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" techniques.

Local mass transfer due to the iﬁpinge:ént of a
. o ! ) _
" confined laminar two-dimensional air jet on a flat surface

\
has beeé;g;uéieé. The~influence of the jet Reynolds number

and the jet-to-plate spacing on the local mass transfer vere
investigated. The range of Reynolds number was 100 to 400
vith the slot width, b, taken as the characteristic length.
mas3 transfer studies were made using a swollen polymer
method coupled with laser holography interferometric:

- .

The local Sherwood number nlaﬁg the impingement plate
vas found to exhibit axlaﬂal nininﬁi and a local maximum in
the region away from the jét centre. The locations of the
extrema points were a function.of the jet Rggnalés number
and jet-to-plate spacing. i Kr '

A two-dimensional numerical study was also made
simulating the expgrimént;l set-up. The momentum and

transport eqguations vere nuig:ic:lly solved using hybrid

schemes). The numerical study confirmed the presence of the
local extrema in the Sherwood number. Contours of the flow
.stream function indicated that the presence of the Sherwood
number extrema is due to flow recirculation in the region
betveen the confinement plate and the impinggment surface.



Excellent agreement wvas obtained between the measured local
Shervood numbers and those ca:ﬁuted using the numerical

solution of the transport eqguations.
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1. INTRODUCTION

Jet impingement flows are frequen&igrused for their

excellent heat and mass transfér characteristics, vhere

vy
-4
L ]

localized and controlled surface transfer is desirable.
d:yiné of textiles, veneer, paper or film material, the
annealing of metal and plgsti: sheets, the tempering of
glass, and the cooling of gas turbine blades and miniature
electronic components are some of its more important
practical Qpplicatigns.

Heat and mass .transfer characteristics of the various
tfpe; of impinging jets have been §tudied rather
extensively. Under technically realistic conditions, these
studies have been mainly concerned with relatively hiéh
velocities so that the flow, developing from the exit of the
nozzle from vhich the jet issues is turbulent. The case of
heat and mass transfer in impinging flov with a jet that is
laminar at the naizle exit has ;gcieved lesser attention.
This is especially true for the case of two-dimensional jet.
. Within the knowledge of the author, there has been only one .
publication dealing with the laminar two-dimensional
impinging jet in the presence of the confinement plates. Van
Heiningen et. al. (96) predicted numerically the flow field
and i:pingenéht heat transfer due to a laminar
tvo-dimensional jet with an upper confinement plate,

including the effect of uniform su&tién at the impingement

1



plate. No experimental results of either heat or mass
transfer due to a confined laminar inpinging two-dimensional
jet are available. -

"Reasonably accurate analogy exists between heat and
mass transfer provided that the mass transfer rate is low
and the normal surface velocity is _nearly zero. In such a
case, a single transport process, either heat or mass
transfer, can be studied in isolation. Usually determination
of local heat transfer coefficients is not very reliable
oving to the relatively large errors involved in the heat
transfer sensors. Therefore, it is more convenient to resort
to mass transfer studies rather ghan heat transfer
experimentation. According to the analogy for stagnation
. flows, it is possible to use the usual (Pr/Sc)®'-* factor to
convert the fairly precise mass transfer measurements
presented by the Sherwood number, into heat transfer
-n¢sure;en£s presented by the Nusselt number.

" The present work is concerned wvith a confined
tvo-dimensional jet having an initially ianingf fully
developed profile at the nozzle exit. Impingement mass :
transfer due to this jet has been studied both .
experimentally and nuierically in order to emphasize not
only the engineering applications but also the macroscopic
nature of the transport phenomenon. A éet of empirical
equations vhich are obtained from the mass transfer «
expeii-ents can be used immediately for engineering designs.

On the other hand, numerical predictions verified by the
i



experimental results provide a complete understanding of the

flov and mass transfer characteristics.
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1.1 OBJECTIVES OF THE WORK

In this vork it was desired to:

[
»

examine experimentally the effects of the jet Regnél,s
number and jet-to-plate spacing on the local mass
transfer due to the impingement of a confined laminar
tvo-dimensional jet, |

study the effect of the presence of confinement plates
by comparing the experimental results from this work to
those obtained by other investigators using unconfined
tvo-dimensional jets,

develop a numerical model which would predict the flow
field and the mass transfer due to a confined laminar
tvo-dimensional jet, and finally

investigate numerically the effeat of nozzle exit
velocity profile, (i.e. flat and parabolic velcsiq‘[\ .
profiles), on the flow and ‘mass transfer characteristics

-

of a confined laminar impinging two-dimensional jet.
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1.2 CHAPTER conrraTdiie

A brief review of related literature iﬁ‘inpingihg jét
flov, heat and mass transfer is given in Chapter 2. The
choice of experimental techniques is discussed in Chapter 3
;vith experimental set-up and procedure given in Chapter 4.
Calibration and validity of the experimental set-up are
given in Chapter 5. fhe tﬁeoretical development which leads
to the finite difference eqguations is presented in Chapters
6 and 7. The adopted numerical procedure is given in Chapter
8 and the validity of the numerical solutions are tested in
Chapter 9. Both experimental and numerxefl fesults are
discussed in Chapter 10 vwhere the effects of jet Reynolds
- number, jet-to-plate spacin&, nozzle e€xit velocity profile
and presence of coﬁfinement plates are studied, |

Finally, conclusions are drawn in Chapter 11 and
reéo-nenda:?ons for further'study are outlined in Chapter

12,



2. LITERATURE REVIEW

Detailed investigations of the flov field, heat and

mass transfer due to single as well as multiple impinging
jets have been given by nusgfau;’autha:sg Because of the
large number of possible gever%ing!parameters,jit is hardly
surprisinh that éisparityie§ists betwveen the results and
correlations of different iﬁvestigatafs. A complete list of
literature, together with suitable editorial comment, are’ of
themselves a major undertaking. Therefore, no attempt will
be made to reviev all literature in this area in detail.
Only the more relevant references dealing with a single ﬁ\\
laminar impinging jet similar to the one studied in.this
vork vill be revieved in detail.

In gepe:gl, there are two types of impiﬂging jets:
1. liquid jet (or free jet): liquid ﬁc gas, i.e. water to

air referred to as "water jet".
2. submerged jet: liquid to liquid or gas to gas, i.e. air
to air referred to as "air jet".

For a ligquid jet, entrainment is negligible and the jet
forms a free:surface_gtAambient pressure imposed by the
survounding gas. ‘This is the resson why it is also called o
"ftee jet". For a submerged jEE. entrainment is'i:pa:tgnt .
and there is a substantial amount of mixing between the jet

and the surrounding fluid.
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There are only fev studies of impinging jets that deal
vith 1iquid jets (11,58,63,98). On the other hand, impinging

submérged jets are studied in more detail. In particular,
éﬁrbuleht submerged jets are studied in detail due to their
wvide industrial applications. Although literature survey of
turbulent impinging submerged jets is not the main objective
in this chapter, a brief review wvill also be given here.

For a single turbulent impinging submerged jet,
numerous investigations have been made for both axisymmetric
(12,14,16,18,20,22,23,24,31,33,39,64,66,67,68,70,86,87,95) -
and two-dimensional (6,9,10,18,19,42,101,102) cases.
Different variables such as jet flow rate, size of the
nozzle and jet-to-plate spacing have beéeen considered. For
more detail on the studies of singlé turbulent impinging
submerged jet, the readef is referred to the literaturé
reviews given by Cartwrighs and Russell (10), Gauntner et.
al. (21) and Martin (48).

For multiple turbulent impinging submerged- jets,
numerous investigations have been made for both axisymmetric
(20,33,41,59) and tvo-dimensional (19,42) cases. An
additional variable to those mentioned above for a single
submerged jet is the spacings betveen adjacent jets. Por
more detail on the studies‘of multiple turbulent impinging
submerged jets; the reader is referred to the literature
;cviev given by Martin (4&).

Another interesting topic in the study of turbulent

impinging submerged jets is the impingement heat transfer



with crossflov. A few investigators have studied the
impingement heat tfiﬂSfogiith crossflov for single (8,89),
and multiple (17,40,56,57) axisymmetric submerged jets.
Their studies were concerned vwith the effect of jet-to-plate
spacing, jet flov rate and controlled crossflov flow rate on
the impingement heat transfer.

Turbulent submerged jets have been studied rather
extensively as mentioned above. However, laminar submerged
jets have recieved lesser attention. Most szud;es of laminar

submerged jets deal with a single jet.

The flov pattern produced by a single suhg;rgeé jet
(laminar or turbulent, confined or unconfined) impingfng
normally on a flat plate can generally be subdivided into
three characteristic regions: the EE;E jet region, the -
stagnation flow region and the wall jet region (15,21,48).
The flov field of an unconfined laminar impinging submerged
jet is shown schematically in Figure 2.1. The flow field of
a confined laminar impinging submerged jet is very similar
to the one shown in Pigure 2.1 and vill be discussed later

'in this Section.
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2.1.1 UNCONFINED SUBMERGED JET ‘
.Most of the studies of a laminar impinging submerg;é
jet deal with an unconfined jet. In this case, no

confinement plates of any kind are present,

2.1.1.1 FREE JET REGION

The free jet region is defined as a region of the
submerged jet not influenced by the impingement plate. A
submerged jet has been examined at some length (32,78). In
general, ng:f the nozzle exit, the jet is decelerated by
t:ngentiil sﬁea; stress. At the same time, the surrounding
still gluijLil accelerated producing a8 "mixing region". The
wvidth of thp mixing region increases continuously, and at
some distance downstream it is wide enough to have
penetrated té the centerline of the jet. Up to this point
the centgrline velocity is practically unaffected by mixing
and is substantially equal to the nozzle exit velocity.
'Beyané the end of the so called "potential core” the
centerline velocity decays as the jet shares its momentum
vith more entrained fluidi. ‘ i

!iteniive revievs of literature concerning laminar
:uhsefged jets were presented by Schlichting (78). He
studied the decay of centerline velocity and the spread af
applying the bounijary layer theory. For the sake of
simplicity, Schlichting assumed the jet exit is infinitely

small and the velocity at the exit is infinity in order to
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retain a finite volumetric flow rate as vell as a finite
momentum. For a laminar two-dimensional submerged jet, the
decay of centerline velocity, v|;;;. and the spread of the

jet, {, are given by

(v/ sl)lisn =4, (y/b)-'7? (2.1)
f/b = e, (y/b)27> (2.2)

vhere b is the slot width, and d, and e, are constants.
Their values depend on the flux of momentum at the jet
nozzle exit. For a laminar axisymmetric submerged jet, the
decay of centerline velocity and the spread of the jet are

given by

(VJ E‘)lr!- = é: (Y/é)é‘ (2.3)
/4 = e, (y/d) (2.4)

vhere r is the radial coordinate, d is the nozzle diameter,
and d, and e, are constants, Their values are dependent on
the flux of momentum at the jet nozzle exit,
The length of potential core has been investigated by
several researchers for jetw of finite sjize. The core length
}in general is defined as the distance from the nozzle exit
to a position where the centerline velocity is 98% of its
initial value, (v/ GI)[,,j-o_sa (22), or the centerline
pressure head is 95X of its initial value, (v/ ¥ )" |y..=0.95

(48). Core lengths of about 4b for turbulent two-dimensional



submerged jets (48,101), or 43 for turbulent axisymmetric
submerged jets (15,22,48) are to be expected. For laminar
submerged jets, core lengths are expected to be longer a%d
depend upon the jet Reynolds number. Since theibehaviaf of
turbulence increases the rate of mixing between the jet and
surrounding fluid, the core length decreases sharply.
According to Hrycak et. al.'s (32) experiment for an
axisymmetric air jet, the'core length is about 154 at Re
=500 and increases with jet ngnolds number to a maximum

value of about 204 at Red-1000.

2.1.1.2 STAGNATION FLOW REGION
As the submerged ﬁet approaches the impingement platef

the axial velocity component, v; is decelerated and |
transformed into an accelerated streamwise velocity, u. At
the stagnation point, the velocity is zero and the pressure
attains a local maximum. Stagnation flow of this type is a
typical boundary layer flow with the influence of viscosity
being testricted to a thin layer near the impingement plate.

!!th axial extent of the stagnation flow region can be
measured as the distance from the impingement plate where
the axial centerliqs velocity drops to 98X of that in the
- undisturbed submerged jet at the same distance from the jet
nozzle exit (22). In‘other vprd;, it is uhége the submerged
jet flow deflection begins. For a turbulent gxiiyﬁﬁetri:
subiserged jet, the begihniqg of stagnation flow region is
about 1.2d away from the impingement plate (18,22,32).



Within the knowvledge of the author, no such measurement has
been reported for a laminar submerged jet.

Schlichting (78‘ studied analg}izally ‘the stagnation
regions of laminar axisymmetric and two-dimensional flows
against an infinite plate. The velocity components of the
inviscid flov vithin the stagnation flow region are linearly
proportional to the distance f}ai the stagnation point. For
tvo-dimensional stagnation flow, these velocity components

are given by

v/ Fl =a, (h - y)/b (2.5)
v/ 5] = a, (x/b) , (2.6)

vhere a, is a constant value. For axisymmetric stagnation

flow, the velocity components are given by

-

v/ 31 = 2a, (h - y)/a (2.7)

vhere a, is constant value. The viscous boundary layer
thickness, ¢,, is defined as the distance from the
impingement plate where the Strginaisevvelgeity. u, reaches
99% of the value of the inviscid flov in either Equations
2.6 ar.i,s depending on the geometry of the stagnation flow.
~ The bourkdary thickness is given by Schlichting (78) as

=

e./b = 2.38 / (a, Rey)®-* (2.9)
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for twvo-dimensional stagnation flow, and

/8 = 1,95 / (a, Red)‘-‘ (2.10)

for axisymmetric stagnation flow.

2.1.1.3 WALL JET REGION ‘ .

The wvall jet is the boundary layer flow formed by
deflection of thg;suhQEEQeé jet through the stagnation flaw
region. Due to the exchange of momentum with the surrounding
fluid, the fluid which is accelerated in the stagnation flow
region must eventually decelerate in the wall jet region.
ihgrefafg. the streamwvise velocity, u, initigilyxincfeasgs |

o
linearly in the stagnation region mentioned above must reach

a f-ixinu% value at a certain distance downstream and finélly
ée::egseé in the wall jet region. For a laminar axisymmetric
jet, this maximum value is located at about 1d away from the -
stagnation point for Re,=1. As the jet Reynolds number
increases, this location moves further away from the
i;ignatien point (45).

The wall jet has the charatteristic of zero velocity at

both the inpiﬁgenent plate and the outer jet edge, and hence

‘it exhibits a maximum velocity. The flow pattern in the wall
jei region can be divided into two parts according to the

location of the maximum velocity: an inner layer which has

features common to the ordinary boundary layer and an outer

layer which has features common to s submerged jet.




Important parameters in the analysis of flowv characteristics
‘of wall jets are the growth of the wall jet boundary layer
and the decay of the maximum velocity. The boundary layer
thickness of the will jet, o, generally used is defined as
the thickness in wall jet outer layer where the streamvise
velocity is 50X of the maximum velocity.

The first complete theoretical analysis was perfarmed
by Glauert (25) who gtudiéd beth laminar and turbulent,
tvo-dimensional and axisymmetric wall jets. Since then
numerous investigations of turbulent (7,10,14,25,48,60,61,
70,83,84) and laminar (25,71,79,82) wvall jeéz have been
repgrtéd! For a laminar tvo-dimensional wall jet, the decay
of maximum velocity, Umnax’ 8nd the growth of the wvall jet
boundary layer, ¢, are given by (25,82)

Upax / ¥, ® £ (x/b)-*-+ (2.11)

¢/b = g, (x/b)°*-""* ‘ (2.12)

vhere f, and g, are constants. For a laminar axisymmetric
vall jet, the decay of the maximum velocity and the growth

of the vall jet boundary layer are given by (25,71,79)

Umax / ¥, = £ (£/8)71 - (2.13)
e o/b =g, (r/A)' 3t (2.M)

vhere f, and g, are constants.
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The confined two-dimensional submerged jet used in this
study is a submerged jet vith a confinement plate parallel
to and at a distance, h, from the impingement plate. The
length of this :anfing;ent plate is the same as ;hag of the
impingement plate. In addition, two spacers are used to fit
betwveen the impingement and the confinement plates so as to
form a rectangular channel to vhich the jet flow would be
confined. No such confined submerged jet has been studied.
Actually, only a few investigéters (34,45,77,96) who studied
a2 laminar impinging submerged jet numerically, considered
the effect of the presence of a confinement plate. In all
these studies, the submerged jet wvas only partially confined
by a confinement plate parallel to the impingement plate.
Such a jet, with no spacers between the impingement and the
confinement plates, is referred to as "semi-confined”
submerged jet by the invéstigatafs_

For a semi-confined submg:ggdijgt, the flow fielé is
very gjmilgr‘te that shown in Figufe 2.1 for an ﬁneénfined
subﬂe:ééd jet except a recirculation region is induced
betveen the impingement plate and the confinement plate
(45,77,96). This recirculation region can affect the spread

of the submerged jet in the free jet region. The inertial

"effects of the upper par¥ <Y this recirculation derives the

region (96). An interesting result was observed by Van

Heiningen et. al. (96) in their study of a semi-confined

-
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laminar two-dimensional air jet is that the jet contracts
slightly belov the nozzle exit for an initially parabolic
jet velocity profile.

