (4.80) and (4.81) results in d\'deﬁnition for ry,

»

The = V/TNT1 " (4.82)

Similarly, 7, the effective inner boundary, can be calculated by assuming u, at

both r, and ry;, where r'l is the first measurement point after the hub surface, and
¢

zero axial velocity at hub’s surface. Therefore, the mass flow between rj, and r'l,

!
and between ry; and r; would be

L

My, = 2r /rl purdr = w® puy 1f‘ll ( r; — ) ' . (4..83)

]

T

M;; = 2rm jrl purdr = 7 pu; ( rf -r&) (4.84).
Thi
Equating(4.83) and {4.84) results in a definition for r;
Thi = \YTh T"l ’ (485)
Reducing the flow area, by moving the boundaries inward, affects the average

axial velocity. By equating the mass flows in both geometries, the new reference

velocity, U,,, , can be calculated

pUres(rie = 15) = oUses (r] = 13) " (4.86)
2 _ .2

— Ul = Uy b (4.87)
Tho — Thi

The axial lux of angular momentum has to be corrected for the boundary layer
as well. The axial flux of angular momentum between the last measurement point,

ry and the tube wall, as calculated by the trapezoid rule, is

QAO = 27rf ' puwrzdr =.1rpuNwNT'§1(7'1-T'N) (4-88)
TN '
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~where the subscript Ao stands for the actual momenturn flux at the outer boundary.

The fitted profile assumes a 1|11niform axial velocity of uy and a tangential velocity
i : : o _

of w = “&X from ry to 1y, . \The modelled angular momentum flux between ry

and ry, is '

g, = 27:'/

N

Teo 2 : 2
putwridr = Tpunwnrn (T, —Tx) (4.89)

The subscript fo represents the fitted angular momentum flux at the outer bound-

ary. Using the angular momentum stream function, {3junc, 88 defined by equation

(3.23), which is an output of the data reduction program, one can conclude that .

Qjo = (qunc)bo —"(Q'func)N
QAO (qunc )r; - (qunc)N

Since (func)r; = 1 by definition, and (Qunc )nvis already calculated by the

(4.90)

data reduction program, therefore

. 0 ) ' '
. (Q_func )bo = (qunc)N:*' Q‘: [1 - (qunc)Nl (491)

where by virtue of equations (4.88) and (4.89) gﬁ is defined as

Qo TE — 1%
Lo e N (4.92)
QAO rl TN - T‘N .

A similar situation is faced at the hub surface. Proceeding in a similar manner

as for the outer boundary layer results in

Qu _ (r ) () +rE)
Q,ﬁ ZIT"IJ

(4.93)

while the angular momentum stream function gives the following expression for

8y
nAl

Qﬁ — (Q_{unc )1 - (qunc )b:"
Q4 (Qpunc 1 = (Qpunc Ia

(4.94)
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- where, by definition
l (Q,func )h =0
- Solving equation (4.94) for (Qjusc )i yields

Qs .
(Qfune Joi = (Dpane 1 [1 — ﬁfl (4.95)

, /

Due to the inward movement of the boundaries, the fitted axial flux of angular

momentum of the whole flow is reduced to
Q = [( qunc Yoo — ( qunc )bi] Q . ' (4.96)

where Q' is the fitted angular momentum fux. Non-dimensionalizing Q' by the
fitted reference velocity yields
- Q
Q) = e 4.97
D= MU, (4.97)

which after substitution for U, / simplifies to

2 _ g2
Do = Thiy (4.98)

' ™ -
Qp = {(Qun — (Qpure i J(—

D {( June Yoo — ( fﬂ)b}(r’m){r%_rﬁ
where Qp is the data reduction program's calculated dimensionless axial flux of

angular momentum.

In order to preserve the experimentally obtained 2p and account for the bound-
ary layers, it is replaced in equation (4.79) by the value of Qp calculated from the
experimental data. As a result, equation (4.79) can be solved to predict . Equa-
tion (4.79) has two unknowns, namely a, and I, hence a trial and error procedure

is followed to obtain these unknowns:

1. the first measurement location close to the axis is chosen as the site of a

83
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2. Equation (4.79) is solved for I :

QD(I - Rh)Ur:cf 1
211131

[ = (4.99)
3. These values of a; and I give a trial tangential velocity profile. |

» :
4. The sum of squares of the differences between the trial fit and the experi-

mentally measured tangential velocities is calculated using

n

Error, = 3 (w; — w;)? - (4.100)

i=1
where w; is the fitted tangential velocity at the i** measurement site and

g Wi _is the probe measured tangential velocity at the same site.

5. The next measurement point is chosen as the site of a; and steps 2 to 4 are

repeated until all measurement locations are covered

6. Finally, a; is chosen such that the model profile would yield the least squm‘cd‘

€ITOor.

To calculate T’ from equation (4.99), the experimental parameters must be
corrected for the boundary layers. Therefore the following replacements must take

place before the fitted tangential yelocity profile can be calculated :

. QD = Qb

. . ,
L] U,-cf = Urcf
® T = T

® Ty =T



Finally, the velocity profiles based on fitted constants must be converted back to
the basis of the actual reference velocity so that they may be plotted along with

the experimental data

T‘% is achieved by the following equation

Wimod = W ( g——f-) -(4.101)
ref . .

! Urcf

Uod = U (U. ,) (4.102)
Te

where the primes refer to the-velocities based on U,, ¢ which results from the fitting.
The computer code carrying out the above calculations for each hub and expansion

_ combination is presented in Appendix (C). ' B

ol
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Figure 4.1: Velocity profile assumptions for the mathamtical model
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Figure 4.2: Boundary layer and measurement points geometry
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Chapter&

Results And Discussion

Fl

A series of experiments involving flow visualization and probe measurements were

carried out in order to obtain the critical swirl intensity at which vortex breakdown
was initiated. In the process of obtaining the critical swirl number, the three com-
ponents of the total velocity vector and the static pressure at each measurement

point were also calculated as explained in section 3.6 . In-addition, mathemati-

cal modelling, as explained in chapter 4, was carried out in order to analytically

predict the critical dimensionless angular momentum flux.

5.1 Flow Visualization

The first part of each experimegt. involved using TiCl; as a flow visualization
agent in order to obtain the proper tangential to axial mass flow ratio to initiate
vortex breakdown. In the absence of swirl, the flow behaved as a simple axial
jet with relatively small spread due to the high Reynolds number of the flow

( 82000 - 280000 ). Introduction'of swirl caused the jet to spread quiclgly to fill up
. . { /'
2 C ‘)
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the whole test section. The rapidness of the sprea increased substantially as the

swirl intensity was increased.

At swirl numbefs below the critical value, the entire flow diverted from the
axis of rotation and pfecéssed around it. Such a phenonieﬁon was also observed
b_y Hallett and Giin.ther [1.9] . They suggested that precessfon is caused by the
Coanda effect, in which the jet is deflected by a.n asymmetrical disturbance which
pushes it closer to the wall, where the swirl in the flow gives it a tangential mo-
tion. The strongest and most regular precessions were ol;served at low swirls,
while increasing the swirl to the néighbourhood of the critical value increased the
irregularity in the motion of t._hé precessing fluid. The precession became slower
and a periodic stall in its motion was observed as the swirl intensity was gradually
increased. According to Hallett and Giinther [19] -, the weakening of the precess_itlm
15 caused by the faster spread of the jet at higher swirl intensities, which moves
mass and momentum in the flow out toward the wall, therefore limiting the possi-
ble precession amplitude. As the swirl intensity was increased a transition region
was reached in which precession was stalled very frequently and a recirculation
zone periodically appeared at the center of the flow. The critical swirl intensity
“t.'orresponds to this transition region in which vortex breakdown is initiated. A
slight increase in swirl intensity would establish a fully stable central recirculation
z(‘mc downstream of the throat. The transition range, from the swirl intensity
at which the first signs of disruption appeared in the precessing fluid to that at
which a stable central recirculation zone was established, extended over an av-
erage 6% range of Qp - The emergence of the backflow zone stabilized the, flow
and stopped precession, since it caused the flow to fill the cross section almost

unmediately after leaving the throat. The fully stable recirculation zone moved
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upstream as the swirl intensity was increased above the criticn.( value and it was.
found to be highly turbulent and masym;hetric. Leibovich [35). observed that the
fluctuation magnitudes vary considera.bl},' by being negﬁgibly small in some parts

of the recirculation zone while strox}gf and dominant in other parts.
. -]

The advent of the recirculatio.n zone is attributed to the establishment of an
axial pressﬁre gra‘dient elong the axis of the flow. Expansion of the flow nfter
leaving the throat is associated with an increase in solid body core radius. Hallett

: -
and Toews(3] showed that increasing the core radius results in decrease in radial
pressure drop ( p, — po ) Findings of Beltagui and Maccallum {7] and Hallett and
Gﬁnther‘: (19] suggest that p, remains nearly constant. This in turn suggests an
increase \'in static pressure in the central region along the axis. In addition, shear
due to mixing with surr.o‘undin;g air results in a decay in the tangential velocity.

The equation for the radial pressure gradient

2

w
—_—
r

o =
Q@
el e~

shows that a reduction in w will decrease the pressure drop between wall and axis,
and so increase the axial pressure gradient. Also, the general decrease in axial

velocity after expansion further enhances the pressure gradient.

The effect of flow rate on the process was also tested and was found to be neg-
ligible. This insensitivity may be attributed to the fact that the flow was already
in a fully turbulent mode. The Reynolds number range used varied between 82000
to 280000 depending on the hub size and the expansion ratio. The transition to
“ recirculation showed little sign of hysteresis. An exception was found in the case
of largest expansion and the largest hub size, when recirculation persisted if the'

‘swirl was decreased below the critical state.
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The. shape of the central recircu.latipn zone did not chg.ﬁgvsubsta-ntially as
different expansions were tried. Placing a hub at the throat appeared to extend
the recirculation zone all the way to the throat by combiﬁi'n'g the wake and central
recirculation zone. PP.rticula.rly with the smallest hubs the flow appeared to “neck-
down” _between the hub and the recirculation. This has also been observed by

Escudier and Keller [12].

5.2 Critical Axial Flux Of Angular Momentum

(Qp)..,, wasfound to be dependent on both expansion ratio and central hub size.
The critical angular momentum flux is#plotted against both expansion rateo and

hub size in figures (5.1) and (5.2).

As figure (5.1) shows, (Qp),,, reaches a slight minimum near = = 2.0
for all hub sizes. Experiments of Hallett and Toews{3] i'pr hubless flow reported
such a minimum near 2 = 1.63 . The experiments of Rao et al. [14] suggest
a significant drop in critical swirl between 22 = 1.2 and 2.4 . Meanwhile,
the results of Beltagui and Maccallum [7] suggest that the critical swirl changes
negligibly between 2 =25 and 5.0 . Hallett and Toews [3] pointed out that for
a hubless flow without swirl, the pressure recovery has a maximum at > = V2
this behaviour of the pressure recovery due to axial velocity changes is responsible
for the minimum in the critical switl. (Qp),,;, was found to increase substantially
at smaller expansions. A smaller p-ressure gradient is obtained at lower expansions,

because both axial and tangential velocities undergo smaller changes, which in turn

requires a higher swirl intensity to produce the necessary axial pressure gradient.
Figure (5.2} shows that (§2p )_,, is reduced significantly as * is increased
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for the same expa.tision. This is caused by .the creation of a relatively low velo-cit& So

reglon downstream' of the wake. As a result, a smaller pressure gradient along’
th&z axis is needed to cause or maintain flow reversal. The larger hubs create a
s
la.rger momentum deficit at the center of the ﬁow-. Therefore, a smaller pressure

gradient, i.e. smaller swirl intensity, is needed to initiate the recirculation zone.

5.3 Tangential Velocity Distribution

The measured tangential velocity for each combination of central hub and expan-,
sion section is plotted against the radial distance from the axis of the test section

and is presented in figures (5.3) to (5.18). The dashed line represents the fitted
velocity profile. l

. 7
Analyzing the figures, one can recognize a distinct solid body core, whose radius

corresponds to the stte of maximum ta.ngenma.l velocity. The tangential w&locxty
profile inside the solid body core region increases linearly with = from a value of
zero on the axis. Outside the solid body core region, the profile deviates from the

ideal Rankine vortex by being flatter. This flatness is attributed to friction.

The profiles also reveal that the core radius increased as the hub size increased.
This is predictable since a larger hub directs the ﬁox!v out toward the throat wall
and therefore the core boundary moves further away from the axis of the flow.
The expansion ratio was found to have a minimal effect on the inlet solid body
core radius. The tangential velocity pro‘ﬁles resemble those obtained by Rao et al.

[14] and Hallett and Toews [3].
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5.4 Axial Velocity Dis_tl:ibution‘

Mean dimensionless axial velocity profiles are presented in figures (5.19) to (5.34)
for each combination of central hub and expansion section. The dashed line rep-

resents the fitted velocity profile.

All the axial velocities present a distribution with a maximum at the edge of
the hub and a gradua;l‘ decrease as they approach the throat wall. This is dictated
by ﬂc;w processes within the swirl geherator, which were not furthér investigated.
No measurement was taken inside the wake, but Escudier and Keller {28] reported
that the axial velocity in the wake and just behind a hub is neéligibly small. Also,

the maximum dimensionless axial velocity remained nearly constant for all cases.
S\

5.5 Radial Velocity Distribution

The mean radial velocities are plotted against the radial distance from the axis of

the flow for each hub and test section combination and are presented in figures

(5.35) to (5.38).

The radial velocity is found to be very small compared to the axial velocity.
This is due to the fact that measurements were taken at the throat and the flow had
not had a chance to expand vet. It was found to have a maximum at the center of
the flow with an asymptotic apprc;ach to zero as it m;)ved away from the center axis.
symetry dictz;tes that the radial velocity be zero on the axis. The positive radial
velocities in figure (5.38)are therefore indicative of probe measurement error, either

g

an error in yaw angie x due to the turbulence, or the presence of a secondary flow

along the probe shaft due to the radial pressure gradient in the flow. The radial
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velocity is known to be the léist accurate of the three components [37]. Results

of Rao et al. [14] support the negligibility of this component in comparison to the

axial and tangential components of the total velocity vector.

-

\

5.6  Static Pressure Distribution

The sﬁ_a.tic pressure distribution is presented in figures (5.39) to (5.42) by the

~

dimensionless pressure drop in radial direction. The pressure drop (p — py } 18

non-dimensionalized by a reference pressure, p,.s, which is caleulated from

1
Pref = EpUr?ef

(M. Q)
R 0

As the figures show, the static pressure drop is the largest at the center of the

flow, and approaches zero as it gets closer to the throat wall. A glance at equation

(3.22), which is an integration of the simplified radial momentum equation, reveals

that the low static pressure near the axis is.due to the small radius in this arca.
The centrifugal force exerted on each particle of the flow establishes a region of low
pressure near the axis of the flow. In addition, the smallest expansion recquires
the largest (£2p ).« which is accompanied by larger pressure drop near the axis of
the flow. In the same way, for an expansion of 2:1, the pressure drop near the axis

15 minimal since the least,(.{'lu)c,,-, is recquired.
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5.7 Méthematical Modell\i_hg Resulté

The tahgentia.l and axial velocity profiles, equations (4.25) and1(4_.31), were ﬁt
k ted to measurements as présenteci in figures (5.3) to (5.34) by broken lines. The
tangential velocity fittings were found to be most erfoneous when no hub or the
smallest hub were used. This is due to the flat shape of the profile at the neigh-

bourhood of the solid body core boundary.

The values of x for each hub size were adjusted to obtain the best ﬁf of the

model to the experiments, resulting in:

[« = 1000 for =000

k = 0650 for =025

£ = 0.305 for = 0.50

L |

£ = 0216  for »=0.63 )

“

These values can be closely fitted with an equation of the form of (4.71)

& =1~ nR)+nR¥

with

A = 0.500 (5.3

s mn = 1.678 (5.4)

/ m = 0.678 (5.5)

A plot of x against ,5_*;* is presented in figure (5.43).

The predicted dimensionless angular momentum flux closely approximates the

experimentally obtained ones. The largest difference was about 8% for » o=
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063 and 2 = 3.0 , which can be attributed to the difﬁcult.y in precise

. krecogmtlon of the transition period for larger hubs. Also, the probe measurement,
error, as expla.med in .section 3.4.5, of about 6% too high further reduces the
discrepancy between the predicted and expenmenta.lly obtained (p)ei, ¢ Both
the predicted and exp.grimenta.l (Qp),,; are presented in figures (5.1) a;'ld (5.2).
The mathematical model predicted a similar pattern for ‘(Q D)oi tothat ob.tn.ined
expérimenta.lly in regard to expansion ratio and central hub effects.. The (Qp)erit
as presented here is based on the individually fitted values of , rather thain the
value of x obtained from equation (4.71). A maximum error of about 13% was

observed when (Qp )it was predicted using equatign (4.71). .

The fitting program also gave a solid body core radius near the site of maximum
tangential velocity obtained experimentally. In addition, a one-piece profile ( a = )
1.0 ) for the forced "vortex region of the tangential velocity profile was predicted
for <05, while the value of a decreased once larger hubs were used. This
was aiready predicted by fhe discussion carried out in section 4.2. A list of the

parameters used in the mathematical modelling is presented in table (3.1).

r

Sensitivity of (2p)erie to the fitting parameters a, ai, ¢ and the downstream

. core radius, 4, were also tested by plotting (§2p)eri: against each of these param-
- eters. Tﬁese plots are presented in fighres (5.44) to (5.47). For each of these plots
a typical test section ( 2 =20 ) was chosen and variatién of (2p)erit with each

of these pardmeters were plotted for the two extreme cases of 2 = 0.63 & 0.00.