The effects of the velocity profile at the nozzle exit
on the spread of a submerged jet and the decay of centerline
velocity in the free jet region were noted by Van Heiningen
et. al. (96) and Li (45) in their numerical studies of
semi-confined laminar two-dimensional and axisymmetric
submerged jets, respectively. A submerged jet issuing with a
flat velocity profile spreads and decays faster than that
with a parabo%}c velocity profile. For the case of flat
velocity profile, the momentum juét inside the free
streamlifie is an order of magnitude greater than that of the
surrounding fluia just_outside the free streamline,
Therefére interaction occurs immediately between the high
momentum fluid at the outer edge of the jet and the still
fluid sbrrounding it, causing a higher rate of spread of the
jet. This spreading effect is less important for the
submerged jet with a parabolic velocity profile. As
mentioned above, the jet actually contracts slightly below

thé nozzle exit in fhi; case.

2.2 HEAT AND MASS TRANSFIR‘DUI‘TO,A-SIIGLI LAMINAR IMPIMGING
SUMBERGED JET

Heat and mass transfer characteristics of laminar
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impinging axisymmetric submerged jets have been studied
rather extensively. The theoretical and experimental results
are vell correlated. However, heat and mass transfer
chacteristics of laminar impinging two-dimensional submerged
jets have recieved lesser attention. In this section,
laterature related to confined and unconfined submerged jets
vill be reviewed separately with emphasis on the

tvo-dimensional case.

2.2.1 UNCONFINED SUBMERGED JET

Most of the studies of heat and mass transfer due to
unconfined laminar impinging submerged jets cover both th;
stagnation flow and the wall jet regions. But there are also
a few studies which cover the wall jet region only (79,82).
In these studies, correlations for heat and mass transfer in
terms of simple governing parameters of the flow were
obtained. In general, at a given jet Reynolds number, the
heat and mass transfer characteristics in the stagnation
flow region are very much affected by the jet-to-plate
fﬂ';spacingi but those in the wall jet region are not so much‘

affected.

12.2.1.1 UNCONFINED AXISYMMETRIC SUBMERGED JET |

, Scholtz.and Trass (79) studied mass transfgrnaug to a
laminar impinging axisymmetric submerged jet both
theoretically and experimentally. Their theoretical

expression, which has been experimentally verified for mass
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transfer in the v:llijct region is given by

- Sh, = c. Reg* 't (r/d)-' (2.15)
vhere ¢, = c, (-¢'(0)) : (2.16)

and (-g'(0)) = T (sc + 1/3)/(T (Sec) T (1/3)) (2.17)
(éq‘(ﬂ)) is defined as a dimensionless g:idientAéf
:pncentfatian at the wall, €, is a constant and its value is
dependent on the exterior flux of momentum flux defined as
by Glauert (25). FPor a flat velocity profile at nozzle exit,
c,=0.426. On the other hand, for a parabolic velocity
prg;iit, c,=0.458. For comparison with the theoretical
expression of Eqguation 2.15, g:pgrimentil data were obtained
by nggsfring the shrinkage of coatings of acetanilide and.

benzoic acid in the range of 1oaosncdsaooo and 970<Sc<4400.

Aéqccment with theory was good.
Later, Scholtz and Trass \(80,81) have given a

thgafitieal_sg}utian in the sz;gﬁ;tian flov region of a
laminar axisymmetric submerged jet with a parabolic vgléeity
ip?éfilg at nozzle exit. The solution for inviscid flow in
the body ot imping!ng jet vas first obtained (éb) and then
vas used as the boundary condition to sel§e the viseaus‘
boundary layer flow near the impingement plate (81). For
impinging jet with a parabolic velocity profile at na;ili
exit, the Shervood number in the stagnation flow region was

given by

'\
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~Shy / Re *-* = 1,6484 Sc*-**' |
- 1.0808 (r/d)* Sc*-*** + ... (2.18)

stagnation point Shervood number is given by

Shy = i.ElB&_Red‘i‘ Sc*- - (2.19)
In a similar manner, the mass transfer from the
inpinéemeht plate in the stagnation flow region using an
impinging jet with a flat velocity profile at the nozzle
exit was calculated by Scholtz and Trass (81). The results
»indicated thgt;~gt a gi§eﬁ jet Reynolds number, the mass
transfer at the stagnation point is less tﬁgﬁ half}that
observed for a jet with a parabolic velocity profile at

nozzle exit. However,

jo experimental data were obtained to
confirm this theoretjil] finding. ’

Mass transfer exMrimental data were obtained by

Scholtz and Trass (515 from measurement of the iuhlipitiéﬁ -
rates of a naphthaienéjéééting exposed to air jet with a
parabolic velocity §rgfile at nozzle exit (S:;Eiiﬁ). For the
ranges of 570SRe,<1970 and 0.55h/d<6, good agreement was
~reported betvegn the experiment results and the theoretical
expression of Equation 2.18. In addition, a smooth
ttinsitieﬂv!rémvthe stagnation flﬁi region to the wall je?
region vas observed in the region of 0.55r/ds2.25. i
Experimental data in this transition region were correlated

“
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in terms of jet Reynolds number as
Shy = 1.05 Rey*-* (r/d)-*-*¢ (2.20)

for S570<Re 1970 and Sc=2.45.

A typical curve showing the variation of local Sherwood
number on the impingement plate for an unconbined laminar
axisymmetric submerged jeé can be plotted t;om the
correlations for different regions in Equationsvj.15,_2.18
and 2.20. Since the dependence of local Shervood number on
Reynolds number differ in fﬂe stagnation flow, trensition
and vall jet regions, the relationship between the local
Shervood number in these regions on a plot of Shy versus r/d
will depend on Re . A ;jpical variation of the local
Shervood number on the impingement plate for an unconfined
laminar axisymmetric submerged jet with a parabolic velocity
profile at nozzle exit is shown in Figure 2.2 for Red-1740
‘and Sc=2.45. -

Kapur and Macleod (36,37,38) have applied tﬁe
techniques of’hologfaphic ingerteroqgtty to the
profilometric measurement of mass transfer rates at

so0lid-fluid surface exposed to an unconfined iaminar~’

i-pingxng axxsymnetrxc air jet. Experimental results for the U

vall jet region in the range of ZSSSRedSIB70 vere in
excellent agreement with the theoretical predictions of
Scholtz and Trass (79). Mass transfer coefficients near the

stagnation point were also,reported4£or Re, =1340 and
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h/d=0.5a, 1d and 1.5d. Within the narrow range of the

jet-to-plate spacings used, the mass transfer coefficients

in the stagnation flow region were found by Kapur and

Macleod to be independent of jet-to-plate spacing.
Masliyah and Nguyen carried out a number of

investigations on mass transfer due to laminar g:isymmetfie‘

twvo-dimensional (53) air jets by using a laser halaé:aphy
interferometric technique. In their study of axisysmetric.
jet, experimental results for the vall jet region of Re,
iiiis and 1420 were found to be éepgnéént on Re,*-* and
(r/d)-'-**, The exponents of Rey and (r/d) were in good
agreement with the theoretical findings by Scholtz and Trass

2.2.1.2 UNCONFTINED TWO-DIMENSIONAL SUBMERGED JET
Schvarz. and Caswell (82) studied the heat transfer
characteristics of a laminar tvo-dimensional wall jet by
solving the flow equations analytically for a wall jet as
developed by Glauert (25). Their ca;relatian for mass

transfer in the wall jet region is given by

. Shy=c, Rey* '* (x/b)-*-"s (2.21)
vhere c, = c, (-g'(0)) (2.22)

€. is a constant whose value is dependent on the exterior

flux of momentum flux as defined by Glauert (25). For a flat
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velocity profile at nozzle exit, c,=0.446. On the other
hand, for a parabolic velocity profile, c,=0.465.

Gardon and Akfirat (19) stuéiéé experimentally the heat
transfer characteristics of unconfined impinging
tvo-dimensional air jets for both laminar and turbulent
cases. Although the nozzle exit velocity profile of the jet
vas not specified, due to the short nozzles used by Garaaﬁ
and Akfirat, the nozzle e#it velocity profile was most
likely flat. In their studies of a2 single unconfined laminar
tvo-dimensional, jet (Re =450, 650 and:§50); their main
interest vas the effects of jet Reynolds number and
Ajet-to-plate spacing on the stagngéian point Russelt number.
Por jet-to-plate spacing less than the lgngtﬁiaf the
potential core of the submerged jet (0.5<h/b<5), Nusselt
numbers at the stagnation point depend on the jet Reynolds
number only. They are apéréximately proportional to Rey,®-**.
At large jet-to-plate sgaéings, stagnation point Nusselt
numbers varied with (h/b)-*-* for Re,=450. Haveéer. when
Reynolds number was increased to 650 and Ssg,iihis monotonic
decreasing behavior of stagnation point Nugselt numbers with
incré;sing jet-to-plafé spacing does not exist. Instead, a
maximum of stagnation point Nusselt,numbers occurs when *
jet-to-plate spacing is in the fange of 10<h/b<i5. The
béhivior vas explained by Gardon and Akfirat (18) aﬁé?ét is
-caused by the penetration of mixing induced turﬁuién;g to
the centerline of initially laminar jets. The interactions

betveen the centerline turbulence and the approaching .

W
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centerline velocity in the stagnation flow region is the
reason vhy this non-monotonic behavior of the stagnation
point Nusselt numbers was observed. It is because the
centerline turbulence increases with increasing jetgﬁaiplate
spacing and the approaching centerliné velocity decreases
with increasing jet-to-plate spacing due to the decay of
centerline velocity. Gardon and Akfirat (19) concluded that
for small jet-to-plate spécingsj Ft is likély that the
potential core velocity will be igdependené of the-
jet-to-plate spacing, and the stagnation point Nusselt

numbers should show a corresponding trend. Once the core has

been engulfed by the mixing region, the decay of the

centerline velocity would tend to decrease the heat transfer
rate at the stagnation point, but centerline turbulence
would have an opposite effect. At lower Reynolds numbers the
former should be more important, whereas at the higher
Reynolds numbers the influence gfam centerline turbulence
should bes:amé more important instead.s

Miyazaki and Silberman (58) have analysed thecfetically
the flow friction and heat transfer characteristics on a
heated or cooled flat plate with unconfined laminar .,
impinging tvo-dimensional jet with initial flat profile=A
potential flow solution was obtained to provide the
distribution of the msin-stream velocity. The boundary layer .
and energy equ:tiaﬁ: vgré then solved numerically by a
finite difference method, The correlation obtained §y

Miyazaki and Silberman in terms of mass transfer vf?i;blei
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at the stagnation point is given by

Shy = 0.506 Re,*-* Sc*-*"* . (2.23)
for h/b21.5 and 0.7$Sc<10. Variations of local Nusselt
numbers on the impingement plate were also evaluated, though
no correlations were given. For h/b21.5, Nusselt number
exhibits a ma:imu; at thgistagnaticn point and remains
constant within the stagnation flov region. Away from the—"
stagnation flov region, Nusselt number decreases
monotonically and finally»tgnds to vary proportionally with
x“*-* as for the flow Ever a flat plate.

Sparrow and Wong (91) studied the impingement mass
transfer due to an uﬂ:anfin;é laminar two-dimensional
submerged jet with iniﬁial parabolic velocity profile. By
using the naphthalene sublimation technique (Sc=2.5),
variation of the local mass traﬁéfér eégffieignt on thgv
impingement plate was éeterminedzfaf Re =150, 300, 450, 650
and 950, and h=2b, 5b, 10b, 15b and 20b. In general, the
local mass transfer coefficient was found to decrease
monotonically with incrgaéiﬁg distance from the stagnation
?pgint, but correlations were not given. Sparrow and Wong
also studied the effect of jet-to-plate spacing on the
stagnation point Shervood number. The non-monotonic beh;v!di'
jet-to-plate spacing mentioned by Gardon and Akfirat (19)

for higher Reynolds numbers was again observed. Stagnation



point Sherwood numbers measured by Sparrow and Wong (91) -
vere converted into Nusselt numbers by using the analogy
betwveen heat and mass transfer, Nu, = (Pr/Sc)*-* Sh,, in
order to compare vwith the stagnation point Nusselt numbers
measured by Gardon and Aﬁfirat (19). The results of Spar?ai
and Wong are about 30X higher than thase of Gardon and
Akfirat. The main cause of this>dijfergnt is the nature of
the initial velocity prbfilgs of these two studies. Similar
observation is made by Scholtz and Trass (81) for an
unconfined impinging axisymmetric submerged jet that the
mass transfer at the stagnation point for a jet with initial
flat velocity profile is less than that for a jet with
ipitial parabolic Qelocity profile.

Sperrov and Lee (90) analysed fluid flai and ﬁe;t ‘ﬂql
mass transfer characteristics associated with the |
impingement of an unconfined laminar two-dimensional
submerged jet with an initial parabolic velocity profile.

. The velocity {ield within the impinéing jet was solved
within the framework of ;n inviscid flow model and the
results were used as input for the analysis of the boundary
layer‘heat or mass transfer on the impingement plate. The
transfer coefficients were found insensitive to the '
jet-to-plate spacing within the range investigated, which
wvas 0.375<h/b<S1.5. The dependgnég of stagnation point
Shervood number .on Reynolds number was given as

-

[ B4

Shy 3 1.4 Re,*-* ’ (2.24)



for Sc=2.5. Fair agreement between Equation 2.24 and the
e:perimentai data of Sparrow and Wong (91) for h/b=2 was
obtained.

In the experimental study of an unconfined laminar

velocity profile by Masliyah and Nguyen (53), a regression
Y I 3 Y
equation for the local Shervood number wvas given as

Shy = 0.55 Rep*-** (x/b)-*."° (2.25)

for Sc=2.85, 90sRe, <300 and 15x/bs30. All the experimental
data reported vere taken vith jet-to-plate spacing equal to
4b. They also pointed out that the experimental resultsivith
a jet-to-plate spacing equal to 8b gave similar results. An
overall general agreement between Eguation 2.25 and the
experimental results from Sparrow and Wong (91) was
obtained. In addition, the exponent, -0.73, of (x/p) in
Bquation 2.25 is in fair agreement vith the theoretical
analysis of Schwarz and Caswell (82) for a two-dimensional
vlli_jgt. which is -0.75. However, their exponents of
Reynolds number do not agree.

It would be appropriate to conclude that there are no
unified correlations of the variation of local Sherwood
number for unconfined two-dimensional submerged jet. In
general a éypieal distribution of local Sherwood number on
inﬁinggmeﬁt plate for the two-dimensional case is similar to

that for the axisymmetric case. A plot is shown in Figure
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2.3 for Re =400 and Sc=2.85 by using the correlations of
Equations 2.21 2.24 and 2.25 and assuming that the local
Aﬁervaa& number in the stagnation flow region remains

constant.