The distfibution of (Qp)eris With respect to o is presented in figure (5.44) The
variation/is shown to be very small for E‘: = 0.63, while a has no effect on (Qp)ert

in the absence of a central hub. The latter is expected, since a is a function of

hub radius.

-
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‘ (£2p)cric is found to increase asymptotically with inlet core radius for the ttubless
case and to decrease monotonically as the largest hub was used ( fig. (5.45) ). The
‘result for hubless flow agrees with the results of Hallett and Toews (3], who venﬁed/
that the larger core radius is accornpa.med by a larger cdtical a.ngularmomentum
flux, but the trend with a hub i is different. This contr'aictlon/can be explained by
the momentum deﬁcxency created by the central hub which for large hubs appears
- to have a more dominant 1.~‘o_l,e;rtha.n the core radius does in reducing the critical
angular momentum ﬂi1'x./The crtical swirl becomes infinite as a; approaches ry;
a real ﬁoW"witl always have a; greater than 7, because of the hub boundary layer.

In the range of our concern { 0.61 < “—’~ < 0.96 ), (Qp)m-t'does not show a

substantial change as - is varied, so that the predictions are not sensitive to ( )

(Q2p)erie increased monotonically as ¢ was increased ( fig. (5.46) ). Depending

on the hub size, a very low value of { would not result in a prediction of the

\2
) to become negative. It can

critical a.ngula.r momentum flux since it caused (ul =

be concluded that the model is more sensitive to the chdi:ce of ( than to the other
velocity profile parameters. Meanwhile, ({2 p).ri: did not change substantially with
an increase in 2 for the range of our concern ( £ > 0.65 )_as shown in figure {5.49).
It dropped sharply at low valuies of the core radius at station (2) and approached
a limit as the core radius was increased. This indicates the independence of the

mathematical model of the choice of a; as explained in chapter 4.

The discrepancy between the mathematical prediction of (2p )oie and the
experimentally obtained one can be attributed to not only the probe measurergent
and flow visualization errors, but also to the assumed downstream profiles of the
axial and tangential velocities. Since no measurements were taken at the point

of inception of vortex hreakdown, certain profiles were assumed for the axial and
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tangential velocity distributions as well as the radius of the solid body core .

Natﬁfa.lly, each of these assumptions introduces an error into the mpdel.
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moloa gy | w | wm | w | T |al| ¢«
m/sec | m/sec | m/sec | m/sec m?[sec
0.00 [ 3.00 | 0.71 | 30.65 | 28.54 | 0.00 | 26.61 | 0.958 | 1000 | 1.22 | 1.000
0.00 | 2.00 | 0.61 | 31.21 | 28.60 | 0.00 | 27.77 | 0.861 | 1.000 | 1.34 | 1.000
0.00 | 1.63 | 0.65 | 31.84 | 30.69 | 0.00, | 27.91 | 0.921 [ 1.000 | 1.22 | 1.000
0.00 | 1.25 | 0.57 | 41.48 | 37.60 | 0.00 | 37.61 | 1.091 | 1.000 | 1.31 | 1.000 |
0.25 |'3.00 | 085 | 34.11 | 3017 | 6.73 | 2419 | 1.040 | 1.000 | 1.53 | 0.650
0.25 [ 2.00 | 0.89 | 35.90 | 3221 | 6.78 | 24.71 | 1.112 | 1.000 | 1.47 | 0.650
025 [ 1.63 | 0.85 | 3434 | 2066 | 6.72 | 24.12 | 1037 | 1.000 | 1.52 | 0.650
0.25 | 1.25 | 0.65 | 26.04 | 22.89 | 8.79 | 22.63 | 0.747 | 1.000 | 1.55 | 0.650
0.50 | 3.00 | 0.91 | 33.25 | 27.11 | 6.45 | 19.15 | 0.881 | 0.61 |2.02 | 0.305
0.50 | 2.00 | 0.94 | 32.44 | 2642 | 5.98 | 15.68 | 0.753 | 0.72 | 2.03 | 0.305
0.50 | 1.63 | 0.89 | 32.19 | 2648 | 4.72 | 18.17 | 0.818 | 0.46 | 2.26 | 0.305
0.50 | 1.25 | 0.8 | 30.85 | 24.74 | 7.15 | 21.85 | 0.983 | 0.58 | 2.11 | 0.305
| 0.63 | 3.00 | 0.6 | 3236 | 27.60 | 5.63 | 11.43 | 0.560 | 0.760 | 2.01 | 0.216
0.63 | 2.00 | 0.96 | 34.42 | 28.01 | 2.69 | 12.57 | 0.616 | 0.33 | 2.34 | 0.216
0.63 | 1.63 | 0.93 | 40.02 | 28.06 | 5.53 | 12.49 | 0.587 | 0.66 | 3.48 | 0.216
0.63 | 1.25 | 0.91 | 43.70 | 29.24 | 159 | 17.33 | 0.797 | 0.15 | 3.89 | 0.216

Table 5.1 : List of parameters used in the mathematical model
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| Chapter 6 v

Conclusion And

Recommendations

The present research is concerned with determining the effect of a central hub
in a sudden expansion on the critical angular momentum flux. In the process of
accomplishing the above task, the inlet velocity componeﬁts as well as the static
pressure were measured using a five hole Pitot probe. In addition, a mathemat.-

ical method was developed in order to predict the critical dimensionless angular

momentum flux, (2p)eric.
- by

6.1 Conclusion

As both the predicted and experimentally obtained (Qp)., shows. the presence
of a central hub in a sudden expansion has a direct effect on the critical angular

momentum flux. Placing a hub at the centre of the throat reduced (O f.re SUD-

e

stantinlly. A drop, ranging from 30% to 60% in (Qp)c-. was observed as lurger

2
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hubs- .were applied. For the same hub, the .critica.l swirl decreased as higher ex-
pansions were used. This critical swirl reaches a minimum at an expansion ratio
of about 2 followed by a slight increase at higher expansions. Increasing the ex-
. pansion ra._tio from 1.25 to 2.00 resulted in a drop in (2p)erie ranging from 18% to
407, depending on the hub size. The lowest value of (Qp)i was observed to be
0.1935 at 511 = 2.00 and ff‘ = 0.63, while the highest (2D )eric Occurred at f‘:- = 1.25
and © = 0.00. The mathematical model closely approximated the experimentally

obtained (QD)C,.‘-,@J a similar pattern was predicted.
’ %

Tlie measured tangential velocity profiles resemble a Rankine vortex by having
a forced vortex shape inside the solid body core and a deca;;ing appearance outside
of this region. Meanwhile, the axial velocity profiles suggest a distribution with a
maximum at the edge of the hub, while the radial component proved to be negli-
gibly small. In addition. the static pressure measurement indicates the existence
of a low pressure area near the axis of the Hox:v. The static pressure increased as

it approached the throat wall. ‘. 3

6.2 Recommendations For Further Work

-

r

The present research could be continued in the following areas :

N ‘
1. LDA measurement of the flow velocities would result in a more accurate

measurement of (Qp).,,.

ta

- Taking movies of the flow visualization experiment would help in obtaining -
an accurate (Qp )., as well as improving the ability to analyze and character-

ize the How instabilities and temporal behaviour of the central recirculation

148
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Zone.

. A finite difference model could be developed to predict the (QD)“,, as well

as the inlet and downstream veloc1ty components.

Experimexital measurement of‘ the velocity proﬁles at the point of inception
of vortex breakdown will definitely improve the accuracy of the developed

mathematical model.

Effect of combustion on (2p)er: , the shape and size of the central recircu-

lation zone and the location of the point of inception of vortex breakdown

could be studied.
<

The effects of geometry and inlet conditions on recirculation size and mass

flow could be investigated.

ko
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Appendix A

Data Reduction Program
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CLS -
GOsSUB
GOSUB

COSUB

GOSUB

GOSUB
GOSUB
GOSUB

GOsSUB

REM SUBROUTINE

REM

REM

END

REM

200

500 ¢

1000 :

1100 :

1500 :

2000 :

2500 :

3200

REM

REM

SUBROUTINE

SUBROUTINE

SUBROUTINE 1 INITIATES THE ANALYSIS
SUBROUTINE 2 COMPUTES THE VELOCITIES
SUBRQUTINE 3 COMPUTES THE MASS FLOW

BASED ON THE INLET CONDITIONS

SUBROUTINE 4 COMPUTES THE MASS AND
MOMENTUM FLUXES

SUBROUTINE 5 COMPUTES THE ENERGY FLUYES
SUBROUTINE 6 COMPUTES THE FORCES L%
SUBROUTINE 7 COHPUTEé THE STREAM FUNCTION

SUBROUTINE & PRINTS THE OUTPUT

9 HRECORDS THE QUTPUT ON A DATA FILE
10 PERFORMS THE TRAPAZOIDAL RULE FOR INTEGRATION

11 IS USED FOR FORMATTING PURPOSES
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210

220 REH, . ;tt“li“l*‘*.tt**!**t*!t*f‘*;.**********t**#li***#****##**f*****
240  DIM UNI(SS),AYAw(as).Apipztas).Apipw(as),Rcas),Ychas),p1§2(és),
- | p1pw(35).DUMHY(ss);vrs35),HVREF(éé),vrvthcss),PsTAT(ssq
250  DIM' P(35),PSTPW(35),U(35),W(35),V(35),PR(3S),UVREF (35) ,UBACKL (35)
260  DIM UBA (55),GXFUNC(3S).Ap4p5(35),P4P5(35),PITCH(és),vvagF(35; —
GTFUNC(35) o |
265  DIM A(35),B(35),C(35),D(35),RT(35),R1(35) ,TPSTAT(35),Y(35) ‘
-270 OPEN "“B:IN83.DAT "‘FOR INPUT AS #1 - ‘
280  INPUT#1 ,EprNs.HUB,SLIDEﬁ,T,paAa.LTI.LAI;LT,lA.N,PipBAR' R
300  RHUB = HUB » .0254 / 2 ' '
310 TKELV =™T + 273.15 f)
320 &m < PBAR » .9964 < : REM ASME NOZZLE COEFFICIENT | }3
380 AXIS = 213.2 Lo o
390 THROAT = .0508 : REM THROAT RADIUS IN METERS- . a
400 ! FOR T =1 TO ¥ . N
410 ~ INPUT#1 ,UNI(I).AYAH(I),AP1P2(I),AP1Pu(I),5§§P5(I)
460 NEXT 1 | , o
\ . .“ '
465 CLOSE#1
70 MaND = 7.83 o N
480 RETURN ) : =
500 REM- »*;---mgmw-m:**-mmt*tmkg:ts:m****ytﬁmmmgxtw**~***¢*:*tn:ﬁrtm:'
. 505 REM SpBROUTfﬁﬁF_z_ﬂQGHPUTES THE VELOCITIEE
- 506 | AEH' -w**m:Ztﬁ*tmf-mm;#mm*t*tx*m*mmt:tt*mxtf:m*tttst:*:ist*-i*:*it
I .
{\307 'R€0) = RHUB : DUMMY(0) = 1 * |
510 ‘FUR I=1 ro’_n /

- s

REM SUBROUTINE 1 INPUTS THE DATA FROM FIVE

HOLE PRESSURE PROBE .



r~
‘_Szo © R = (UNI(D) - AXIS ) / 1000 ,';“‘
530 YAH(E}Aa.A?AH(I) * .017453 ¢ ‘
540 ‘p1§3(1) = AP1P2(I) * 133.32 | " \
550 PIPW(I) = AP1PW(I) * 133,32
560 Pé;s(I) = AP4P5(I) * 133.32

565 DUMMY(I) = 1 g
5870 NEXT I

580 PW = P1PBAR *» 133.32 - P1PW(5)

“\\\fso FOR J = 1 TO N ' - { -
0o~ IF ( P1P2(J) = O ) THEN 610 ELSE 630 ‘ >
‘ 610 X =0 ,
620 ' GOTO 680
630 B = P4PS(J) / P1P2(n) "
640 IF ( B <= .1779 ) THEN 650 ELSE 670
850 X=(B+ .166 ) / .0326
' 660 GOTG 680 S
’ §70. | X=(B+.3)/ .0453
880 . IF (X% -40) AND( X > 40 ) THEN 690 ELSE 730 | »fi}
690 RLCT) = R(D) » 1000 . Ql
700 , PRINT “WARNING : A PITCH ANGLE OF “;X;" DEGREES IS ,
- L ) | , CALCULATED AT R = ";R1(J);" MX. THIS POINT IS
~ 710 | PRINT "ELIMINATED.
720 GOTO 860
%30 ' COEFV1 = .96 + (.002207 * X) - (8.027E-05 « X"2) +

' (3.41BE-06 » X"3) ~+ [2.047E-07 * X"4)

731 : COEFV2 = ( -(.03136 » X"5) - (.0001169 « X"6) -
)
. (1.494E-07 = X°7) + (2.875E-07 = X8 ) )
el
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hs

s’
. % 1.0E-07

732 COEFV3 = .000000f * .0000001 * (.04755 * X"9)

733 : COEFV = COEFV1 +-COEFV2 + COEFV3

740 IF ( X >= 0 ) AND ( X <= 10 ) THEN 750 ELSE 770

750 COFTP'= 0 '

760 GOTQ 780 !

770 COFTPL = - (.001 » X) - (.0002577 = X"2) - (4.062E-06

. * X73) - (4.129E-07 = X~4) + (.0854 = X~5)
. . | « 1.0E-07; '
771 . COFTP2 = ( (.0028 = X“6) - (6.683E-05 * X“7) -

( 6.802E-07+ X"8 ) ) &.OE—OT
\

~
\

-

772 " COFTP3 = .0000001 * .0000001 * (1926 « X°9)

773 COFTP = COFTP1 + COFTP2 + COFTP3

780 BSTPW(J) # PIPW(J) - P1P2(J) * COEFV * ( 1 + COFTP )

790 _ P(ﬁj*= .46446 *» ( ( PSTPW(J) + PW ) / 133.32 + PBAR ) / TKELV
800 VT(J) = SQR ( 2 :;CUEFV * P1P2(J) / P(Ji‘) |

810 X 3X « .01?423

820 ' ﬁ(J) = VT;J) ~ cog (X) = COSCYAW(I)) W

830 W(J) = ABS ( VT(J) * COS(X)'* SINCYAW(J)) ) -

840 _ V) = - VT o+ SINCX)

850 PRCI) = () » R(J) ¥

860  NEXT J

851 p(0) = PC1) : PR(0) = P(0) * R(0)

862 P(N+1) = P(N) : PR(N+1) = P(N+1) » THROAT : R(N+1) = THROAT

863 . UC0) = 0 yto) 20 : W) = 0 .
UNT) =0 VEHD = 0 W(ND) = 0

871 RETURN
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REM. tt*tt**t*tt#tmttttt*t#t#***m##tt*m*t****!#ﬂtmt*;tttt*u*tt:)t
REM SUBROUTINE 3 COMPUTES THE MASS FLOWS BASED

ON THE INLEf CONDITIONS
REM tu*f*t**:nm*t-:itttmutmmm*m;stm-mtt-mttvmmmmmthtvttttt-u*-u-
PT = ( 98.1 » STN.( MANO * .017453 ) + .4807 ) » (LT - LTI )
PA'= ( 98.1 » SIN ( MANO * .017453 ) + .4807 ) = ( LA - LAI )
PRINT "“PT = ";PT : PRINT " PA = ";PA : PRINT “TKELVIN=";TKELV
PRINT "PBARL = ";PBAR1 ' ‘ |
MT1 = .007836 * SQR ( (PBAR1 - PT/133.32) % PT/TKELV )
MAL = .0019056 » SQR { (PBAR1 - PA/133.32) * PA/TKELV )
MTOT1 = MT1 + MAL

RETURN

’
FLEM 9000 ot oo o0 oo 0000 00050 o 0o o0 0 0 00 o o oo o e

REM SUBROUTINE 4 COMPUTES THE MASS AND MOMENTUM

* FLUXES INS;DE THE TE%T SECTION
REM ****t*t:mt*::--:*m*#t**m***&:*EZZ:*::::vtxt*****ttt*m***mamt
FOR 1 = 0 TO (N+1) ' '
) A(Jj = PR(J)T: B(I) = U1 : €Iy = UL
D(J) =~ DUMMY(J) : RT(J) = R(J)
NEXT J
’
GOSUB 5000
GX = 6.2832 = TRAP
FOR J =0 TO (Nll)
C(J) = W(J) : D(I) = R(J)
NEXT 1

=~

GOSUB 5000
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1210
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1300
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1501

1502

' RETURN

GT = 6.2832 » TRAP
S = GT / ( THROAT * GX )

FOR J = 0-TO (N+1)

B(J) = U(J) : C(J) = DUMMY(J)

NEXT J
GOSUB 5000 |
MTOT2 = 6.2832 * TRAP
RATIO = MTOT2 / MTOT!
PRINT‘”HATID = “;RATIO

ZETA = MT1 / MTOTI

CFOR J = 0 TO (N+1)

y

—~

: D(I) = DUMMY()E

ACT) = U(J) : B(J) = R(J) : C(D) = DUMMY (J)

D(J) = DUMMY(J)
NEXT J
GOSUB 5000

Q = 6.2832 = TRAP

A = ( THROAT ~ 2 ) - (RHUB - 2)

H = (- ( THROAT - S\J - (RHUB "2 ) )~ 2

VREF = Q / ( 3.1416 * A )

PREF = ( MTOT2 * Q ) /( 19.7392 * H )

GTD- = GT / ( THROAT * MTOT2 » VREF )

PRINT "“GTD a",GTD

GXD = GX / ( MTOT2 * VREF )

™5

BLEM oo oo oo 0o 0 o a0 000000 0 K

v

i

;;;:5‘****ﬁ*t#$-*¥!~*tt
REM SUBROUTINE § éauPUTEs THE ENERGY FLUAES. o
. \ . . . '

RIEM o0 00 0 00000000000 00000005 o o o 0300
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A\

Vs

1510

1520

1530

1540

154i
1550
1560
. 15870
1580
1580
1600
1610
1620
1630
1640
1650

1660

1670 .