2.2.2 CONFINED SUBMERGED JET

Heat and mass transfer duepté a confined laminar
impinging submerged jet have been studied numerically. All
studies cover both the stagnation flow and the wall jet
regions. /

=

2.2.2.1 CONFINED AXISYMMETRIC SUBMERGED JET i
Saad et. al. (77) have simpléteé the flov and heat

transfer characteristics of a semi~confined laminar
impinging axisymmetric air jet. The vorticity-stream
function formulation of the Navier-Stokes and the energy
equations vere solved numerically. EBffects of uniform
suction and nozzle exit velocity profile on the flow and
heat transfer characteristics were studied. Saad et. al.
also observed the finding of Scholtz and Trass (81)

eanéerning the effect of the initial velocity profile even

wvith the presence of a confinement plate. By comparing/theix
resulﬁs with the experimental data obtained by Scholtz and

‘Trass (81) who used an unconfined asxisymmetri¢  jet, Saad
et. al. shoved that the presence of a confinement plate has
only a minor influence on the stagnation point beat transfer

for the range of 2<h/d<4 and 450sRe <2500,
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Other numerical studies of semi-confined laminar
axisymmetric jets included the studies by Huang et. al. (34)
and Li (45). Huang et. al. (34) have numerically solved the
Navier-Stokes equations in their primitive form with the
energy éQuation for a semi-confined laminar axisymmetric
swvirling jet. L1 (45) has studied nUEericaily’;he
simultaneous heat and mass tfsnsféf under a semi-confined

laminar impinging axisymmetric jet.

2.2.2.2 CONFINED TWO-DIMENSIONAL SUBMERGED JET

Only one study of heat transfer due to a laminar
impinging two-dimensional submerged jet by Van Hginfhggn et.
al. (9§), considered the effect of the presence of a |
confinement plate. By using the same numerical technique as
Saad et. al.'s (77), Van Heiningen studied the effects of
uniform suction and nozzle exit velocity profile on the flow
and heat transfer characteristics. They found that for a
jet-to-plate spacing equal to 4b and 10053355959, the
stagnation point Nusselt number for an initial parabolic
velocity profile was between 1j5’§nd 2 times the value faf
an initial flat velocity profile. For a flat velocity
profile, similar behaviors of skin friction factors and  —
Nusselt numbers along the impingement plate mentioned by
Miyazaki and Silberman (58) weie also Eﬁiéé?iﬂp although the
results obtained by Miyazaki and Silberman were consistently
higher than those obtained by Van Heiningen et. al.. This

difference as pointed out by Van Heiningen et. al. is due to
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the assumption of potential flow for the flow outside the
bound;ry layer used by Miyazaki and Silberman. For the case
of a parabolic velocity profile, Shgrvaéd numbers measured
by Sparrow and Wong (91) were converted into Nusselt numbers
by using the analogy between heat and mass transfer as
mentioned above in order to compare with the numerical
fesult& from Van Heiningen et. al.. Good agreamgnt’vas

obtained both in the stagnation flow and in the wall jet

- regions indicating that the presence of a confinement plate

has only a minor effect on the heat and mass transfer

characteristics. It is worthwhile to mention that the effect
of jet-to-plate spacing was not studied by Van Heiningen et.
al. as only one jgt-to-platé spacing of 4b was used in their

study.



3. BASIC EXPERIMENTAL TECHNIQUES

_ Measurement techniques used to study problems in heat

and mass transfer are numerous and often quite complex. Mass

trangfer techniques have usually been used to avoid the
errors inherent in heat transfer measurements; for example,
conduction errors in a Ee%e:d convection heat transfer
. system even with near-ideal design often cannot be reduced
to a sufficiently low level due to the finite conductivity
of even the begt of insulators. Mass transfer techniques, if
properly utilized, do not have an analogous conduction error
and for thgg reason, they are very valuable when precise
local measurements are required.

A novel profilometric technique for détermining local
mass transfer coefficients at solid surface was first
described by Macleod and Todd (47). Instead of a volatile or

soluble surface coating (i.e., naphthalene coating)

customarily employed in profilometric work, the coating used

is composed of non-volatile polymer capable of absorbing

svelling agent to or from the surface by the experimental

fluid stream can then be evaluated from measurements of the

svelling or shrinking rate of the coating. In most practical

cases, the polymer coating swelling or shrinkage is, of order
of 10°‘m and consequently mechanical means for these

measurements are difficult and unreliable. Holographic

‘ 33
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interferometry in the conjunction with the swollen polymer
technigque of Macleod and Todd (47) proposed by Kapur and
"Macleod (36,37,38) and Masliyah and Nguyen (50,51,52,53) was
found to be a poverful and convenient means for measuring
such a small change in polymer coating thickness. The unigue
.advantage of this optical method is that it does not
influence the process examined. In addition, instead of
péint by point measuremenésr information about a whole field
»féi interest can be obtained b§ the evaluation of

photographs.

3.1 SWOLLEN POLYMER TECHNIQUE

The essence of the swollen polymer technique is to coat

the flat surface under study with a thin layer of an
non-volatile silicon polymer and to swell this cqating in a
bath of ethylsalicylate. Transfer afggthylsglicylate from
the polymer coating when the cozting is subjecgid to an air
jet results in local changes in the degree of swelling.
Thgsezch;nges cause the polymer coating to shrink (47). It
has been shown that the local shrinkage of the polymer
coating over a known time within the "constant rate period®
‘provides an accurate ;gasure of the local mass transfer
coefficients over the surface (l?,?!). In other words, in
order for the swollen polymer technique to be useful in mass

transfer studies, it:is essential that a "constant rate
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period” is maintained vhile measurements of mass transfer

are taken.

Macleod and Todd (47) have pointed out in their study

of this technigue that the following important conditions

¥

hold wvithin the constant figg>p=riaé;

1.

Swollen polymers having virtually zero heats of mixing,

exhibited no total volume change on- swelling, i.e., the

svollen polymer volume is the sum of the volumes of the '

dry polymer and that of the pure swelling agent. Thus,

" the shrinkage of the polymer coating is proportional to

the amount of swelling agent transferred from the
coating. ) i

Althaughiche vapor pressure of the swelling agent over
the surface depends both on temperature and on the
composition of the :agtingi and szt change as

reasonable to assume that a change in the partial vapor
pressure of up to 5% at the polymer coating durihg an
experiment has a negligible effect on the determination
of mass transfer coefficients compared with other
sources of error. The so called "constant rate period”
is defined as the time period when the vapor pressure
re j* 8 vithig 5% of its initial value during
vazagglizatian. Within this period, the partial vapor

pressure of the svelling agent at the surface can be

_assumed to be effectively the same as the vapor pressure

of the pure swelling agent. Such a constant rate period
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il£ found éxpefii:ntally and theoretically to be as high
as 2500 s.

The overall resistance to mass transfer is predominantly
in the gas phase.

The effect of diffusion of the svelling agent parallel
fe the surface from regions of low mass transfer to
regions of high mass ;:ansfgr can be neglected. The
behavior of the ccaﬁiég at any given point is therefore

-governed by the local mass transfer in the direction

normal to the polymer coating only.

Because of all these conditions mentioned above the qullen

\

technique is a powverful technique in the prafilometric

determination of local mass transfer coefficients.

The practical advantages of the swollen polymer

technigue are summagized as follows:

1.

~N
»

The coating itself can be used repeatedly; for each nev

experiment it can be re-activated by rEEiqmgfsiaﬁ in the
swelling agent bath.

The Schmidt number of the system can be varied; this can
be accomplished by a changing the swelling agent alone,

vithout changing the experimental fluid or the polymer

- coating.

Because the mass transfér rate is independent of the
coating thickness, no uniformity of thickness other than
that implied by the need for hydraulic smoothness at the

polymer surfece of the coating is required.

- Unlike the surface of a subliming solid, the surface of




the shrinking polymer maintains a nearly constant
| optical quality. It is therefore possible to record its
shrinkage by fairly standard techniques of holographic
interferometry.
. It is propriate to mention that the swollen polymer
technigque is not suitable for determining local mass

transfer coetficien;s for a curved Su;face and also when the

local mass transfer rate is high.

3.2 LASER HOLOGRAPHY INTERFEROMETRIC TECHNIQUE

Many optical methods have been used in ﬁeat and mass
transfer studies; reviews of this methods have been
presented by Hauf and drigull (29) and Goldstein (26). Up to
- a decade ago, the most common methods used wvere Mach-Zehnder
and Michelson interferometry. In 1948, Gabor invented a new
optical recording teChnique'vhich he called "image formation
by reconstructed wvavefronts” at that time. Not until tv;
years later, the word "holography” vas apparently first
applied by Roger (43) to describe this new photographic
procedure. In contrast to ordinary photography, by which *
only the amplitude of the reflected light from the object is
recorded, holography allows thg recording and recqn;t:uctian
not only the amplitude but also the phase di;tributi@n of
vavefronts. As holography demands a highly coherent lig;t

source, there is a technological break-through after the




invention of the laser about twenty years ago; since chen.
the halagraphx: technigues have played an important role 'in
the studies of heat and mass transfer (54). A

The general theory of holography is so comprehensive
that for a detailed description the reader is referred fo
the literature (13,43,44,73). In this vork, anly the
principles necessary for understanding the halaéraphi;
measurement ﬁeshﬁiques aré mentioned.

To record a hologram of an object, a beam from a
coherent monochromatic light source (usually a laser) is
split into two separate beams. One beam, so called the
‘abjecé beam or wave"™, illuminates the object, and the
reflected scéttgfed light falls directly onto a photographic
plate. The other beam, s0 called "reference beam or wvave",
tr;ve;s by a separate path bypassi;g the object, and falls
- on the same area of the photographic plate. If both these
two waves are mutually coherent, they‘vill intefa:t and form
a stable interference pattern. This interference pattern can
therefore map an exposure pattern across the surface of the,
photosensitive emulsion on the phetagraphi: plate. When the
photographic plate is developed and fixed, the plate wvith a
pattern of dark fringes is called "hologram”, The fringe
pattern which in general consists of about 1000 lines pgf
-iilineter; contains all the visual information about the
object. The amplitude of the light fram the object is
recarded in the form of different gant::st of the fringes.

sinec the intensity of light incident on the emulsion will



be the iquare of the sum of the amplitudes from the
reference and the object waves. The phase of the light from
the object is recorded in the spatial variation of the
fringe pattern since when the pathlengths between the
rifefence and the object waves differ by one-half
uivglengtb, interference vill be destructive and no light
energy will be available to expose the emulsion.

When the hologram islillumingted by the reference wvave,
the fringe pattern acts like a diffra:tian grating. A number
of light vaves are generated by the interaction of the light
with the grating. The "zero Qté&f‘!vave propagates in the
same direction as the incident light. Beyond the two first
order vaves, second, third and higher order waves also
- occur. One of the first order waves zrgvcls in the same
direction as the arigiﬁal object wave and it is responsible
for the virtual imagé of the,efiginal object. The other
first order wave is responsible for the real image of the
object which usually appears unsharp and highly distorted.
.Since the scattered light from one point of the object is
recorded in each part of éhe hologram, this point can be
seen even through only a small fraction of the plate. It can
therefore be observed from various angles, limiz&dranlyéby
the size of the hologram. Thus, in the reconstruction stage,
a truly three-dimensional picture of the image is obtained.

Making use of ;hese recording properties, several
exposures can be made on the same photographic plate.

Illuminating this multiple exposed hologram with the
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f:igfénee wvave after processing, the object waves due to
ditférent exposures wvill all h%}:ecan:tructed and if they
differ only slightly ir;g one another they can interfere
vith each other to form fringes. This is the basic idea of
holographic interferometry.

Normally holographic interferometry is made using a
double gxpaéu:e. The inte:ferencE‘tfinge pattern from the
tvo reconstructed object vaves after two different exposures
can be phaéagr;phcd and therefore can be analysed at any
time. !

3.2.1 DOUBLE EXPOSURE HOLOGRAPHIC INTERFEROMETRY'

In double exposure halggfaéhic interferometry, a
hologram GE the object, which in this work is the polymer
coating, is made before subjecting the polymer coating to
the air jet. After the polymer coating is subjected to the
air jet, a second exposure is made onto the same
photographic plate. After processing the photographic plate,
the double exposed hologram is repﬁsitianeé}ané illuminated
by the reference wave. Now both object vaﬁesi=the first one
is due to the original undisturbed polymer coating and the
second is due to tﬁe shrunk coating, are reconstructed. The
interference from these two object waves forms fringes
| indicating the :ﬂange in thickness of the polymer coating
betveen the two exposures. These interference fringes, sé
- called "frozen fringii'. are contours of equal coating

shrinkage or equal mass transfer and can be photographed
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with a 35am camera.

interferometry, such as Mach-Zehnder and Hiéhelsan
interferometry, is that the object wvave is compared to
itself. Since both waves pass through the same optical
set-up, any imperfections of mirrors and lenses are
eliminated. Another advantage of this technigue is that it
can provide a complete record of the local mass transfer
coétficients st all points on the surface. No other
technique of heat or mass tr;nsfer measurement hitherto
reported has this capability. T;g:efaré, mass transfer data
;c;n be provided both in precision and completeness.

However; there are also some dravbacks. The _
| photographic ptoéess of this technigue, particularly at tﬂi’
initial stages, requires a high degree of sp-:igiizeé skill.
Its success is greatly dependent on the correct choice of.
several optical and ghetegraphié processing variables, such
as ratio of beam intensities, length of exposure and
conditions of hologram development. More importantly, in

this technique it is difficult to identify the order of any

exposed hologram eniy provides information about differences
betwveen the sh;inkage afgthe coating at éifferent pcints._
The actual value of the shrinkage can aniy be found if the
order of fringe at a given point is knawn; This shortcoming

can be overcome by real time holographic interferometry.
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s _
3.2.2 REAL TIME HOLOGRAPHIC INTE]

Real time holographic interferometry can be done by
using a precise and adjustable hologram mount. After the
first exposure, the hologram is processed and ;epla;eé in
its original position. The "reference image", which is
actually the image of the object before the mass tfansfef
experiment, is then reéaﬂ§truéted ctontinuously by' |
illuminating the hologram with the reference wave. Then the
mass transfer experiment is started, the reconstructed light
can be superimposed onto the changxng object wave. The
changes of the interference pattern can then be :antxnususly
observed and the order of any particular fringe at any given
time can be easily determined by counting fringes at a given
‘location as they appear in real time.

Another apparent advantage of this teehniqﬁe is that it
is passiblé to distinéuish between a monotonic and a "U"
type coating shrinkaée betveen which the double exposure
technique fails to distinguish. In double exposure ;
technique, the appearance of "frozen fringes" is simply due
to change in depth regardless of whetRer such a change is a
. shrinkage or a rise. But in real time technique, the 9bility
to determine the order of each fringe gives a campleté |
information on how thiieeatiﬁg shrinkage proceeds. Therefore o
a "U" type coating lhlﬁnkage can be easily observed and
recorded. 1

The optical set-up used iﬁ’this vork which is suitable

for both doyble exposure and real time holographic



int&rfermtrj’ vill be discussed in Chapter 4.

-
Al



4. EXPERINENTAL SET-UP AND PROCEDURE

The experimental set-up in this work is shown in Figure
¢.1 which includes the optical set-up for recording a
holograms and also the experimental apparatus for the mass
transfer experiment due to an impinging submerged jet. With
the hypothenuse surface cé a right-angle glass prism as the
mass transferring su:fieg, vhere the polymer coating is
.appiied, it becomes possible to have the entire optical
set-up to be located behind the mass transferring surface.
Since both the prism and the polymer coating are
transparent, ‘the mass transferring surface can be observed
from the optical system all the time during the progress of
the experiment. Therefore, such an arrangement is suit;blg
not only for double exposure holographic interferometry but

also for real time holographic interferometry.

4.1 OPTICAL SET-UP

A concrete table with a concrete slab of size 2.74 x 1.37 x
0.13m is used as the working surface for the optical set-up.
The function of heavy slab is to prevent floor vibration
fro-‘being transmitted to the optical components.