80

1690

1700

1710

1720

1780
1740
1750

1760

FOR J = 0 TO (N+1)

ACI) = PR(J) : B(J)Y = U(J) : ' CQJ) = UCD

DD = U
NEXT 1.
GOSUB 5000
EKINX = 3,1416 » TRAP
JFOR J = 0 TO (N+1)
BCI) = W(I) : D(J) = W(I)
NEXT J
GOSUB 5000
EKINT = 3.1416 * TRAP
FOR J = 0 TO (N+1)
B(J) = V(J) : DCJI) = V(I)
NEXT J
GoSUB £000
EKINR = 3.1416 » TRAP
KETOT = EKINX + EKINT + EKINR
FOR J = 0 TO (N+1)
ACIY = UCJ) ¢ B(JI) = R(D)
D(J) = DUMMY(J)
NEXT J
GOSUB 5000
EST = Q » PH + 6.2832 » TRAP
ETOT = kzrpr + EST
EAV'= MTOT2 » ( VREF"2) / 2
EKINXD = EKINX / EAV

EKINTD = EKINT / EAV
-

—~

&

: C(I)\= PSTPW(J)}
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——

1770
1775
1780
1790
1800
2000

2001

2002
2010

2020

2030

- 2040

2050

2060

2070

2080

2080

2100

2110

2120

2130

2140

2150

2160

2170

2180

-

EKINRD = EKINR / EAV
KETOTD = KETOT / EAV
ESTD = EST / EAV
ETOTD = ETCT / EAV
RETURN .

FLEEM oot oo ot e s o o o o0 o 0 o 003000 5000 0 0000 0 0o 0 000 00 0 0 R o0 e oo

REM SUBROUTINE 6 COMPUTES THE PRESSURE FORCE

AND THRUST |

)
REM t*#***!!t*t****t*t#*t!i*ttt***t***t***;i;**#***#!!*##t*#***#
FOR J = 0 TO (N+1) .
AC) = DOMNYCI) : B(SY = RO : C(J) = PSTPHCD)
D(J) = DUMMY(JI)
NEXT J
GOSUB 5000
PRESSF a 6.2832 x TRAP-

PRESFD

PRESSF / ( MTOT2 = VREF )
RE = 2 » VREF * ( THROAT - RHUB ) / .0000148

THRUST

PRESSF + GX

THRUSD

THRUST / ( MTOT2 = VREF )

ST = GT / ( THROAT * THRUST )

FOR J = 1 TO N

| UVREF(J) = 0(J) / VREF : WVREF(J) = W(I) / VREF

VVREF(J) = V(I) / VREF : VIVREF(J) = VI(J) / VREF
PSTAT(I) = PSTPW(I) / PREF

NEXT J '

TPSTAT(N+1) = 0

JaN+1



2195

2187

2200

2210

2210

2220

2230

2235

2240
2500

2501

2502
2510
2520

2530

2540
2550
2560

2570

2580
2580
2800

© 2610

REM INTEGRATION IS PERFORMED FROM THE Tnndnr WALL TOWARD
THE HﬁB SURFACE
IF ( J < 1) THEN 2240
M=PJ) *» (HQJ) ~2) /R
TRAP2 = ABS ( P(J-1) = ( W(J-1)"2 ) / R(J-1) + M )
TRAP2 = ABS ( P(J-1 ( R(J) - R(J-1) } / 2 |
TPSTAT(J-1) = TPSTAT(J) - TRAP2 / PHEF
I=J-1
GOTD 2197
RETURN
REM LR EE LSRR RS ELEL LRSS IS IR LN R E R IR LY
REM SUBROUTINE 7 COMPUTES THE gTREAﬁ'FUNCTION '

AND RECIRCULATED MASS FLOW

CREM  somotoikook om o s ol ok s i ot o o o o0 e 0 3 o0 ot 3 3 00 0 300 000 3R S o 0 o K o o kN

Y(0) =0

FOR J 3 1 TO (N+1) .
TRAP2 = ( PR(J) » U(J) + PR(J-1) * U(J-1) } = (.R(J) - R(J-1)

) /2 g\/}

Y(J) = Y(J-1) + 6.2832 = TRAP2 / MTOT2

NEXT J : PT = 10

FOR J = 1 TO (N-1)
IF ( %(J) > 1) AND ( Y(J) < Y(J-1) ) AND ( PT = 10 ) THEN

2580 ELSE 2530 2590

PT = R(J)

 NEXT T . -

FOR I =1 TO N

"IF ( R(J) > = PT ) THEN 2620 ELSE 2650
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2620
2630
2640
2650
2660
2670
2680
2690
2700
2710
2720
2730
2740
2750
2760
2770
2780
2790
2800
2810
2820
2830
2810

2850

2860

2870

UBACK1(1) =0
UBACK2(J) = ( ABS ( U(I) ) - UCJ) ) / 2 c
GOTO 2670 S
- UBACK2(J).3 0
 UBACKL(J) = ( ABS ( U(H) ) - U ) / 2 )
NEXT J I

7\
FOR J = 0 TO (N+1)

AC3) = PRCI) : B(J) = UBACKI(J) : C(J) = DUMMY(J)
D(J) = DUMMY(J) )
NEXT J
GOSUB 5000
MBACK1 = 6.2832 = TRAP
FOR J = 0 TO (N+1)
B(J) = UBACK2(J) . Y
NEXT J
GOSUB 5000

MBACKZ = 6.,2832 = TRAP

MBACKT = MBACK1 + MBACK2

RATI§1 = MBACK1 / MTOT2

RATIO2 = MBACK2 / MTOT2 N

RATIOT

MBACKT / MTOT2
GXFUNC(0) = O : GTFUNC(0) = O
FOR J = 1 TO (N+1)
TRAPZ = ( PR(J) » U(J) * UW) + PRGI-D) » U(J-1) = UtJ-i)()
* (R(D) -RU-1) ) /2
GXFUNC(J) = CRFUNC(J-1) + 6.2832 + TRAP2 / 6x

NEXT J |
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2880

2890

2300

2910
2920
3200

3201

3202
3210
3220
3230

3240

3250

3260

3270

3280
3280
3300
3301
3302
3303
3304

3305

FOR J = 1 TO (N+1) . | B
TRAP2 = ( PRCI) » UCI) » N(I) * R(I) + PR(I-1) * U(J-1) «
W(I-1) * RGI=1) ) s (R(D = RU-1) ) /2.
GTFUNC(J) = GTFUNC(J-1) + 6.2832 » TRAP2 / GT -

NEXT J

 RETURN

TIEM oot o o o s ol o s 50 0 S o o000 00 5 0 0 0 o0 o o o oo o e K o

"REM SUBROUTINE 8 PRINTS THE.DUTPUT ON A DOT

MATRIX PRINTER
FLEEM oot oo oo e o ook oo oo oo 000003000 000 o oo 0 ol oo oo o ok oo o o

LPRINT " DIAMETER OF TEST SECTIONM # '";EXPANS,"INCH" : LPRINT

. LPRINT " HUB DIAMETER = ";HUB,"INCH" : LPRINT

LPRINT " SLIDER SETTING = ";SLIDER,"Cm" : LPRINT
LPRINT " TEMPERATURE = ";T,"C" : LPRINT
LPRINT " BARDMETRfé PRESSURE = ";PBAR,"mm Hg" : GOSUB 6030
LPRINT TAB(S);"R";Tgaczo);"U";Tﬁacas):"v";TAB(SO);"w";TAsfss);
"TOT-VEL"
LPRINT TAB(s);"MH";TAB(19);"M/s";TiB(34):“H/S“;TAB(49);“H/S"; '
TAB(67);"M/S" : GOSUB sboo
FOR I = 0 TO (N+1) |
R1(I) = R(I) » 1000
LPRINT USING "  ####.###":R1(I); : LPRINT TAB(16);"":
LPRINT USING "####_###';U(I); : LPRINT TAB(31);"";
LPRINT USING "s####. s#8";V(I); : LPRINT TAB(46);“";|
LPRINT USING "##%# s88";W(I); : LPRINT fAB(64);"”;
LPRINT USING “#xa#.#38";VT(I)

GOSUB 6000 -



T

3310

3320

3330

3350

3360

3361

. 3362

3363
3364
3365
3370

3375

3380°

3381

3330

3400
3410

3411

3412

3413

3414

3420

3425

3430

GOSUB 6030

NEXT I : GOSUB 6030 P
LPRINT TAB(S);"R";TAB(20);"U/VREF";TAB(3S);"V/VREF";TAB(50);
"W /VREF" ;TAB(65) ; "VT/VREF"

LPRINT TAB(S5);"mm" : GOSUB 6000

Fggbr = 0 TO (N+1) 3
LPRINT USING "  ##3#.###";R1(I); : LPRINT\TAB(16);"";
'LPRINT USING “####.###“;UVREF(i); ; LPRINT TAB(31};"";
LPRINT USING "#%#% #88";VVREF(I); : LPRINT TAB(46);"";
LPRINT USING "#### . ###",WVREF(I); : LPRINT TAB(61);"";
LPRINT USING "####. a#8";VIVREF(I)
GOSUB 6000

NEXT I

LPRINT TAB(S);"R";TAB(20);"PST - PW";TAB(40);"( PST - PW ) / PREF"

Lgﬁ}NT TAB(64) ; "DENSITY"

LPRINT TAB(S);"MM";TAB(23);"PA";TAB(38);"EXPT";TAB(54) ; "THEORY"

GOSUB 6000 |

FOR I - 1 TO (N+1)
LPRINT USING "  ####.###":R1(I); : LPRINT TAB(19};"";
LPRINT USING “####.#2#";PSTPW(I); : LPRINT TAB(34);"";
LPRINT.USING "#x4® . ##8" ;PSTAT(I); : LPRINT TAB(49);"";
LPRINT USING "####_s##" ;TPSTAT(I) : LPRINT TAB(64);""
LPRINT USING "##a#. #2#";P(I) : GOSUB 6000

NEXT I | ‘

GOSUB 6030

LPRINT TAB(S);"R";TAB(20);"STREAM";TAB(35);"GX-FUNC":TAB(50);

"GT-FUNC"
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34490

3450

3460
3461
3462
3463
3470
3480
3490
3500
\3510
3520
\\ 3830
3540
3580
3555
3560
3570
3580
3590

3600

3610

3620

3630

3640

3650

LPRINT TAB(S);"mm";TAB(20);"FUNCTION" : GOSUB 6000
FOR I = 0 TO (N+1) | |
LPRINT USING " ctta.a#:";a1(1); : LPRINT TAB(19);""; 0
LPRINT &SING “#RR® . #XR;Y(I); : LPRINT TAB(34);"";
LPRINT USING "s###%. ##8";GXFUNC(I); : LPRINT TAB(49);"";
LPRINT USING "#se#. a##";GTFUNC(I) : GOSUB 6000
NEXT I : GOSUB 6030 '
LPRINT " PRESSURE AT THE WALL. = ";PW,"Pa" : LPRINT : LPRINT
LPRINT CHR$(27) CHR$(45) CHR$(1) " MASS FLOW RATES IN Kg/sS"
LPRINT CHR$(27) CHR$(45) CHR$(0) "" : LPRINT
LPRINT " AT INLET M-TAN a ";MT1,"Kg/S" : LPRINT
LPRINT “ AT INLET M-AXIAL = “;MA1,"Kg/S" : LPRINT
LPRINT " AT INLET M-TOTAL = ";MTOT1,"Kg/S" : LPRINT
LPRINT " AT TEST SECTION M-TOTAL = ";MTOT2,"Kg/S" : LPRINT

LPRINT " H-TUTAL.( TEST SECTION ) / M-TOTAL ( INLET ) a ", RATIOD

LPRINT " M-TAN / M-TOTAL ( INLET ) a ";ZETA : LPRINT

. GOSUB 6030

LPRINT CHR$(27) CHR$(45) CHR$(1) " RECIRCULATION"
LPRINT CHR$(27) CHR$(45) CHR$(0) "“ : LPRINT "“
LPRINT TAB(30) ;"Kg/S";TAB(50);"DIMENSIONLESS"

LPRINT " M-BACK-ON AXIS = ".TAB(27);MBACK1;TAB(50);RATIOL

LPRINT " M-BACK AT WALL o= " TAB(27) ;MBACK2;TAB(50) ; RATIOZ2
LPRINT " TOTAL M-BACK = ";TAB(Q?);HBACKT;TAB(SO)iRATIDT : LPRINT
Y
[ .
LPRINT CHR${27) CHR$(45) CHRS$(1) " MOMENTUM. FLUXES"

s
LPRINT CHR$(27) CHR$(45) CHR$(0) TAB(80);"DIMENSIONLESS"

LPRINT " ANGULAR MOMENTUM FLUX = "-TAB(30):GT;" . N-M";TAB(60)
' ‘ /
&(
A =
167



3660L

3670

3680
3690
3700
3705
3710
3715
3720
3725
3730
3740

3750

3760

3765

3770

3780

3730

“3GTD : LPRINT

oy
7

LPRINT " AXIAL MOMENTUM FLUX = ";TAB(30);GX;"  N";TAB(60);GXD
LPRINT © Pﬁzssunz FORCE = ";TAB(30);PRESSF;"  N";TAB(60)
. ;PRESFD : LPRINT

LPRINT " THRUST = ";TAB(30);THRUST;" u";TAB(eo);THﬁUSD

LPRINT " SWIRL NUMBER = ";S : LPRINT ‘

LPRINT * SWIRL NUMBER W.R.T THRUST :§T : LPRINT

LPRINT " VOLUMETRIC FLOW RATE/”':/::;T::;;;E_;ETER / SEC"

LPRINT " REFERENCE VELOCITY = “;VHEF,"M/S" : LPRINT '

LPRINT " REFERENCE PRESSURE =,";PREF,"lPa. © : LPRINT :

LPRINT " RAYNOLD’S NUMBER = ";RE : LPRINT : LPRINT

GOSUB 6030 |

LPRINT CHR$(27) CHR$(45) CHR$(1) " ENERGY FLUXES * : LPRINT

LPRINT CHR$(27) CHR$(45)-CHR$(0) : LPRINT TAB(40);"J/SEC";TAB(60);

LPRINT " AXIAL KINgric ENERGY FLUX = ";TAB(38) ;EKINX;TAB(80)
JEKINED :

LPRINT * TANGENTIAL KINETIC ENERGY FLUX = ";fAsﬁss);EKINI;
. TAB(60) ;EKINTD

LPRINT " RADIAL KINETIC ENERGY FLUX = ”;TAB(BS);EKINR;TAB(@O)

| :EKINRD L o |

LPRINT " TBTAL KINETIC ENERGY FLUX = ";TAB(38) ;KETOT;TAB(60)
;KETOTD R

LPRINT " PRESSURE ENERGY FLUX = ";TAB(ae);EST;TABCFO);ESTD

LPRINT

3@99*"Eiiuay

fooo e

" TOTAL'ENERGY FLUX ° = “;TAB(38) ;ETOT; TAB(60) ; ETOTD
" w

a~ r -

. ’ i
##*tl!t‘*.tt‘I’l*tttttl*‘tt#titt*t***ér*****#***ﬁt***##*i*!ﬁ***

i
4001 mﬂi??UBRUUTIHE 9 CREATES A DATA\ETLE AND RECORDS

] ’ C:i 3
. . |

-



‘ ' THE RESULTS IN IT
L

4002 REM ook ok oo ok o Aok Ao kA o R R
4010  OPEN "A:0UT515.DAT" FOR OUTPUT AS #1%

4020 WRITE#1 ,EIPANS.HUB,SL%DER,T.PBAR

4030 FOR I = 0 TO (N+1) Vo

2040 WRITE#1 ,R1(I),UCT),WCI),V(I),UVREF(L),VVREF(I) ,WVREF(I),
VTVREF (1) o ' . S
R 1
4050 WRITERL ,PSTPW(I),PSTAT(I),TPSTAT(I),Y(I),GXFUNC(I),GTFUNC(I)

4060  NEXT I

4070  WRITE#1 ,PW,HTl,HAl,HTDTl,HTDT?.RATID,ZEIA,HBACKI,RATIUI.HBACKQ,
. - :

RATIOZ M
o 5
4080 WRITE#1 ,MBACKT,RATIOT,VREF,RE,GT,GTD,GX,GXD,PRESSF,PRESFD,THRUST

\ , THRUSD
P r
4090 WRITE#1 ,S,ST,EKINX,EKINXD,EKINT,EKINTD,KETOT,KETOTD,EST,ESTD,ETOT

1 ‘

£
,ETOTD, ZETA,Q -

4100 CLOSE#1. ) S ’ -

4110 - RETURN, -
S000 . REM  somsgesioo s ool s s .00 ko o 0K 30k 308 o o 30 0 o 0000 0 0 oo o

: | v
5005 REM SUBRQUTINE 10 PERFORMS THE TRAPAZOIDAL

RULE FDR_ﬁNTEGRATIUﬁ
‘ ]