The optical components include:
1. a Spectra Physics model 125A 50mW He-Ne laser vhich is

i
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FIGURE 4.1 : ARRANGEMENT FOR YHE EXPERIMENTAL SET-UP
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used as the source of the monochromatic coherent light
of wavelength equal to 632.8 x 10-°'m,

a8 Prontor-Press shutter which is used to set the
exposure time for making a hologram,

an Elomag beam splitter-attenuator, model VBA-200, whiéh
is a variable reflectivity aluminum mirror for use in
splitting the laser beam into the reference and the
object beams and in aéjusting the ratio of £he beam
intensities, .
a Spectra Physics model 332 spatial filter and expanding
lens assembly (expanding lEﬁé L3, aperturé A3) mounted
on a Spectra Physi:s model 306A precision optical mount
with base and vertical post which is used to eliminate
spatial noise and produce a smooth intensity pfefilé
dcross the expanded object beam,

two Spectra Physics model 386-11 utility mirror mounts

- (includes model 564 mirrors) which are used to reflect

the réference beam in order that the reference beam can
travel bypassing the object,

8 Spectra Physics model 332 spatial filter éna expanding
lens assembly (expanding lens L4, aperture A4) mguﬁted
on a Spectra Physics model 306A precision optical mount
with base and vertical post which is ﬁsed to eliminate
spatial noise and produce a smooth intgnsitj!prcfile

across the expanded reference beam, g

metal base, of which its reconstructed image from the
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hologram is used as a vhite backgroﬁnd for the
interference fringes, :

8. a photographic plate holder wvhich is designed to hold a
half iize Agfa-Gevaert 10E75 AH (0.1016 x 0.0635m)
ﬁhotographic plate for double exposure holographic
technique, or Qn Eldmag immersion-type i-Y
micropositionable photographic: plate holder, model
ﬁPH—‘SW, including ec;iB plate carriage which is-used to

,hold and to reposition a full size Agfa-Gevaert 10E75
(0.1016 2 0.127m) photograbhic plate/for real time
holographic technique. Photographs of these holographic
plate holders Qre shown in Plate 4.1.

The positions of the optical components and the polymer
coating surface are determined accordiﬁq to the Hoio-Diagtam
- technique (1,2,3,4). The polymer coating is placed‘along the
ellipse whose foci are the beam splitter and the center of
the photoghaphic plate and avay from the line joining the
two foci. In this work, the distance between.the beam
'splitéer and the center of the photographic plate is fixed
at approximately 1.Zﬂi The length of ;he object surface,
vhich is the hypothenuse of a right-angle glass prism is
o.izsm. Becau;e of the geometry of the optical set-up in
this work, the angle of illumination and observation of the
‘objeét surface is festriczed‘tg 45° by use of the |
right-angle prism. Abramson (1) has mentioned thag‘in
holographic interferometry, if the object is illuminated and
‘~1éoked upon in a direction that makes an'angle B, to the

3 - e
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object surié:e; the distance between two dark f:iﬂgti will
correspond to a difference in thickness of half the
vavelength of the light used multipled by a constant k,,
Abf;;san defined the constant k, as the reciprocal of cos
B:. In this work, the value of k; can be easily evaluated as
1.414 or the reciprocal of cos 45°. According to the
Holo-Diagram, the object in this work must be placed along
the ellipse passing through the point at which the k, value
.is 1.414 and the distances to both the two Eéci are equal,
Due to the fihite length of the object sutface, the light
that is reflected from its different éafts must travel
different distances. In other words, the k, values along the
object surface at different parts are alvays different.
Consequently, the pattern of ffinges moves relatively to the
object when viewed from different directions (2); In this
work, the length of the object is only 0.125m compared to
" the distance wvhich is 1.2m between the two foci, tﬁefefare
- the movement of the fringe pattern is not serious. In
addition, this shortcoming can be overcome by 1ackingjat and
' photographing the fringe patt;rniit a fixed direction all
the time. This can be accomplished by mounting an aluminum
plate with a 0.013m diameter hole at the center on the
photographic plate holder (see Plate 4.1), The fringe
pattern is then viewed through ﬁhe éiéﬁular‘h;le_ |

The positions of the two mirrors are aéjusted.gagthggz
the path lengths of the object and the reference beams,

measured from the beam splitter to the center of the
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photographic plate have the same value. Consequently, the
-axi-ui.coherent length of the laser 'is .utilized so as to
give the -axilgn object field of depth.
An overall view of the optical set-up is shown in the
photographs in Plate 4.2.
' To record a hologram of the polymer coating from this =

optical set-up, the laser beam with diameter about 0.002m is

split into a reference and a object beams. The ratio of beam

intensitives can be altered at any time by rotating the

mirror of the beam splitter-attenuator to different surface

reflectivities., The reference beam is directed by two
mirrors bypassing the polymer coating and is expanded by the
spatial filter and expanding lens assembly. The expanded

reference beam falls on the photographic plate. The object

. assembly so that it is wide enough to cover the whole

6bject. The object beam travels through the prism and the
polymer coating and it experiences a total internal
reflection at the surface of the coating. Finally, the
object beam leaves the prism and falls on the photographic
pla;é. The interference pattern generated by cver—lspﬁing
object and reference beams is recorded to form the hologram.
In both the double exposure holographic technique and
the.real tiﬁe holdgf&pﬁic technique, on :eécnstructicn of
the hologram, the object images recorded before and after
the change in coating thickness interfere with each other to

form fringes. The absolute nagﬂitude|2; the change of
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coating thickness is given by

' B A (4.1)

"
[ ]
=3

vhere r' is the displacement of a given object point from a
fixed point, A is the vavelength of light, and n is the
fringe arderlui the point under consideration. B is, in

general, a function of spatlal position of the object point

relative to the beam splitter and the photographic plite In
this work, all Ehe positions of the optical components
remained the same, therefore B is considered a constant. By
simple. geometrical manipulations, B can be easily evaluated
from the optical seésup ﬁy calculating the difference in the
path lengths of a light ray before and after a change of
coating thickness, Figﬁre 4.2 shows the paths of a light ray )
- before and after a mass transfer experiment for a given
change of coating thickness, r'. The change in the light
path length between a-a and b-b is the same betveen c-c and

d-d, and is given by
2r'(ng - ng sin B, sin 8,) / cos B, (4.2)

vhere n and n are retfaetive index of the swallen polymer
and the glass prxsm respectively (ng=1.428 and ng=1.5). Thé
angle B, as shown in Figure 4.2 is equal to 45°. The angle

B. = 8in"' (ny sin B, / ng) is calculated as 47°58'. As the

appearance of a fringe is due to a change of light path
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lengths of n)\ /2, then the change of coating thickness r'

for nth fringe is given by -
r' =nxcos B, / 4(ng - ny sin B, sin 8,) (4.3)
Comparing Equations 4.1 and 4.3, the constant B is given by

B =cos B, / 4(n, iinp sin B, sin B,) (4.4)

Hence, by knowing the incident angle 8, and the refractive

angle B,, the value of B can be calculated by using Equation

4.4. If the value of B is known-and the fringe ordér n is

shrinkage at a given point can bé evaluated.

4.2 MASS TRANSFER EXPERIMENTAL SET-UP

The mass transfer experimental set-up is shown in the

, iipingengnt plate, a confinement plate from which a slot jet

issues, a top spscer and also a bottom spacer.

1. The mass transferring surface is the hypothenuse !;rfacg
of a right-sngle glass prism (0.089 x 0.125m) which is
fitted into a window cutting of an iiéminum plate. The
aluminum plate, 0.149 x 0.625m, has a thickness of

0.012m. The surface of the prism together vith the
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aluminum plate form one flat surface. This surface is
then éoated with a thin layer of sidicone rubber to form
the impingement plate. The front and top views of this
impingement plate are shown in Pigure 4.3.

An aluminum plate having a thickness of 0.012m and the

-same size as the impingement plate is attached normally

to the nozzle of an aluminum slot tube. The aluminum
tube with dimensions 0.0015 i 0.132 x 0.4m is long
enough to provide a fully developed parabolic velocity
profile at the nozzle exit for the highest Reynolds
number used in this work. The large ratio of plate span

(0.132m) to nozzle width (0.0015m) minimizes end effgctsr 4

and leads to é situation of nearly a two-dimensional
jet. The front Qné top views of the confined plate and
the aluminum tube érg shown in Figure 4.4.

Three sets of spacers are used so as to obtain three
different jet-to-plate spacings. A set of spacers .
includes tvo aluminum plates of the equal width. One
sluminum plate is mounted on top of the impingement
plate and the confinement plate, so called top spacer.
Another aluminum plitg is mounted on the bcttc::;ni 80
called hottom spacer. The gaps between the impingement
piate and the confinement plate for these three éets of
spacers are 0.003m, 0.006m, and 0.018m, respectively.
These correspond to jgtitééplate spacings of 2b, 4b and

.12b. o
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The mass transfer experimental set-up is mounted on a
heavy metal. base as shown in P;:teriiz. The spacers are used
to fit between the impingement and the confinement plates so
as to form a rectangular channel in which the jeé flow would
be confined. With such an arrangement of the aluminum sleot
tube and the impingement plate, the air impinges normally on
the impingement surface at a line which is 0.043m from one
edge of the glass prism aﬁd 0.082m from the other. Since
only the mass transfer on the hypothenuse surface of the
prism can be studied by ho;agraphic interferometry, the
location of the slot nozzle allows the effective downstream

"distance for which mass transfer can be measured to be 55b.

Before each experiment, the impingement plate is egsiiy
fgéesitianeé with the help of the top and bcttam,spa¢=r§‘:
The iﬁpinggnent platé and the top spacer can be removed
after each experiment while the confinement plate and the

bottom spacer remained on the heavy ?etal base.

4.3 EXPERINENTAL PROCEDURE

The experimental procedure for double ¢xposure holographic
interferometry is éiscussed‘in Sections 4.3.1 té 4.3.4,
vhile the experimental procedure for real time holographic

interferometry is discussed in Section 4.3.5.
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4.3.1 PREPARATION OF POLYMER COATING

9
.

The polymer coating is formed as follows:

Liquid silicone primer, $5-4120, from General Electriec
is applied by bushing uniformly onythe cleaned mass
transferring surface. 1t is important to alié%a%he
primer to dry in air for at least one hour betef;athe
polymer is applied. :
Ten parts of liquid pélymzr rubber, RTV-615A silicone
rubber,_gﬁd one part of catalyst RTV-615B (both ffcmi
General Electric) are mixed throughly in a styrofoam cup
to abcuéiﬁii kg of mixture.

The pc;yaer’miitgfe is poured evenly on the mass
transferring surface vith the mass transferring surface

being horizontal.

In order to obtain a uniform coating thickness, the

freshly coated surface is allowved to semi-harden at room
temperature }Qr about ten hours.

The semi-harden surface is then cured in the oven at
65°C for three hours.

For complete swelling of a fresh polymer coating with

ethylsalicylate it took at least ten hours, while

re-swelling a partially exhausted coating after an

LY

experimental run required abiout three hours of immersion in-

the swelling agent bath.

The refractive index of silicone rubber swollen to

various degrees was found by Haslxy:h and Nguyen (51) It is.

lviéent that the refract1ve index is a weak funct;nn af the

iy

{
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degree afziwelling vhen the Sﬁailgn polymer is near its
:; ilibrium value. |
4.3.2 MAKING OF DOUBLE EXPOSURE HOLOGRANM ‘

Bach full sized Agfa-Gevaert 10E75 AH photographic
plate (0.1016 x 0.127m) is cut into tvo halves (0.1016 x
0.0635m) in the dark room by using 'a glass cutt;} and an
aluminum guiding plate. To avoid damage to the emulsion side
of the photographic pln:gf an incision is-nadg only on the
back side with minimum stress. | .

- The 50 mW HEENe_liser is turned gn at least half an
hour before an experimental run. By rotating the mirror of
the beam splitter-attenuator to the reading of 110, the ?
intensity of the object beam is selected as about three
tiQES'Ehe;intensity of the reference beam. The shutter is
then set at 1/30 s. The selgctié;s of the exposure time and

the intgnSIty ratio between the tﬁc beams were fould by

:ﬁtill gnd errer, and remained the same for all the

experimental runs,

A I

The impingement plate is removed from the swelling bath

and is dried carefully by using clean tissue paper. The

impingement plate is then placed on top of the bottom spicer

and is mounted with the confinement plate and the top spacer

.to form a rectangular channel. The laboratory temperature

and pressure are measured, and the laboratory lights are

then switched off. The photographic plate is placed in the

plate holder.
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Since handling the mounting of the rectangular channel \\\\‘
"and the photoéraphic plate can create a temperature hS

qrddizhty the equipnedt is leff for several minutes in order
to equilibrate with the laboratory. The shutter‘ig/;hen |
activated vith an exposure time of 1/30 s and the first
exposure is made on the photographic plate. The mass /
trgnsfcr.experiment is then started. Air is supplied from a
compressed air cylinder aﬂd its volumetric flow rate is 4 -
~measured by a rotameter. Two rotamet;;s are used in this
vork, Fischer & Porter Co. Rotameter and Brook Rotameter.
Each rotameter éovers a different range of volumetric air
flow rate. The calibrations of these two rotameters are
given in Appeﬁdix B. After a gf%en period of time, the air’
flow is stopped. The shutter is reactivated with ihe same
exposure time to obtain a second exposure on the

_photographic plate.

4.3.3 PROCESSING OF HOLOGRAM
' The exposed ﬁhotographic_plate is removed from the
plate holder for proﬁessing. The processing sequence is as
follows: |

The photographic plate'is '
1. deigloped vith Kodak D-19 developer solution for 2 to 3
ﬁinutei, , .
2. stopped with Kodak indicator stop bath for half a
. {ninute, . >

3., tixed with Kodak rapid ‘xed solution for 2 minutéé,



4. washed vith tap vater,
S. and finally dried by spraying methanol on the
photographic plate.

4.3.4 PHOTOGRAPHING OF RECOMSTRUCTED IMAGE
"To record the virtual image of a double exposed
hologram, tbe £Qllnw1ng pfaeedure is used.

1. The dauhlé exposed helcgram, after processing, is

. repositioned in the photographic plate holder. 7

2. The intensity of the reference beam is selected as abautiﬁ
one half of that of the object beam by :é;ating the
mirror of the beam splitterﬁatgenu;tar to the reading of
60. In other words, the intengitylgf the reference beamf*
is higher than that!ihen-the double exposed hologram vés
made. , é

3. The object beam is then blocked off.

4. A Nikon F2A Photomic camera with Hikénvnstar Drive MD-3
and Micro-Nikkor 105mm f/4 Lens is placed behind the
hologram and the view guiding aluminum plate.r?g: lens
aperture is normally set at f/4 and exposure time varied

 from 8 to 20 seconds. Faeusing the camera on the
reconstructed v;rtu;l ;nage, the photagraph of this
image can then be tnken. :

5. Kodak Tri-X pan film (TX 402) with ASA speed of 400, a

| fast black and vhite film, is used.

The processing of the Tri-X pan film is proceeded in

room temperature as follows:



64

The film is
1. developed with Kodak D-76 developer solution for 7
minutes, '
2. _étoppeﬁ with Kodak indicator stop bath for half a
© minute,
3. fixed with Kodak fixer solution for 4 minutes,
4. washed with running tap water,

S. and finally dried by hanging in a dust free room.

4.3.5 PROCEDURE FOR REAL TIME HOLOGRAPHIC INTERFEROMETRY

In this work, real time holographié interferometry is
used for qualitative study only. fhis technique is used for
detérnining the order of a pafticular fringe of the "frozen
trinée' pattern obtained from double exposed hologram.