.- -
5006 REM #tt********mttm*mtﬁ#m**mtia**m-mm*a*****mm:-¢t*t*s¢--y*:‘titt Vs

A}
-

5010 TRAP = O

5020 FOR J = 1 TO (N+1) ' s
. ~ . .

5030 TRAP = TRAP + ( ACJ) = B(J) » C(J) = D(J) + A({J-1) = B(J-1) =

.

r

C(J-1) = D(J-1) ) = ( RT(J) - RT(J-1) ) / 2 &

7 5040 NEXT J

5050 RETURN
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6000
6005
6006
6010

6020

6030

6640
6050
6060
6070
6080

6090

Fd

} y o

REM h**mtmaﬁp*-tt-t**ymmt:attttatt*tw*tn-tt-tmum-m-:ttmmtmm:--:*t

'REM SUBROUTINE 11 IS USED FOR FDRHATING\PURPOSES

REM ottt ot o s s s ek ook o000 000 oo o oo oo

FOR K = 1 TO 70 :.LPRINT “-"; : NEXT K

LPRINT "* : RETURN | L
. .
CLS : PRINT " FORWARD THE PRINTER TO THE TOP OF THE" : PRINT
- PRINT " FORM. PRESS 1 WHEN READY" PRINT : PRINT
INPUT 2

IF ( 2 <> t ) THEN 6070 ELSE 6090
PRINT " PRESS 1 TO CONTINUE"
GOTO 8050

RETURN
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Appendix B
Computer Code Used To Predict

(2p)erit

' 1 \
10 DIM RHUB(20) ,REXP{20),U1(20),ZETA(20),A(20),GAMFIT(20)

LRH(20) ,A1(20)

20 DIM R2(20),PHI(20),21(20),22(20),B(20),A2(20) ,TESLA(20)

. ,RHO1{20)} ,RHO2(20)

30 DIM RHO(20),0MEGA(20),GAMMA(20),Z11(20),Z12(20),221(20)
,222(20) ,REXP1(20)

32 DIM RHUB1{20) ,RHO11(20),RH012(20),RH021{20),RH022(20)
OMEGEX(20) ,ALPHA(20)

' 35 DIM BETA(ZO).213(20),214(20),251(20),252(20),253(?0).
,254(20) ,Z5(20) ,K(20) '

40 INP&T "N ,A = ":N,A

70 LPRINT CHR$(14) " N = ":N : LPRINT

75 LPRINT CHR$(14) " A = ":A : LPRINT

80 FOR I = 1 TO i85
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90

100

110
115
120
130

140

150

160

170

180

190
200
210

220

230

,READ.A(IXJZETA(I).Ui(I?,REXPl(I).RHUBl(I).ALPHA(I).

JOMEGEX(I) ¢ )

RHUBCI) = RHUB1(I) « .0254 : REXP(I) = REXP1(I)
* 0.0254

RH(I) = ( RHUB(I) / 0508 ) - 2
KCD = 8« A% CRHDTN ).+ (A= 1) * RECDC 200 )
ALD = (KD .osog'J ~2
R2(I) = ( REXP(I)} / .0508 )} ~ 2
PHI(I) = (4/R2(I)) » ( ZETA(I)/6 + 1/3 - iETA(i)\RH(I)/Q

+ (ZETA(I)-1)* (RH(I)"1.5)/3 )

"BETA(I) = ( A(I) ~ ALPHA(I) * RH(I)') / ( A(I) - RH(I) )

Z11(I) = ( C(ALCI)*RH(I))™.5 - ( RH(D}"2 ) / AL(D) )
« ZETACI) » ( ALPHA(I) - BETA(I) ) / 3
212(1) = ( AL(D) - (RH(D)"2 ) / AL(D) ) * ( ZETA(T)
« BETACI) + ( ZETA(I) - 1 ) * ( BETA(I) -
. = ALPHACI) ) * ( RH(I)-0.5 ) = 0.25

Z13(I) = - BETACT) * ¢ ZETACI) - 1) » ( AL(I)-1.5 -

( RH(I)"2.8 ) / A1(X) ) / 5

+ { ZETACI) / 2 ) = (1 - A1(D) )

Z14(I) = - ( ZETA(I) - 1 ) = (1 - AL{I)"1.5 ) / 3

Z1(I) = Z11(I) + Z12(I) + Z13(I) + Z14(D)

REM  RHO =‘( GAMMA / ( Utsri ) ) - 2

Z51(1) = ( ALPHACI)"2 ) -"( RH(I) / (A1(I)"2) ) = ( R2(I)
- 5w RH(I).) / 2+ .5 LOG ( R2(I)/

252(1) = ( ( ALPHA(I) - BETA(I) )72 ) = Rﬂggg)/ AL(D)
» (0.5 = R2(I) / AL(I) = LOF ( AL{I)/RH(I) ) -

0.8 » (1 - RHCI) / AL(I) ) )
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240 zéa(i) = 2 « ( ALPHA(I) - BETE(I)I) * BETA(I) » SQR(RH(I))’
| / (LD "2) * ( RHCD1.5 - ALCD)1.5 ) / 3 + |
 ACD70.5 - RE(D"0.5 ) » R2(D) )
250 254(1) = ( BETACI)2 » ( 1 - RHCD/AL(D) )+ € B2AD) -
- 0.5 » ( AL1(I) + RH(I) ) ) + R2(I) - A1(I) ) /
- ( 0.5 » AL1(D) ) |
260 Z5(1) = Z51(I) + 252(D) + Z3(I) + Z54(D)
265. 22(1) = ( ZETACI)"2 )/6 + ZETA(E)/3 + 1/2 - ( ZETA(I)"2 )
*» RH(I) + 4/3 * ( ZETA(I)"2 - ZETACD) ) * ( RH(I)
“1.5 ) - ( ( ZETA(T) - 1 ) * RH(I) )=2 ) / 2
270 REM B(I) IS THE CORE RADIUS AT STATION 2
280 B(I) = SOR( ( ACT)2 - RHUB(I)"2 ) * (REXP(I)"2) /
( .0508"2 - RHUB(I)"2 ) )
" 290 A2(I) = ( BCI) / REXP(I) ) -~ 2
300 TESLA(I) = Z4(I) / ( PHICI) * ( R2(I)"1.5 ) * ( 1/5 -
o ( A2(I)2.5 ) / 30 ) ")
310 | RHUi(I) = Z2(1) - ( PHI(I)"2 )--\RQCI) /3 - K(I) .5 »
R2(I) » ( ( ZETA(I) - ( ZETACI) - 1 )} = ( RH(I)
0.5 ) )"2 )
320 RHO2(I) = ( TESLACI)™2 ) = ( A2(I) / 4 + .5

i

« LOG ( A2(I) ) ) - Z5(D)

330 RHO(I) = RHO1(I) / RHO2(I)
340 IF ¢( RHOCI) ¢ 0 ) THEN 370 -
350 OMEGA(I) =.( RHO(I)".5 ) * 8 = Z1(I) * ( 1 - RH(I) )

/ ( ¢ PHI(I)"2 ) * R2(3I)"2 )
360 GAMMA(I) = ( UI(I) * .0508 ) = ( RHO(I)".5 )

370 NEXT I
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. . . Wl

380 LPRINT' TAB(2) ;"RHUB" ; TAB(10); "REXP";TAB(

;\IIDI{EIGAII ;TAB(SO) ; ngn

390 LPRINT TABCQ&);"EXPER";TAB(40);"HODEﬁ“

400 FOR I = 1 TO 12 - . R Yo,

410 LPRINT “_____. RN

420 LpnfﬁT*%ﬁET %f%-: LPRINT USING “#.#" ;RHUBi(T); : LPRIAT." -
faage) 4 o

430 LPRINT USING nag, g0 ;ﬁExp1(I); : LPRINT ran(éé)!yw

440 "LPRINT ﬁsrna "% 488" ;OMEGEX(I); : LPRINT TAB(39)"";

450 LPRINT USING "#.%4%" ;OMEGACI); : LPRINT TAB(49)"";

455" LPRINT USING "#.#%%";K(I)

460 NEXT I ' =

470 RESTORE

480 LPRINT : {LPRINT

490 K = K - INC

510 END
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| Computer Code Used To Fit The

Assumed Velocﬁ:\y Proﬁles Into
’The' E_xperimen\t\aily Obteined -

Data

10 DIM wU(zs).aax(ze).uu(zs).ﬁ(zs).n(és),u(és).ZETAtza)
,U1URFPH(2§),U1UREF(26),U1(26),ﬁRRl(26§\pHDD(26,26)-J
,ALPHA(26) ,ERR2(26,26) ,A1(26,26) ,5(26)

20 DIM BETA(26,26) ,APR(26,26) ,Z11(26,26) ,212(26,26),213(26,26)

©,214(26,26),21(26,26) ,GAMMA(26,26) ,WH(26,26) , A (26, 26)

,WMODPR(26 ,26) , WMOD (26, 26)