For real tin? holographic interferometry, an
immersion-type X-Y micropositionable photographic plate
holder, model MPH-45W, is used instead of the simple plage
holder used in double exposure holographic interfegggetry. A

full size Agfa-Gevaert 10E75 (0.1016 x 0.127m) bhotographic .
plate is placed in the PC-45 plate carriage and is allowved
to noraalize-in the plate holder wvater cell for
approximately 15 minutes. This operation pre-sensitizes thev
emulsion aﬁé also allows strain release, swvelling, or other
eablsion excursions to occur prior to exposure. The mass
transfer set-up is prepared asapreviously discussed. The-
‘shytter is activated with an exhosure time of 1/60 s. This

exposure time is half of that of the double exposure

Jan



holographic interferometry because the photographic emulsion
becomes more sensitive while soaking in water. But the
intensity ratio betwveen the referénsé and the object beams
is :ninéaineé the same as that of the double exposure
holographic interferometry. The plate carriage with the
photographic plate is then removed from the wvater cell for
processing. The pracessing seqguence is as previous Section
4.3.3 except in this éaserthe developing time is shorter.
The halag%;m after processing is placed back into the
" water cell to within one fringe alignment by using the

precision X-Y controls on the »l’Ee holder. With both the .

reference and object beams striking the hologram, the
fringes which occur between the holographic vircugi image
ind the ;cﬁugl subject image can be eliminated by adjusting
the plate pasitien with thg*preéisian X-Y controls. When no
=‘Lﬂt3f5252ﬂee iringés on the object are gbserved, thi§ .

indicates that the photographic plate is repositioned in its

*
&

gfigihiivgasitian. The mass transfer gxpgrimgnt is then
PFQEEEéga;Hith- The shrinkage of the polymer coating can be

vieved behind the hologram as real time interference fringes
across thé iiaggi ng order of any pafti:ul;r fringe can be

determined by counting fringes at a given 1aeatiaﬁ on t?g

impingement plate as they appear in real timé. e



S. CALIBRATION AND VALIDITY OF THE EXPERIMENTAL SET-UP

Mass transfer characteristics due to an unconfined
laminar impinging two-dimensional air jet is studied by
‘ B
measuring the local Sherwvood number along the impingement

plate. Local Sherwood number in this work is defined by

Shy, = k b /D (5.1)
or Shy =k'b /D . (5.2)

vhere‘k and k' are the local mass transfer coefficients, and

D is the diffusion coefficient. Ehe local mass transfer

coefficients k and k' are defined by ! .
- N =k (p. - p ) »* Mv / P _ (5;3)
| and N-k‘(p‘*p)pﬂu/P (5.4)

v
thre N is mass flux, ' is the molar density of th? gas
mixture, Mv is the molecular weight of swelling agent, and P
~is the total pressure. Tﬁe partial vapor pressures of the
'gvelling agenty p, ., Pl and p; are located at the coating
Qurtacc.‘th. jet noszle exit and in the bulk flow,
rospec;{vely. ' L \

Por an unconfined air jet, the pﬁrtial vapor pressures

of the svellxng agent at the jet na::le exit and in the bulk

flov are oqual to zero (pr-p =0). It leads to k=k' from,

ss‘ \
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Bguations 5.3 and 5.4. However, for an confined air jet, :nA
is no longer equal to zero and it is not easy to measure iﬁ
the experimental set-up of this work. Therefore, only the
Shervood numbers evaluated from Equation 5.1 are
investigated in the experimental study for confined air jet.
On the other hand, p, can be evaluated numerically. Both the
Shervood numbers eéalugted from EQuations 5.1 and 5.2 are
investigated in the numerical study.

For both confined and uﬁe&nfine? air jet, pj—ﬂ and the
partial vapor pressure of the swelling agent at the coating
surface, Pg, is that of its vapor pressure,. P°, éurin§ the

"constant rate period” and Equation 5.3 simplifies to

N=KkP*p*Mv / P (5“’=

The mass flux, N, can also be given as
Nsr'p /T ! (5.6)

Qh;re r' is the change of eagtiﬁg thickness given by
Equ:ﬁién 4.1, Pe is the density of the svollen polymer and T
is the duration of the mass tfgﬁ:fgf e:pgfimeqt. The product
r‘p- is the mass of swelling agent tr;nsfgred?pe: unit area,
since the svﬁilcn polymer volume is the sum of the volume of
the dry polymer and that of the pure swelling agent (47).

- Substituting Bquation 4.1 into Bguation 5.6, one obtains



NenBAs /T \ (8.7)

Define A = B ) ﬁi, then Equjgian 5.7 becomes

N=A(n/T h (5.8)

/

vhere A is a constant for a given mass transfer experimental

and optical set-up. anﬂtant A is also referred to as the

calibration constant of the experimental set-up. Combining

Equations 5.1, 5.5 and 5.8, one obtains i
Sh = (AP / o' P* Mw) (b /D) (n /) "

=G (n/T) . SS;S)

"where G is dependent gﬁly on the physical properties of

working fluids.

Therefore, to ev#lu;tg the loca) Sherwood number it is
necessary to knov the physical properties under the
operating conditions, the local fringe order and the

duration of the experimental run.

S.1 CALIBRATION PROCEDURE

In order to evaluate the mass flux of the swvelling

1rint. it is necessary to knov the value of the constant A



of !quétigp 5.8. The calibration constant A can be obtained

by studying the mass transfer due to an unconfined laminar
A i-pinging!_uisygetric air jet vith initial parabolic P
‘velocity pr@ﬁile!using the same optical set-up as shown in
 Pigure 4.1.

Thié calibration is made using the theoretical
expression obtained by Scholtz and Trass (79)!faf an
pnconfined laminar impinging axisymmetric subﬁgrgeé jet in
ghe wall jet region given by Equatigﬁ 2.15 as

=

Shy = €. Reg* "t (r/a)'.rr (5.10)

wvhere c, = 0.458 T (Sc + 1/3)M T (Sc) I (1/3)) (5.11)
for initial parabolic velocity ﬁrcfile.‘gquatian 5.10 has
been shown by Scholtz and Trass (79) to be fa;fly accurate
il'!!g vall jet regigﬁ. Equating ‘Equations 5 ‘9 and 5.19 by.
using the nozzle diameter, d, instead of the slot width, b,
as ;hef:haracteristié length in Equation 5.9 for the case of
axisymmetric and rearranging, yields

ne(c, De* P Mv / dAP) (TReso 't (r/a) ' **)

o (5.12)

If a :§i§ transfer !E;eriignt is performed using an
uneegtincﬂ'iﬁpiﬁging axisymmetric air jet with initial
perabolic velocity profile, theﬁ a plot of n versus

(T Re,* " (r/a)-*.2+) inrthe wall jet region gives as its
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slope (c, D »* P* Mv / A A P). The constant A can then be
evaluated !rg: the khowledge of the physical properties af.
the systenm. 7

The experimental set-up and procedure for an unconfined
axisymmetric jet are similar to those for a confined ’
tvo-dimensional jet mentioned in Chapter @ Here, the
confinement plate and slot tubg'rgigrrﬁd to in Chapter 4 is
teplaceé by a8 chrcular tuge vith a diameter equal to 0.003m.
This. tube is mounted on a heavy stand. The tube is set
perpendicular to the mass transferring surface with a
jet-to-plate spacing of 1.5d. Double exposure holographic
interferometry is used thf@ughtéut‘zhis calibration,
txperimgntal }uns with éur;tiaﬁs equal to 90s, 180s and 36@5
and for Re =1210 and 1450 a;igmaae The average operating
temperature and pressure af the experimental runs vere
20.7°C and 93, .87kPa, re5pgct1vely. l

The 'ETQ;EH fringe"™ pattern for run no. Céiééiiss,;af
Re,=1470 and T=90s is sh::2 in Plate 5.1a. The “frozen
fringe® pattern for run no. CJ14-6A for Re 1470 and T=360s
is shown in Plate 5.1b. Determination of fringe order of
these "frozen fff‘é’ patterns is rather simple. In Plate
5;1;2 the outer bright region is considered to be the zeroth
order fringe vhere no mass transfer as yet has occured.
Since it this case the zeroth ordet fringe is kncvn the

determination of the order of other fringes is

ltraightfﬁ:r\urd By cauntlhe fringe order frcm the outer

zgeroth order fringe. towvards the stagnation point, it is

N
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PLATE 5.1 : CONTOURS OF EQUAL MASS TRANSFER RATE FOR
7 AN UNCONFINED Aglsmﬁc AIR JET
' - (Reg=1470)



possible to label all the fringes. It is thus this short
duration experiment that gives the base on which the long
duration experiment, such as the one shown in Plate 5.1b,
are interpreted. In each experimental run, the variation of
the local fringe order, n, with éiﬁ:ﬂiiﬂﬂlglsztlﬂill
distance, r/d, is determined. Experimental results of local
fringe order, n, and dimensionless radial distance, r/d, are
given in Appendix C..

A confirmation afithe ‘can%tgnt rate period” can be
obtained by combining all the experimental runs for g-gﬁvgn
Rejnalds number in the farﬁ of n/T (51). A plot of n/T

versus r/d for ged-1s7o is shown in Pigure 5.1, Here, the

‘data for different duration collapse onto one curve

indicating that the driving force, in this case, the

suelliﬁg agent vapor pressure at the coating surface, P*, is

‘the same for both the shortest and for the longest mass

transfer experiment.

giglat of EQuation 5.12 is given in Figure 5.2. The
slope of the least squares linear regression is 634.08s-°
vhich gives A as 1.614x10"* kg/m? using physical prcperties‘
in Appendix A evaluated at average operating conditions of
20.7°C and 93.87kPa.

It is possible to proceed in a different manner to
obtain a calibration constant-A. Using thegapprcpriatg}éats.
Equation 4.4 giveszﬂ-o.zéis, Since the calibration eaﬁgtant,
A, is defined as Bro,, by using the values of évcllen’

coating density, o, , and the wavelength of the light, A, in
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Appendix A, A becomes 1.67x10-* kg/m’. .
- ) L 4

The agreement between the two methods for evaluating
_the congfant A is within 3.3X. This Qgreemgnt confirms the
success of the method based on aptizai analysis mentioned in
Section !ifi This'alsé indicates that the coating surface is
reasonably smooth throughtout the»fegieﬁ of interest during
the experimental period. The value of A as obtained from an
unconfined axisymmetric air jet is used for the evaluation
of local Sherwood number thr@uéhtaut the experimental study

of this wvork

5.2 TEST OF CALIBRATION VALIDITY

. The validity of the value of c:liﬁfatian.ccﬂstant A
evaluated in Section 5.1 is tested by studying the mass
transfer due to an unconfined laminar impinging
two-dimensional air jet ﬁith gn»initigl parabolic velocity
profile. The same aptiéil set-up as shown in'Figutg’li1 is
used. Local Shervood numbers in the wall jet region 7
evalu:teé by using Equation 5.9 with A=1.614x10"* kg/:* are
compared with the rggreisian equation given by Masliyah and
- Nguyen (53) i

shb;? Q-S_s REh"i' (X/b)égi‘,. (5"13)

for an unconfined iﬁpinging twvo-dimensional air jet
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(Sg=2.85).
" the’/experimental set-up and procedure for an gncaﬁfin;é

1

tvo-dimensional jet are similar to those for an unconfined
axisymmetric jet mentioned in Section 5.1, except a T
plexiglass slot tube with dimensions 0.0015 x 0.075 x 0.35m!
is used. This tube is mounted on a heavy stapd and set
perpendicular to the mass transferring sﬁfface vith a
%et—tc—plate spacing of 45. Double exposure holographic
interferometry is used. E;égfigngntal runs with durations
equal to 120s, 240s and 480s and for Re =9% and 204 are
made. The average operating temperature and pressure of the
gxpefimental runs were 20.7°C and 93.98kPa, respectively.
Under these operating ,conditions, Sc:2;74.7

335-94 and T=120s is shown in Plate 5.2a. The "frozen
fringe” pattern for run no. SJ1-4F for RebeQ and T=240s is
slovn in Plate 5.2b. Inibath cases, the zeroth order fringes
are no longer cﬁathe mass transfe%ring surface., A simple
trial ;nd-gr:ar.!gthad introduced by Masliyah and Nguyen
(51) when the zeroth order fringe cannot be identified is
used to determine the fringe order in Ehis case. In their
study of unconfined axisymmetric air jet, Masliyah and
_Nguyen pointed out that, according to Equation 5.12, a plot
of log(n) versus log(r/d) for experiments vith various
durations afia given Reynolds number g#ve curves wvhich are
parallel to eiéﬁ otMer. Similar behavior -of fringe order

with dimensionless streamvise distance for the



B ™

PLATE 5.2 :

R
1
]

(b) T = 240s

~ CONTOURS OF EQUAL MASS TRANSFER RATE FOR

AN UNCONFINED TWO-DIMENSIONAL AIR JET
(Rep=94)



- two-dimensional case is exzpected. By choosing the correct .
:local fringe order, the curves fre,/;iplot of log(n) versus
log(x/b) for experiments with various durations of a’given |
Reynolds number should theregore parallel to each other. . -
Such a2 plot for an unconfined two-dimensional air jet is
shown in Figure 5.3 for Re.-94: Using such trial and error
;ethod, the outer darken regions in both Plates 5.2a and
5.2b are determined to be the first order fringes. By
counting the fringe order frbm the outer first order fringe
tovards fhe stagnation point, it is possible to label all
the fringes. As soon as the local fringe order is known,
local Sherwood number can be easily determined by using
Equation 5.9. In each experimental run, the variation of
local_Shervooé number, Sh,, with dimensionless streamvise
distance, x/b, are determined. Experimental tesuits of local
Sherwood number, Shy, and dimensionless streamwise distance,
x/b, are given in Appendix D. ;

It is vorthwhile to mention that the regression
equation given by‘ﬁasliyah and Nguyen (53), Equation 5.13,
is only valid to} Sc=2.85 which is slightly different from
the Sc=2.74 of this work. Considering the ;ftect of Schamidt
number on local Shervood number by using the Forrelation
given by Scholtz and Trass, Equation $.11, Bquation 5.13

becomes

Shb = 0.54 Rtb'-" (x/b)-°*.7> (5.14)



;719
Q , :
102 T T T T T T T TY — T T T T
I l 1 1 ¥ [ T B
- (] 0 T=120 § -
o O T=240 5§ -
A A T=48B0 5 _
2E ‘X . ‘\E -
. L 4
& -
. ‘s,
ci10! |- : 0 “a ) —
o . Y -
o o A = -
o o a -
. | (] A oy
§ 1] @ =
4 i} o <
(U] o !
2 -
A L L L 4 )} l i 1 i L 1.4
100 R B R AT 2 3 4 v 650
100 10! 102
x/b
JIGURE 5.3 : VARIATION OF FRINGE ORDER WITH
DIMENS IONLESS STREAMWISE DISTANCE
rom hb-?l



for Sc=2.74.

A plot to test the validity of the ESPEEimental loc-
. Sherwvood numbers for an unconfined two-dimensional air o=
is shown in Figure 5.4. For a perfect fit with Equation
slope of unity. From Figure 5.4, althﬁugh it is abse::eé.
that the data points are consistently above the perfect fit
line, there are still vitﬁin the scattered range (:9%) of
thg-experimental data obtained by Masliyah and Nguyen (53).
Therefore, the validity of the calibration canst;;t Ais

: | ’ ”
reaffirmed.
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6. WUMERICAL MODEL-MATHEMATICAL FORMULATION

&

A tvo-dimensional numerical model is used to simulate
. the experimental set-up. The impinging jeé system considered
in this work is shown in Figure 6.1. The air jet‘issugs from
a two-dimersional slot tube of width b with an average
velocity of Gj. The_éanfiﬁement plate is located parallel to
and at a distance h from the impingement plate, The
" impingement is normal to the impingement plate. Por the
descriﬁtion of Ehg flow and the concentration fields, a
tvo-dimensional feétangulaf coordinate system is USEd.Eith R
the origin at the center of the jet nozzle exit. The . ﬁhgféé
’x-coordiﬁate is parallel to the impingement plate and the
y-coordinate is normal to it. The outflow region is chosen
at a location sufficiently E;r awvay from the stagnation flow
region to ensure that the velocity and the concentration
profiles at this location are developing as those for
parallel plates.

The governing equations for this two-dimensional
impinging jet system are presented in Section 6.1. The.

boundary conditions for this system are presented in Section

6.2.

82 .



'+ 83

4

/
Yy

-

Axis,of Symmetry

- Stggﬁaticn
. Point , ,
/ . Impingement Platé |

uoiey moiinQ

Ff_f;f;}}kf;f{;; s T T T Ty

P TTE ST TTFZITFEEE

FIGURE 6.1 : COORDINATE SYSTEM AND BOUNDARIES OF THE

INMPINGING JET SYSTEM



6.1 GOVERNING EQUATIONS

- The pressure graéient‘is 80 segll that the ehahge of
density at each point in the sSystem can be neglected
ThEEEfDFE, air can be treeted as an 1n:empresslb1e Hevtan1en
fluid, even though it is a cempress;ble fluid itself. The
tve*éxmens;anel momentum and transport equatians can be
reduced to the Earrespenalng vert;c1ty stream function form
vith the assumption of steady state, incompressible viscous
Reitaniaﬂ fluid flow with constant physical properties. The

pertinent equations are (69):

i(u ) v w) KR 1’ ;

— + — = (— + —) (6.1)

ox 3y ax? y’ ‘
a'v 'y .
—_—t — = ¥ ' (6-2)
x? y?
a(u ¢c) v e) a'c 2’¢c

———— + ———— &« D (=— + —) + R (6.3)

= ) 4 x* !

where v is the vorticity and is defined by

" v ]
= = = . (Si!) ‘,
Wy x -

¢is stream function and is defined by

e W i o e i
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and — = ~y
x

|
n
m v:

(6.5)

c is the molar concentration of the svelling agent, and R is

the molar rate of production of the svelling agent

volume. For a system without chemical reaction, Re

When dimensionlessa variables ggg intr{;uceﬂ a

A

3

h/b
u/v

v,/ v

= x / 5
y/b
(c “6535/ (cq - cj)

w (b / 31)’
v/ (b 61)

b?'j/u

D

® D O < M < O D
]

n

1
-

n

<

‘v

~

Sc
3
then the abBove eguations becomes:

Mu @)  av a) 1 a'a  a'a
— ——— — —_ ( — -

x £} Re, X' ay*

per unit

Di

s follows:

(6.6)

(6.7)

(6.8)



U C) v ¢) 1 #PC  aC
— e ——— (— % —) . (6.9)
x 2y Re, Sc ax* a¥* e

ay ay ,
vhere — = U  and — = =V . (6.10)
Y ax

The objective of the numerical study is to solve

Equations 6.7, 6.8 and 6.9 for 9, ¥ and C.

6.2 BOUNDARY CONDITIONS

Because the governing equations are elliptic in nature,
boundary conditions must be specified at all the boundaries.
The boundaries are classified in five regions: the nozzle
exit, the confinement plate, the impingement plate, the axis

of symmetry and the outflow region.

6.2.1 NOZIILE EXIT
Por an initial parabolic'velocity profile at.the nozzle
exit, the velocity components are
V=15 (1 - 42X
U=0 (6.11)

From these velocity components, one can showv that

$=-1.5x+2x (6.12)

=
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shere the strg ction, ¥, at the axis of symmetry (X=0)

is';ikenig

s T 4 ) .
p Poéi;iggiégiil Blet velocity profile at nozzle exit,
the veIoéityAéé:pﬁnents are

V =1

U=0 (6.14)

From these velocity components, one can show that

¥ - x ' (6.15)
R =0 | (6.16)

The boundany condition for the concentration at the

nozzle exit is

C=20 . ‘ N (6.17)
for an air jet. ’

6.2.2 CONFINEMENT PLATE

Because the confinement Plate is impermeable, the value
of the‘stfgam function does not change along the plate. This
value can be determined by substftuting X=0.5 in Equations

6.12 and 6.15 for the case ﬁ!;pa:abclic and flat velocity
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profile, respectively. For both cases, the boundary

condition of the stream function at the confinement plate is

The boundary condition for the vorticity at the .
confinement plate is evaluated by using no-slip boundary

condition (96). This boundary condition is given in finite
The boundary condition for the concentration is

- - 3C /Y = 0 | (6.19)

.
- due to no mass transfer occurring at the plate.
i,

6.2.3 IMPINGEMENT PLATE éégi
Again, because the impingement plate is impermpable,
the value of stream function does not change along Eh:;

. DR

plate. The stream function can be arbitrary set to zero to .

give
¥§=0 . ' o (6.20)
The bqunagfy condition for the vorticity at the

impingment plate is the same as that of the confinement

plate.

g
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The boundary condition for the concentration is given -

by . ‘ : -

C =1 o . _ (6.21)

6.2.4 AXIS OF STMMETRY
. The axis of symmetry is given by X=0 and the stream-
function is a constant along it. Arbitrarily the constant is

set to zero to give
-0 ; (6.22)

The boundary condition of vorticity can be easily

determined by Betting U=aV/aX=3U/3Y=0 and noting that

V(X,Y)=V(-X,Y). The vorticity along X=0 is then given by

Q=0 ' (6.23)
. 5

Sin%e the concentration is also symmetric on both sides

of the axis, it leads to

3 /X = 0 . (6.24) L

along the axis of symmetry.
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6.2.5 OUTFLOW REGION

This boundary is located sufficiently far from the\jet
such that the flov is nearly fully developed vhere the
influence of the impinging zane'is not felt E#ually, a
fully developed flov is assumed at this boundary (96). If,
instead a developing fiow profile for the parallel plates
channel is assumed, the -outflowv boundary can then be 1aeata§_
anywvhere in the x-direction as long as it is far enough and
not influenced by the impinging jet flow. With an assumption

of a developing flow profile at the outflow boundary, this

boundary can be located closer to the stagnation point than
that with an assumption of a fully developed flow profile.
In other words, the number of grid points in x-direction can

then be minimized.

'are derived from the developing velocity profile given by
Sparrov et. al. (92) for their study of velocity éevelapﬁent
for the parallel-plate channel. By using only the most
dominant term in their salutiaﬁ series, the stream function

and the vorticity at the outflow region are given by

7 - 1 sin [e,(2(Y/L)-1)] L L

$ =9 +-— (- (—) - Y + -}
td  4,°L cos =, 2«, . 2
-8«,? (:/L)/Reb

e (6.25)

and
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L

2 sin [e,(2(Y/L)-1)]) ~8a,*(X/L)/Re,
8= Q - — { ——————1 e
td «,L* cos «, s

(6.26)

where «,=4.49341. The subscript "fad% denotes fully developed

flow, where

¥, " 15 (1L - (Y1) - 0.5 (6.27)
Q'd =3 (1 -2 (/L)) /L (6.28)

The developing concentration profile is analogous to
the developing temperature profile for parallel plates given
by McCuen (62) and Shah and London (85). The boundary
conditions used in this work are similar to those of the
fundamental solmtion of the third kind in their work. The

concentration at the outflow region is given by

= -2 *{x/2L)/(Re. Sc)
CeC + 2 E Y e b (6.29)
vhere !l‘s are functions cf Y, Ei‘: and Ai's are

eigenconstants and eigenvalues, respectively and they are
evaluated at the confinement plate for the first four terms

in the series as (52,85)5

A, = 3,117 and E,Y, = -1,2480

Ay = 9,714 and +0.38

2

- |
-
o ]
-
]
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A, = 16.260 and E;Zj 90-2253

A, = 22.810 and E, Y, = +0,1605 (6.30)

Due to the oscillating behavior of the series in Bguation
6.29 (from the values of E.Y,'s), there is no dominant term
in this series. The fully developed concentration profile is

given by

The finite difference form of the boundary conditions
in the outflov region will be discussed in Chapter 7,

The location of the outflow region boundary is chosen
depending on the jet Reynolds number and jet-to-plate

spacing. It is given in Table 6.1.

TABLE 6.1 : LOCATION OF OUTFLOW REGION BOUNDARY

.k __Rey _ x

2 100 - 400 7

| ¢ 100 - 400 74

. x 12° 100 - 300 170

0o - 06



7. NUMERICAL FORMULTION

Initially the numerical technique used in this work was
similar to the method introduced by Joseph, Smith and Adler
(35) which is that of the Marker-and-Cell (MAC) methdd used
by other inve;tigatots dealing with numerical studies
(5,28,30,65,72, 93,99). Tﬁe method is to solve the unsteady
state primitiv; equations. A steady state solution is
- obtaitred by advanciqg the velocities and presiure from one
time interval to another until the solution no longer
changes vith time. This numerical t;chnique vas later
abandoned due to the failure to obtain a converged solution
for higher Reynolds number unless the time interval was
steadily reduced. Large CPU time was required in order toh
obtain a steady state solution.

The second numerical technique used in this work was
the centralefinite-difference representation of the steaéy
state vorticity transport equation. This numerical technique
wvas again abandoned due to the failure to obtain a converged—
solution for'Re;>100. Severe under-relaxation was required
for the run of Reb-IOO. Converged solution for Reb-loo vas
not’obtained until after 2700 iterations.

The third and successful numerical technique used in
this work is the hgbrid differencing schemes, so called |
'upsttéan-veighted' aﬁd 'upstreai' differencing schemes,

introduced by Raithby and Torrance (69). The detail of

93



'5;7 and concentration, C, in Equation 6.9.

finite-difference equations. at the boundaries are given in
Section 7.2, T;; finite-difference equations for
"upstream-weighted" and “ups;rﬁam“éifferEHEing schemes is
discussed in Section 7.3. Eiﬂaily,;ﬁhe stability properties
of the finite-difference equatiang are discussed in Section

7‘4@ ¥ !,,
~

The governing equations are:

WU Q) v ¢) A J Y Y ,
—— PR — = A (77—— + =—) (7-1) ’
ax ay . ax*  ay? ‘

'y Y : oo
b * — - Q (7§2)
ax:* ay? '

o o

vhere = U and — = =V 7 (7.3)

Y X

Equation 7.1 is a more general equation than Equations 6.7

and 6.9. The variable ¢ repre::nti’vartz*ityzﬁﬁ. in Bquation

e coefficient a
for these twvo cases becomes (Re,) ' and (ﬁgb Se) -,

respectively,
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The region of interest is represented by a rectangular
grid network shown in Figure 7.1 with grid lines parallel to
the X and Y coordinates. Grid lines in X and Y directions
are designated by i and j, respectively. As shown in Figure
7.1, the total numbers of node (the intersection of the grid
lines) in X and Y directions are nx and ny, respectively.
The numbers of node cover the jet nozzle exit is nj. "

For the time being, let us restrict our attention to |
the region surrounding the typical node (i,j) shown in
Figure 7.2. The variables Q, ¥ and C are defined at each
node, while thg velocity components, U and V, are defined at
points midway between these nodes. In other vords, \the
velocity components are on the boundaries of the control
volume. The control volume of a node is the region bounded
by the dashed lines shown in Figure 7.2, the sides of which
lie midway between the neighbouring nodes. One of the
advantages of using such a finite-difference grid is that it
simplifies the computation of mass flux into and out of the
control volume, since the velocity components areilacgted at
the control volume boundary itsélfi

The finite-difference equations of the velocity

components are obtained ab follows

[9Cie1,541) + @(i,5+1) - Plie1,§-1) - $(i,j-1)]1/4
= U(i+d/2,5) av(§)y (7.4)
[9Cie1,5+1) + §Gis1,3) - §Ci-1,5+1) - 9(i-1,3)1/4

- = V(i,j+1/2) ax(i) T (7.5)
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FIGURE 7.1 : GRID NETWORK OF THE IMPINGING JET SYSTEM
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such that U(i+1/2,j) is the mean velocity in the X-direction
in the region bounded by grid lines passing through nodes
(i+1,3+1), (i,j*1), (i,§-1) and (i+1,3=1), and V(i j*1/2) is
the mean velocity in the Yidiféétian in the region bounded

by the grid lines passing through nodes (i+1,j+1),

(i-1,3+1), (i-1,5) and (i+1,3). With these approximate )
equations, the mass balance is satisfied exactly over the

control volume. From Equations 7.4 and 7.5, one obtains

[u(i+1/2,5) - vli-1/2,5)) AY(35)

* V6L 501/2) - v, 3-1/2)) 8%(i) = 0 (7.6)
Dividing by ax(i) aY(j), Bquation 7.6 becomes the central
finite-difference reprgs!ﬁfatien of the equafian of |
continuity over the control volume of node (i,j).

The convective term 3(U ¢)/3X of Equation 7.1 is
represented as the difference between two fluxes, one
through the right hand side boundary, the (i+1/2) face, and
one through the left hand side boundary, the (i-1/2) f;:e;
of the control §eluﬁe shown \in Figure 7.2. The flux, uo,
through the right hand side ha;négfy is approximated by
U(i*i/:,j)¢(i*i/2*§‘,j), vhere ¢(i+1/2-a,,j) is equal to the
"true” value of the variable ¢ half-way between nodes (i,3)
and (i+1,j) and is located at (i+1/2-e_,3) if one linearly
" interpolates between ¢®(i,j) and ®(i+1,3j) (69). Since both
®(i,j), Q(i*l/i*g-,j) and ¢(i+1,3) lie on the same straight

line, therefore
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(0.5 + ag) @(i,5) + (0.5 - a,) ®(i+1,3)
- 9(iv1/2-a,,3) (7.7)

Proceeding similarly at the left hand side boundary, using
the parameter a« , the flux, U§, is approximated by

.U(i-1/2,j)¢(i-1/2—n_,j) vhere

(0.5 + a ) @(i=1,3) + (0.5 - a,) ®(i,j) N
- 9(i-1/2-a,,3) (7.8)

Therefore, the convective term in X-direction becomes
M
. o(U ¢)
X

= [0(i+1/2,3) ¢(i+1/2-a,,])

- U(i=1/2,3) @li-1/2-a_,3)] / 8X(i) £3.9)

The convective term ;(V $)/3Y of Equation 7.1 is
represented as the diffefe%ce betwveen fluxes, one through
the top boundary, the (j-1/2) face, and one through the
bot tom boundaiy, the (j+1/2) face, of the control volume
shown in Figure 7.2. Similarly, the convective term in the

¥ 4
Y-direction becomes

WV ¢)

= [V(i,3+1/2) O(8,3+4/2-9 )
Y ]

- V(i,j=1/2) ¢(i,3-1/2-8)) / a¥(3) (7.10)

]



100

where (0.5 + B,) $(i,j3) + (0.5 - B,) ¥i, j+1) -
- Q(irj*ifg-p‘) (7.11)

(0.5 + 8,) @i, j=1) + (0.5 - B) ¢(i,j)
= ¢(i,j=1f2§3ﬁ) (7.12)

Note that all «'s and B's are unknowns and are to be
determined. i

The finite-difference equations for the diffusion terms
a(a’¢/ax?) and a(3*¢/aY’) of Equation 7.1 were introduced by

Raithby and Torrance (69) as follows

26 a2 ®i+1,3) - O(i,3)
. a - — (=) [

ax(i)

11} (7.13)

, (i, j) - ¢(i-1,73)
iU*Tw)[" —— S
J AX(i-1)

in the X-direction, and

8 — = —— { (1-8,) [—————)
W av(j) * Y (3)

L re a O(i,5+1) - i, 9)

= (v =6) [— , ,

e ]} (7.14)
AY(j-1)

in the Y-direction, where y's and §'s are veighting factors
to be determined. The advantage of using these weighting

factors is that they retain flexibility similar to that for
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the convective terms.
Considering the flux crossing the commen boundary

that a, and y_ for the control volume of node (i,j) must

equal a_ and y,  for the control volume of the node (i+1,j).
Similarly, B, and §, for the control volume of the node
(i,j)>must;equal B, and § for the control volume of the

node (i,j+1). Therefore, ar Vgr Tyt Yy By 8

- ' . Bn and LR

’ s’
in the previous expressions can be replaced éy the notations
al(i+1,3), y(i+1,3), a(i,j), y(i,j), B(i,j+1), &(i,j+1),
B(i,j) and §(i,j), respectively.

By introducing all the foregoing flux terms into
Equation 7.1, one obtains the following explicit equation at
each interior node

®(i,5) = {m, O(i-1,3) + @, ¢(i+1,H)
+ o, O(i,§=1) + m, O(i,5+1)} / m, (9.15)

‘The coefficients of Equation 7.15 are defined by

m, = [1 - y(i,j)] €(i,§) + 0.5 (u(i-1/2,3) Av(jil
+ a(i,3) |Uuli=1/2,3) av(§)| ' ’

m, = [0 - y(i*1,3)) €(i+1,3) - 0.5 [u(i+1/2,3) aY(§)]
¢ ali+1,3) |UCi*1/2,5) a¥(3)]|

m, = {|U(i+1/2,5) aY(3F)| a(i+1,]) ‘s

+ Juli-1/2,3) aY(3)| a(i,j)
+ |V(i,j+1/2) ax(i)| B(i,j+1)
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Qg (i,i-1/2) ax(i)| pGi,§))
+ {1~ y(i*+1,3)) g(i+1,3) + [1 - y(i,§)) &(i,5)
+ [1 - &(i,j+1)) (i, j+1) + [V - &(i,§)} n(i,j)}
. = [1 - 8(i,§)) n(i,§) + 0.5 (V(i,§-1/2) ax(i)]
+ BGi,3) |V(i,3-1/2) ax(i)|
my = [1 - §(i,§+1)] n(i,j+1) - 0.5 [Vv(i,j+1/2) ax(i)]

+ Bli,j+1) |V(i,j+1/2) ax(i)] (7.16)

with a aY(j) , T & AX(i) , ,

£(i,j) »« ——— and n(i,j) = ——— (7.17)
8X(i-1) AY(§-1)

As mentioned above, the sign of both elements in the

products a(i,j) U(i-1/2,3), a(i+1,j) U(i+1/2,53), B(i,])

V(i,§-1/2), and B(i,j*+1) V(i,j+1/2) must be the same.