30 DIN U1ZETA(26)

40 OPEN “B:W120.DAT* FOR INPUT AS #1

50 INPUT #1,EXPAN,RH,Ri,N,OMEGA,UREF,GT1,GTN,ZETA,ALPHA T

. . . \

— : Y



60 FORI ~1TOK. '

70 INPUT c1,wu(i?,ha1(1).uu(1)"t” ]
80 R(I) = BRA(I) x Rt

0. WD = WU(D) + UREF "

100 U(I) = Uu(I) * Uﬁss a B ST
{10 -NEXT I I o

170 RBO = SQR ( R(N) % R1 )

130 RBI = SQR-( R(1) * RH ) - ' | .

140 PREFPR = UREF » ( R1"2 - RH"2 ) / ( RBO"2 - RBI"2 )

150 DFODAO = { RBO"2 - R(N)"2 ) / ( R(N) * ( R1 - R(N) ) )

160 DFIDAI = ( R(1) + RBI ) % ( R(1)"2 + RBI"2 ) / ( 2

* R(I)"3 )

170 GTBO = GTN % DFODAO * ( 1 ~ GTN )

180 GTBI = GT1 * (.1 - DFIDAI") ‘

190 OMEGPR = ( GTBG - GTBI ) » ( R1 / RBO ) * OMEGA *

| ( UREF / UREFPR )

200 REM
L 210 - REM -***********t*ttk*#*m:**tt::vtt:atw*-m-*m*h*;*ttmmtm:*--

220 REM * LINES 250 - 500 FIT A STRAIGHT LINE THROUGH THE =

230 REM * AXTIAL VELOCITY PROFILE * L
) 540 REM tt#:tmf******5***;$t**ttttmtmtttmtm*a*m:mt:v-maa*tf*~¢s*

250. REM

260 J =1

270 RHPR = ( RBI / RBO ) ~ 2

280 PRINT TAB(3);"J";TAB(11);"ZETA";TAB(24);"U1";TAB(36) ; "ERROR";

TAB(52);"K" ;fAB(SS);“UiUREF"

290 FOR K = -40 TO 40 STEP S

- 176
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300

310

320

330 -

340
350
360

70

380
390

400

410
420
430
440
450
460
470
480
490
500
510
520

530

ZETA(J) ® ZETA + K * ZETA / 100
REN ULURFPR = UL / UREFPR
ULURFPR(Y) =1/ (ZETA(I) - 2 » ( ZETA(D) - 1) * ¢ ¢ -
| RHPR1.5 ) / (3« (1 - RHPR) ) )
ULUREF(J) = ULURFPR(J) * ( UREFPR / UREF ) |
U1(J) = ULUREF(J) * UREF’ ' | /
ERR1(1) = 0 |
FOR I = 1 TO N o
UMOD(I,T) = UL(3) * ¢ ZETACI) - ¢ ZETACI) - 1)
% R(I) / R1) |
ERR1(J) = ERRI(J) + ( U(I) - ﬁunﬁ(I,J) ) -2
NEXT I
PRINT TAB(2);J;TABC10);ZETACI) ;TAB(20) ;UL (J) STAB(3S) ;
;ERR1(J);TAB(S0) ;K;TAB(55) ;UIUREF(J)
JaJ+r
NEXT K |
PRINT " CHOOSE THE LSE FITTING FOR U PROFILE BY ENTERING "
PRINT * THE PROPER VALUE OF J FOR MINIMUM ERROR  ";
INPUT F : UIZETACF) = ULUREF(F) * ZETA(F) : PRINT U1ZETA(F)
LPRINT CHR$(27) CHR$(69) ""
LPRINT CHR$(14) “THE FITTING PARAMETERS" : LPRINT
LPRINT "HUB RADIUS = ":RH : LPRINT
LPRINT "EXPANSION DIAMETER = ";EXPAK : LPRINT
LPRINT “ZETA = ";ZETA(F) : LPRINT
LPRINT “UL = ";Ui1(F) : LPRINT
REM

REM oo e om0 o o o0 o el o o0 o 0o 000000 o o o 000 a0 o0



540

REM » LINES. 570 - 1040 FIT A RANKIN VORTEX THROUGH =

550 _REM = THE TANGENTIAL VELOCITY PROFILE B . .

560 REM *:&tn-nuuunnn-nnuucunununuﬁuuuuu

S70 _REM

580 J=1 :cls. ¥
590 FOR K = -30 TO 30 STEP 10
600 PRINT TAB(2);"I";TAB(10};"a1";TAB(23);"GAMMA";TAB(35);
"ERROR" ; TAB(51) ; "K"

610 ALPHA(CJ) = ALPHA + K = ALPHA;/ 100

620 FORI =1TON |

630 AL(I,J) = R(I)

640 _SUM = 0

650 FORL =21 TON

660 BETA(L,J) = ( A1(I,]) - ALPHA(J) = RBI )/

* ( AL(I,2) - RBI)

670 APR(L,J) = ( A1(X,]) / RBO ) ~ 2

680 Z11(L,3) = ( ( APR(L,J) * RHPR ) ~ .5 - ( RHPR ~
=2 ) / APR(L,J1) ) = ZETA(F) » ( ALPHA(J) -
BETA(L,I) ) / 3

£90 Z12(L,J) = ( APR(L,J) - ( RHPR"2 ) / APR(L,J) )
» ( ZETA(F) *» BETA(L;J) + ( ZETA(F) - 1)
= ( BETA(L,J) - ALPHACJ) ) * ( RHPR™.5 ) )
/ 4

700 Z13(L,J) = - BETA(L,J) = ( ZETA(F) - 1 ) = ( (
APR(L,J) - 1.5 ) - ( RHPR"2.5 )} / APR(L,1)

") /s '
710 Z14(L,J) = ZETA(F) = (1 -_APR(L,J) ) / 2 - ( ZETA(F)

A ' 178
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S1) % (1- CAPRCLD) ~1.5) ) / 3
720 ! Z1(L, 1) -'ZIICL,J) + 212(L,j) + Z13(L,J} + Z214(L,J)
730 . GAMMACL, D) ; OMEGPR * ( UREFPR / UI(F)Z) = UREFPR _

* RBO « (1 - RHPR )./ ( (Z1(L,J) = 2)

740 WH(L,J) = ALPHACJ) * GAMMACL,J) * RH '/ ( A1(I,J)
| = 2)
750 WACL,J) = GAMMA(L,J) / AL(I,])
760 IF ( R(L) <= RBI ) THEN 770 ELSE 790
770 . WMODPR(L,J) = WH(L,J) = R(L) / RBI
780 _ GOTO 830
790 IF ( R(L) > RBI ) AND ( R(L) <= A1(I,J) ) THEN 800
ELSE 820 | | A
800 ) ‘ WMODPR(L,J) = WH(L,J) + ( WA(L,J) - WH{LN\D)

b

) » (R(L) - RBI ) / ¢ Al(I{p)

- RBI ) =
810 GOTO 830

820 ) WMODPR(L,J) = GAMMA(L,J) / R(L)

830 WNOD(L,J) = WMODPR(L,J)  UREFPR / UREF

840 SUM = SUM + ( W(L) - WMOD(L,D) ) - 2

850 ONEXT L )
860 ERRQ(I,j) = SUM

870 PRINT TAB(2)};I;TAB(8);A1(I,J);TAB(23);GAMMA(I,J);

TAB(35);ERR2(I,J);TAB(51);K

880 NEXT I J : // n
890 PRINT " CHOOSE THE LSE FITTING FOR W PROFILE BY ENTERING "
900 PRINT " THE PROPER VALUE OF I FOR MINIMUM ERROR  *;

- 910 INPUT S(J) : CLS -
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920
930

940

950

960

970

980

990

1C00
1010
1020
1030
1040
1050
. 1060

1070

'NEXT K

y ' i
PRINT TAB(2);"J"fTAB(iO);"41";TAB(23);"GAHHA";TAB(BS);"ERRDR";_
TAB(51});"ALPHA"

: PR
FORJ=1T0 7 . ' . 51?
PRINT TAB(2);J;TAB(10);A1(S(J),J);TAB(23) ;GAMMA(S(J),1);
TAB(35) ;ERR2(S(J), 1) ; TAB(51) ; ALPHA(J) '
NEXT J | | '
PRINT “ CHOOSE THE LSE FITTING FOR W PROFILE BY ENTERING "

PRINT " THE PROPER VALUE OF J FOR MINIMUM ERROR '

"INPUT Q ~\
LPRINT "Al = “;A1(5(Q),Q) : LPRINT
LPRINT “GAMMA = ";GAMMA{S(Q3),Q) : LPRINT

LPRINT "ALPHA = ";ALPHA(Q) : LPRINT
LPRINT "WH = ";WH(S(Q),Q) : LPRINT
LPRINT “WA = ";WA(S(Q),Q) : LPRINT
CLOSE #1 '

END

180
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