Tﬁerefcre the products afe all positive quantities and can

be written as naéed in Equation 7.16 with the understanding

that all a's and ?’g used in this work are positive number.
The finite-difference approximations of the

vorticity-stream function relation are derived from the

network, where

2y ; AX(i-1) $(i+1,9) + ax(i) 9(i-1,3) 7
—_— 2 ————— —
x? AX(i) ax(i-1) [ ax(i) + ax(i-1)]

[ 3x(i) + ax(i-1)) ®(i,j)

-} (7.18)

ziii)ﬁjx(i;”i[ ix(;) *73;:(1;”]

]
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X : aY(3-1) $(i,j+1) + aY(i) $(i,j-1)
—_— - 2

and . ~ - = -
) & AY(3) av(j-1) [ a¥(j) + av(j-1)}

[ aY(35) + 3¥(3-1)] ¥(i,3)
- - = = }o(7.19)
AY(3) a¥(j-1) [ a¥(j) + av(j-1))

A

By introducing Equations 7.18 and 7.19 into Equation 7.2,
one obtains the following expliéit equation for the stream

function at each interior -node

$(i,3) = {n, §(i-1,5) + n, §(i+1,9)
+ n, $(i,5-1) + n, $(i,§+1) - a(i, )} / n,
| | (7.20)

The coefficients of Equation 7.20 are dgtined by

n, =2/ {3x(i-1) [ ax(i) +ax(i=1)]}

3
L

2 / (-3Xx(i) [3Xx(i) + 3x(i-13)}

1 1
n‘-2{_ - * - s
axX(i) ax(i-1) . AY(3) av(j-1)

2 / {3Y(3-1) [aY(5) +3Y(5-1)]) o
2/ {8Y(3) [ 8Y(3) + av(j-1)1} (7.21)

n,

N,

The distributions of vorticity, stream-function and
concentration inside the region of interest can then be
obtained by solving Equations 7.15 and 7.20 using an ?
iterative method. The values of the parameteri‘c, B, vy and §

can be specified depending on the differencing scheme used.
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3
[

These values vwill be given later in this chapter. Procedure
of the iterative method is discussed in Chapter B. Since the
variables 2, § and C are evaluated at nodes, for consistency
_in analysing the numerical results, the velocity components
U and V are also evdluated at the nodes by using the

follqving}equ&tions:

[

UG, 30 = [8(i,3+1) - 9(i,5-1)) / 2 8¥(3)  (7.22)
V(i, ) = -[9(i+1,5) - $(i-1,9)) / 2 ax(i)  (7.23)

The velocity components obtained from Equations 7.22 and

'-.5’;'.1-

7.23 are used instead of those evalu;ted from Equatiogs 7.4

and 7.5 during the iterations.

7.2 BOUNDARY CONDITIONS

 The finite-difference EQQatians at the boundaries will

separatqu.

7.2.9 wozzLE EXIT v
This boundary is defined as 1<i<nj ahd j=1 in Figure

7.2. Por an initial parabolic velocity profile,

Vii,1) = 1.5 (1 - & X(i)*)
g(i,1) = 0
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$(i,1) = -1.5 X(i) + 2 x(i)®
(i,1) = 12 X(i) (7.26)

ind for an initial flat velocity profile,

U(i,1) = 1

V(i,1) = 0

$06i,1) = -x(4)

R(i,1) = 0 (7.25)

The boundary condition E?r the concentration for both.

pnraﬁolic and flat velocity profiles are
C(i,1) = 0 ” ' (7.26)

7.2.2 CONFINEMENT PLATE
 This boundary is defined as njsi<nx and j=1 in Figure
7.2. The boundary condition for the stream-function at the

confinement plate is

LS

The boundary condition .of the vorticity at the
confinement plate is approximated by a finite-difference

expression with truncation error less than O(2Y)® which

. embodies the no-slip conditions, 39/3¥=U=0 and é‘i/i?‘-iu/af

=a(i,1) at the boundary. The finite-difference equatian':t
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this boundary is derived using Taylor series as

, (9(i,2) - ¢(i, 1)) [ av(2) + aY(1)])®
8(i,1) « 2 (mr—m——————————
AY(1)* AY(2) [ AY(1) + AaY(2)]?
[9(i,3) - 9(i,1)] [ a¥(1)])?
- —— ]  (7.28)
AY(1)?* av(2) [ aY(1) + AY(2)]?

The boundary condition for the concentration at the

confinement plate is approximated by using a forward v
finite-difference expression with truncation error less than
~ O(AY)?. For 3C/3Y=Q at the boundary, the finite-difference

equation becomes:

, L aY(1) +av(2))* c(i,2) - ax(1)* c(i,3)
C(i,1) = {- e e -}
{1 aY(1) + AY(2)])* - aY(1)?

(7.29)

7.2.3 IMPINGEMENT PLATE
This boundary is defined as 1si<nx and j=ny in Figure

7.2. The boundary condition of stream-function is given by
The boundary condition of the vorticity is similar to

that at the confinement plate. The finite-difference

equation for vorticity at this boundary is derived using
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Taylor series as \

7 [$(i,ny-1) - 1(1 ny)] { A!(ny 1) + AY(nyéZ)]‘
f(i,ny) = 2 [f"*‘***4~f: — —

aY(ny-1)* aY¥(ny-2) [A!(ny 1) + A!(ny 2)]‘

['(1 ny- 2) - ‘(1 ny)] AY(ny—I)'

-}
AY(ny-i)" A!(nysz) [aY(ny T) + aY{ny- Z)]‘

(7.31)
The boundary condition of the concentration is given by

C(i,ny) = 0 : ' {7.32)
7.2.4 AX1S OF SYMMETRY
This bcunéafy is defined a% i=1 and 1<j<ny in Figure

-vorticity are given by

¥(1,5) =0 ‘
a(1,j) =0 S (7.32)

For the boundary condition of the concentration, a
boundary control volume surrounding a boundary naée'(ijj) is
introduced. Referring to Figure 7.2, the node (i,j) becomes

(1,j) and 3X(1)=2X(0)=AX(1). The index i21 will refer to the

variables insige the system, and i<l vill refer to the

Evgrigﬁlgs outside’the system. Eguation 7.15 is nov applied
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to the nodes on this boundary. Variables such as Vv(1,j+1/2),
p(1,3+1), &(1,3+1) and n(1,3+1) can be evaluated at the
baunéi:y. Due to the fact that this boundary can be -
considered as a plane of symmetry, the variables outside the

field can be evaluated as follows

¥(0,3) = - ¥(2,3)

u(1/2,3) = - U(3/2,3)

c(0,3) = €(2,3) ° : (7.34)
: L

Therefore the concentration at this boundary, C(1,j), can be

k]
evaluated from Equation 7.15 similarly to that of the
interior node. ;
7.2.5 OUTFLOW REGION
This boundary is defined as i=nx and 1<j<ny in Figure
7.2. The finite-difference equations for fully developed
ntrean?fun&tian, vorticity and concentration are given by
C'd(j) « 1.5 (Y{(j)/L)* - (Y(j)/L)* - 0.5 ‘
Qld(j) =3 [t-2(¥(jH/L)] / L? \

and Coq (3) = 1 | (7.35)

The finite-difference equations for the stream-function. . -

and vorticity at this boundary can be obtained from
Bquations 6.25 and 6.26. After rearrangement, they become,

respectively
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¥(nx,j) = im(j) + [9(nx-1,5) - iﬁ(j)] 1, (7.36)
Q(nx,3j) = a,,(j) + [a(nx-1,3) - a,,(3)) 2z, (7.37)

wvith 2, = exp {-8 a,* [ 8X(nx-1)]) / (i Re,)} (7.38)

The f?nite—éiffer:nze equation for the censéntratian at
this boundary can be obtained from Equation 6.29 by
approximating the ratio of the series for X=X(nx) and
X=X(nx-1) as the ratio of ghg first term of tﬁese series,

vhere

C(nx,j) = C,q(j) + [C(nx-1,3) - Cld(j)j z, (7.39)
\

vith 2, = exp {- 1, [ 8X(nx-1)) / (2 L Re, Sc)} ~ (7.40)

7;3 FINITE-DIFFERENCING SCHEMES

Three finite-differencing schemes are used in this
wvork, namely, a central differencing scheme (C.D.S.), an
upstream differencing scheme (U.D.S.) and an
upstream-veighted differencing scheme (U.W.D.S.).
7.3.1 CENTRAL DIFFERENCING SCHEME (C.D.S.)

Setting a(i,j)=p(i,j)=y(i,j)=8(i,j)=0 in the

o e - , , , .

finite-difference equations of Section 7.1 results in a
central differencing scheme vith truncation error

o(ax*,ay?),
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| 7.3.2 UPSTREAM DIFFERENCING SCHEME (U.D.S.)

Setting a(i,j)=#(i,3)=0.5 and y(i,j)=6(i,j)=0 in the
finite-difference equations in Section 7.1 results in an
upstream differencing scheme. This differencing scheme vas'
used by Torrance (94) and Raithby and Torrance (69), and is
si:ilar’;a the "upwind differences” used by Runchal et. al,
(74,75,76). In this case, the variables @, § and C in the
system are determined to é large extent by the values of the

corresponding variables prevailing immediately upstream.

7.3.3 UPSTREAM-WEIGHTED DIFFERENCING SCHEME (U.W.D.S.)
6(i,j) are determined from the exact solution to the local

one-dimensional transport eguations between nodes. Consider

the transport equation of the variable ¢ in the X-direction

equation governing the variation of the variable ¢ with X

between nodes (i-1,j) and (i,j) is

a¢ a*¢ ,
Uli-1/2,j) — » a — (7.41)
ax ax’ -

The exact solution of Equation 7.41 is given by

¢ - ¥(i-1,3) exp (U(i-1/2,3) [x-X(i-1)])/a} - 1

001, 9) - 9(i-1,4)

exp (0(i-1/2,§) [ 5X(i-1)1/a} -1
(7.42)



1"

Locally exact solutions of the form of Equation 7.42 were
introduced by Spalding (88) and Raithby and Torrance (Si{.
The value of ¢ at (i:O.S,f). vhere X=X(i-1)+(ax(i-1)/2), can
be evaluated from Equation 7.42. This ‘trée‘ value of the
variable ¢ is equal to $(i-1/2-a(i,j),j) of Equation 7.8.
Therefore, from Equations 7.8 and 7.42, wvith a,=a(i,j), one

obtains

[ —

exp (Rw/2) - 1

a(i,j) = . (7.43)

cip (Rﬁ; - f i'i

wvhere Rv = |U(i-1/2,3)| 8x(i-1) / a (7.44)

(XY

Similarly,

il

exp (Rs/2) - 1 ,
- —_— (7.45)
exp (Rs) - 1

LN |

vhere Rs = |V(i,j-1/2)| 3¥(j-1) / a (7.46)

. . :
The absolute signs aré introduced since a's and 8's are
alvays pcsitive numbers, and for stability reasons are
chosen to match the signs of local mean velacitiés. From
Equation 7.13, the first derivative of ¢ in X-direction at

(1-1/2) is given by

. (9(5,5) - ®(i-1,5))
2 D 01 -y, 3] C 1)
ax|i-1/2 ax(i-1)

(7.47)
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Since by introducing the parameter y(i,j), the
finite-difference equation should yield the same result as
the locally exact solution. The right hand sidg_ef Eguation
7.47 can be evq%:,ted from EQuation 7.42., After i

rearrangement, one obtains

Rv exp (Rw/2)

v(i,3) = 1, (7.48)

exp (ﬁv) -1
Similarly,

Rs exp (Rs/2) )
§(i,j) = 1 - . - (7.49)
: exp (Rs) - 1

Clearly, in the limit of Rw approaching zero both a(i,j) and
v(i,j) approach zero and the finite-difference equations
reduce to central differencing scheme. On the other hand,
for large Rw, a(i,j) approaches 0.5 and y(i,3j) approaches 1;
This limit iQplies that upstream differencing scheme is used
for the convection term and that the diffusion term is

dropped. Similarly, B(i,j) and 5(i,j) approach the same

valﬁe vith respect to the value of Rs.
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7.4 STABILITY OF THE FINITE-DIFFEREMCE EQUATIONS

The finite-difference equations derived in Section 7.1
are a set of non-linear algebraic eguations to be solvea
iteratively.

For a set of linear algebraic equations with constant

coefficients such as

R(D = D £05,3) K(3) + g4) - (7.50)
ani
The matrix theory states that such a set will converge to a
solution in a succe#sive substitution method when the matrix
£(i,5) is~‘diagonally_§ominant' (45,74). This condition can
be expressed as 2;; |f‘i,j)|s1, :or all i, and for at least
one i such that the ineguality holds.
For non-linear equations,'the above conditions are

often sufficient, although they may not be the necessary

conditions (27). Therefore, in order for Equation 7.15 to _

satisfy the conditions for convergence, the following

'.' -] .l
-~ + |—=] + |—] ¢+ |—] =1 (7.51)
", m, . m,

must hold for gil the interior nodes and with strict

inequatity for at least one node.
The stability of the finite-difference equations for

the three finite differencing schemes will be discussed
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separately.

7.4.1 CENTRAL DIFFERENCING SCHEME (C.D.S.)

For the central differencing scheme, a(i,j)=B(i,j)
=y(i,j)=6(i,j)=0, one can immediately observe from Equation
7.16 that convergence of Equation 7.15 is not always
assured: the sum of the terms on left hand side of Eguatién
7.51, because of the preséﬂ:e of the velocity terms in the
numerator, is not bounded. As long as all the coefficients
in Equation 7.16 are positive, the sum of these terms is
unity. However, once this is not true, the sum of these
terms may vell exceed unity. In the region near the jet
nozzle exit, the velocity in the Y-direction, V, is large,
For the case of high ngﬁalds numbers, .the coefficient m, in

Eguation 7.16 becomes negative. Such a coefficient may lead

to non-convergence or numerical instabilities,.

7.4.2 UPSTREAM DIFFERENCING SCHEME (U.D.S.)

For the upstream differencing scheme, a(i,j)=p(i, j)=0.5
and y(i,j)=48(i,j)=0, one can immediately observe f?em
Equation 7.16 that all the coefficients are always positive
and hence the sum of the terms on the left hand side of c;
Equation 7.51 will always be unity. Therefore, the upstream

-differencing scheme has a better chance of cénvergence.



7.4.3 UPSTREAM-WEIGHTED DIFFERENCING. SCHEME (U.W.D.S.)

For the upstreamﬁﬁeightéd differencing scheme, a(i,j),
B(i,j), y(i,j) and &6(i,j) are unknowns and are depended on
the local velocity components and the grid size by studying
Equations 4.43, 4.45, 4.48 and 4.49. The limit values of
these parameters were sgéwn in Section 7.3, where a(i,j) and
B(i,j) vary from 0 to 0.% and y(i,j) and &(i,j) vary from O
to 1 with Rv and Rs increasing.

In order to have a better chance of convergence, all
the coefficients in Bquation 7.16 should be positive such
that the sum of the terms on the left hand side of Equation
7.51 is unity. Since a negative coefficient occurs only when
the local velocities are large, let us examine the
coefficients for such cases. In the region of interest, the
largest U occurs near the stagnation flow region and the
largest V occurs near the jet nozzle exit., Therefore the
values of a(i,j) and y(i,j) are close to 0.5 and 1 near the
stagnation flow region, respectivelj, On the other hand, the
-values of B(i,j) and 8(i,j) are close to 0.5 and 1 near the

jet nozzle exit, respectively. From Equation 7.16, all the
iseeffi:ients should be écsitivg for bﬁth cases vwith m,
approaching zero for the first case and m, apﬁragehing zero
for the second ‘case.

-~ Once again.'all the coefficients fg EqQuation 7.16 are
alvays positive. The convergence properties of this
differencing scheme should be similar to those for the

upstream differencing scheme,



8. COMPUTATIONAL PROCEDURE ~

. . ?
The grid design used for the numerical computations is

discussed in Section 8.1, followed by a detailed

-

presentation of the method of solution in Section 8.2. The '

selection of the canvérgen;e criteria is discussed in
Section 8.3. Finally, the construction of the computer

program is given in Section 8.4.

8.1 GRID DESIGN

A non-uniform grid is used in the humerical
computatxoﬁs. The grid size and the arrangement are knavn to.
be important factors in determining not only the accuracy é£
‘tbe solution, but also the éanvergence characteristics.

Due to relatively large gradients of velocity and
coA:;ntratian along the impingement plate, the gridlines
parallel and adjacent to ;his’plate must be very closely
sphced,wpn the other hand, gfialines parallel and adjacent
to £he axis of symmetry are also closely spaced in order to
stagnabxon flow region.

In this work, different grid networks are designed for

the numerical runs for the three different jet-to-plate

spacings (L=2,4 and 12). These grid networks are results of
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numerous trials and are given in Table 8.1 Tests for the

accuracy of these grid networks will be given in Chapter 9.

TABLE 8.1 : GRID NETWORKS FOR DIFFERENT L AND Re

il e S " m

. R
2 100 - 400 55 25
& 100 - 400 s81 28
T 12 100 - 300 67 25
400 69 25

-

8.1.1 GR1D ARRANGEMENT IN X-DIRECTION '

The finest grid spacings are adjacent to the axif'pf
symmetry. In such a region, nine nodes are used to cover a
distancé b/2 (nj=9). The grid spacings are then increased
in steps a factbr of 2 in the X-direction. The largest
grid spacings appear in the outflow region which are 128
times the finest one. The érid arrangement in X-direction
- are listed in Table 8.2.

The distance in X-direction which is covered by grid
netv;;k is a function of nx, the total number of nodes in
.X-direction used. In.other vo:dé, the location of the .
outflow region boundary is a function of nx. For the grid

networks with nx=55, 67 and 69 as shown in Table 8.1, the

outflov region boundaries are located at X=74, 170 and;]ss;‘“
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TABLE 8.2 : GRID ARRANGEMENT IN X-DIRECTION

&
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}ispecti?ely (see Table 8.2). These locations of the outflow

region boundaries are also mentioned above in Table 6.1.

8.1.2 GRID ARRANGEMENT IN Y-DIRECTION [ 4
Since finer grid spacings must be located adjacent to

the impingement plate, this can be achieved vith a

coordinate stretching transformation of some kind. One of

the most commonly used transformation is that of an

exponential stretch. Choose

[1 - exp (-b, Y')]

YT e ————————— L (8.1)
‘{1 - exp (-b, L)]

such that the Y'-coordinate is tt:nsfar;eé into the
stretched f—caerdinate_ b, is an arbitrary constant used to
adjust the "stretch". Eguation 8.1 satifies the boundary
conditions of Y(1)=0, Y'(1)=0 and Y(ny)=L, Y'(ny)=L. ,

In this work, b, is choosen a; 0.75, 0.25 and 0.075 for
numerical runs of L=2, 4 and 12, respectively. Numerical
.runs with b,=1,0 for L=2 and b,:Oi?E for L=4 are also made
for the casé of an initial parabolic velocity profile. The
grid arrangements in Y-direction for three different )
~ jet-to-plate spacings are listed in Tables 8.3, 8.4 and 8.5
for L=2, & and 12, féipéétlvelyi A total of 25 nodés are
used in Y-direction (ny=25) throughtout all the numerical
runs. Sample runs with ny=17 for L=2 and 4, and also with

ny=33 for Le12 are only used ‘for the purpose of testing the



TABLE 8.3 : GRID ARRANGEMENT IN Y-DIRECTION FOR L=2

b, = 0.75 . b, = 1
RELATIVE o RELATIVE
5 Y SPACING 5§ Y = SPACING
1 0 4.216 1 0 6.852
2 0.156 3.973 2  0.185 6.296
3 0.303 3.703 3 0.355 5.815
‘ 0.440 3.486 ¢ 0.512 5.333
5  0.569 3.297 5 0.656  4.889
6  0.691 3.081 6 0.788 4.519
7 0.805 2.892 7 0.910 4.148
8 0.912 2.730 8 1.022 3.815
9 1.013 2.568 9 1.125 3.519
10 1.108 2.378 10 1.220 3.259
11 1.196 2.270 11 1.308 2.963
12 1.280 2.108 12 1.388 2,741
13 1.358 2.000 13 1.462 2.519
14 1.432 1.865 14 1.530 2.333
15 1.501 1.757 15 1.593 2.111
16 1.566 1.649 16 1.650 1.963
17 1.627 1.568 17 1.703 1.815
18 1.685 1.459 18 1.752 1.667
19 1.739 1.350 19 1.797 1.519
20 1.789 1.297 20 1.838 1.407
21 1.837 - 1.216 21 1.876 1.296
22 1.882 1.135 22 1.911 1.185
23 1.924 1.054 23 1.943 1.111
24 1.963 _ 1,000 24 1.973 1.000
25  2.000 25  2.000
. .

D T T L T T [ L S



121

TABLE 8.4 : GRID ARRANGEMENT IN Y-DIRECTION FOR L=4

b, = 0.25 b, = 0.75
RELATIVE, | _ RELATIVE

j Y SPACING j Y  SPACING
1 0 2.606 1 0 17.679
2 0.258 2.506 2 0.495 15.571
3 0.506 2.404 3 0.931 13.750
4 0.744 2.293 & " 1.316 12.143
5 0.971 2.212 5  1.656 10.714
6 1.190 2.121 6 1.956 9.464
7 1.400 2.030 7 2.221 8.357
8 1.601 1.949 8 2.455 7.357
9 1.794 1.869 9 2.661  6.500
10 1.979 1.788 10 2.843 5.607
1 2.156  1.727 1 3.000 5.179
12 2.327 1.646 12 3.145 4.464
13 2.490 1.576 13 3.270 3.964
4 2.646 1.525 14 3.381 3.464
15 2.797 1.455 15 3.478 3.071
16 2.941 1.394 16  3.564 2.714
17 3.079 1.343 17 3.640 2.393
18 3.212 1.283 18 3.707 2.107
.19 3.339 1.232 19 3.766 1.857
.20 3.461 1.182 20 3.818 1.643
21 3.578 1,131 21 3.864 1.464
22 3.690 1.091 22. 3,905 1.250
23 3.798 1.040 . .23 3.940 1.143
24 3.901 1.000 24 3.972 1.000
25  4.000 -}, 25  4.000 )



TABLE 8.5 : GRID ARRANGEMENT IN Y-DIRECTION FOR L=12

b, = 0.075
RELATIVE
j Y SPACING
o 0 2.369
2 0.744 2.283
3 1.461 2.201
. ¢ 2.152 2.118
ke 5 2.817 2.038
] 6 3.457 1.965.
) 7 4.074 1.895
BNV 8 4.669 1.822
N 9 5.241 ° 1.755
TR e 0 5.792 1.691
11 6.323 1.631 .
12 6.835 1.570
13 7.328 1.510
14 7.802 1.455
15 8.259 1.408
16 8.700 1,350
17 9.124 1.299 -
* 18 9.532 1,255 TN
19 9.926 1.204
20 10.304 1.162
21 10.669 1.121
22 11.0 1.080
23 11,360 1.038
24 11.686 1.000
25 12.000

R T T T ey iR S SRR ey = e S
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accuracy of the numerical solutions using a particular grid

network. .

8.2 METHOD OF SOLUTION

: The finite-difference equations used to discretize the
governing equations and the assaciéted boundary conditions
shown in Chapter 7 constitute a system of gtrangly |
non-linear algebraic equations. For a g: x'ny gfié network,
there are (nx-2) x (ny-2) algebraic equations for each of
the three éari:blesi ¥, 0 and C making a total of
3 x (nx-2) x (ny-2) equations to be solved. Because of the
| equations, a linear algorithm is used such that the
non-linear coefficients are updated periodically. The
Gauss-Seidel iteration method coypled with the conventional
successive over relaxation (SOR) method is used. This method
has been established that an optimum relaxation factor
exists which yields the maximum rate of convergence for
linear problems. However, for a non-Tinear problem the
:elaxatian'f;:}ar varies not only from node to node but also
vith every iteration. An estimétian‘af this relaxation |
f;ctar is not worthwhile from a camputatiegal efficiency
point of view. In juch cases a constant value is used which
is chosen based on numerical experimentation. In this work,

the proper relaxation factors for the stream-function and



the concentration are 1.7 and 0.7, . respectively. While for
the vorticity, the relaxation factor is in the range of 0.1
to 0.4¢.

A modified scheme of calculations, presented by Wilkes
(100) is used during the iteration procedure. This modified
scheme has been observed by Masliyah and Nandakumar (49) to
have a stabilizing effect on thg'eqnvergenee characteristics
and it is tvice as fast a; the conventional SOR ﬁetheéi The
depiction of this scheme is shown in FPigure B.1. The grid
‘network is divided into two subgrids. The circles refer to
~subgrid 1 and the crosses refer to subgrid 2. The iteration
is carried out in tvo steps, one subgrid being covered first
and the other next. In the first half of iteration, the
nodes of the subgrid 1 are computed using yhe neighbouring
four nodes of the subgrid 2 as given by Egquasions 7.15 and

7.20, together with

SCO(E,3) - s%li(i,il +wsir(i,g) - S;;;(ipj)]
‘ (8.2)

vhere S{''(i.j) is the value of §(i,j) (represented
variables Q, ¥ and C) at the nth iteration belonging to
subqryd lﬁ., %' ''(i,j) is the value of S(i,j) computed usivng
the four neighdbouring nodes of subgrid 2 and w is a constant
relaxation factor. Therefore, all the nodes in subgrid 1 are
computed first and only points belonging to subgrid 2 are

used.
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FIGURE 8.1 : SUBGRIDS USED FOR THE ITERATIVE SCREME
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-In the next half of iteration, nodes of subgrid 2 are
evaluated using the neighbouring four nodes which belong to

subgrid 1. The vélues of these four nodes in subgrid 1

computed in the first half iteration are used. In this

second half iteration, the same relaxation factor, w, is
used. This completes one full itkratien_

Bquations 7.4, 7.5, 7.15 and 7.16 are solved
simultaneously to obtain éhe velocity, vafti:ity and
strca-fﬁnctien distributions. The summary of the procedure
used in solving the stream-function and vorticity transport
equations is listed below .

1. Por a lov Reynolds number case (Rehsi). ;rbitf;fy
constant values are used for the starting values of
sfréam-functiaﬂ aﬁé‘véftisity..FGf the cases of higher
Reynolds number the converged solution obtained for a
lover‘aeynélés ﬁﬁmber is used as the initial starting
values, |

2. Any variable vhich is a constant is computed before
entering the iteration loop.

3. Within the iteration loop, U(i+1/2,j) and V(i,j+1/2) .are
computed from Equations 7.4 and 7.5 using the guessed
values of the stream-function.

4. The parameters a, B8, y and § for upstféan*weighted

- differenéing gcheme (U.W.D.S.) are then evaluatéé_ One
may notice that these EﬂfﬂﬁQtEEs'ééf central
differencing scheme (C.D.S.) and upstream differencing

scheme (U.D.S.) are constants and can be evaluated



before entering the iteration loop. Even for the case of
U.W.D.S., the values of these parameters do not need
frequent updating (69). In this work, these parameters
are updated after every 50 iterations.

The non-linear coefficients m,, m,, m,, m, and m, are
updated using Equation 7.16. Then the vorticity at each
interior node is iterated in the manner mentioned above

) _ L
using Equation 7.15,.
%

Next, the strgam-funcéian is iterated in the sameéégﬁngr
at all interior nodes using Equation 7.20. This
iteration is carried out three tiﬁ?s in order to get a
smooth solution in the manner suggested by Masliyah and
Nandakumar (49).

The vorticity boundary conditions at both the
impingement and sanfinemgnt plates are updated. Tﬁe
vorticity and stream-function boundary conditions at the
outflovw region are also updated.

The modified variables are treated as improved guesses
and steps 3 to 7 are then repeated until the process
satisfied specified cﬁnvgrggﬁce criteria.

One cycle for steps 3 through 7 is refered to being one

iteration. The convergence criterion is tested at the end of

each iteration.

It is found that a relatively large number of

iterations is required for a converged solution. For

example, for Re =100 and L=4, 1353 iterations are ;egéed to

obtain the converged solution. In this case, the converged
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solution of Re =1 and L=4 is used as the initial guess. The
CPU time used for this run is apprc:iiately 110 s on Amdahl
470/V8 computer.

After the converged solutions of vorticity and
éﬁream-function are obtained, the velocity components are
evaluated at each interior node using Egquations 7.22 and
7.23. In addition, an important variable, the local skin
friction factor, is evaluééed along the impingement plate

from the flow field. The local skin friction factor, Cy. is

C, -’ *.ij:;;} e 31‘) (8.3)

13

where o,is the density of air and 14 i8 the shear stress at

defined as

the impingement plate. The shear stress at the imPiﬁgement

plate (y=h) is given by

u v 7
3y 3x |y=h

4
£

&

Since the impingement plate is imperﬂeablg.;implies that
ve(3v/3x)=0 at the impingement plate. Introducing the
dimensionless variables of Equation 6.6 and combining

BEquations 8.3 and 8.4, yields

2 av
.- — (=)

c |
Re, Y |Y=L



o

129
' 2

By using Equation 8.5, the local skin friction factor can
then be evaluated from the vorticity at the impingement
plate and the jet Reynolds number.

The transport equation of the swelling agent is solved
to obtained the concentration distribultion. The procedure
is mainly the same as mentioned above except in this case
the velocity components are known, therefore the
coefficients m,, m,, m,, m, and m, do not vary with
iteration. In other words, the system of algebraic equations
to be solved is linear.

After the converged solution Qf concentration is
obtained, the bulk flow concentration is evaluated. The bulk

flov concentration, c,, is defined as
h — . N
x, - (f uedy) / (G, h) (8.6)
Jo ,

vhere U, is the average velocity in the outflow region and
is equal t@'0i531b/h for the jet system in this work.

Iﬂtraducgﬁg the dimensionless variables of Eguation 6.6,

yields .
oL i j?} |
c.-zf U C ay | €8.7)
il ] ’f, .

In addition, the local Sherwood number is also evaluated

|
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along the impingement plate from the concentration field.
The definitions of ﬁhe Shervood number are given in
BqQuations 5.1 and 5.2. Rewriting the definitions afzthe
local na#s transfer coefficients k and k' in Equations 5.3

and Stcvusing ideal gas law and Dalton's law, yields

. Ne=klcg=-c) My —, (8.8)
o @and N = k' (cg - c,) Mw (8.9)

According to Fick's law, the mass transfer of swelling agent

from the impingement plate is described by

1+ , ] L
N = =D Mw (—) : (8.10)
Y |y=h

Introducing the dimensionless variables of Equation 6.6 and’
combining Equaticns 8.8 and 8,10, and also Equations 8.9 and

8.10, yield

e =(— : (8.11)
Y |¥=L ’

Shb

aC : '
Sh, = -(—) / (Ca = Cl). . (8.12)
® 3y |vaL ¢
y ? A

By using Equations 8.11 and 8.12, the local Sherwood numbers

can then be evaluated from the gradient of concentration at -
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the i-éingement plate.

8.3 CONVERGENCE CRITERION

Convergence of the numerical results is assumed vhen
the maximum absolute difference between two consecutive

iterations, defined as

« = ?gz 1S5,0i,3) - sy, (i,3)] . (8.13)
Y ’ o

is less than 10-* for vorticity and stream-function, and

10°* for concentration. The suitability QEAthgse'Eanvergenég

[

cr
convergence criterion is met, further iterations have no
significant effect on the local skin friction factor and

local Sherwood number ;ieﬁg the iapingemeﬁt plate.

8.4 OUTLINE OF THE COMPUTER PROGRAM

A main program vwith four subroutines is used in the

numerical study. The first subroutine, ITER!, is used to

compute the stream-function and the vorticity distributions.

After the converged solutions of the stream-function and the
’ vorticity are obtained from ITER1{ the .second subroutine,
CALC1; is used to caiput: the velocity components at all the

nodes instead of midvay points. In this subroutine, the

teria is confirmed by numerical experimentation. Once the
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local skin friction factor along the impingement plate is
also evaluated. The third subroutine, ITER2, is used to
compute the concentration distribution. After the converged
solution of the concentration is obtained .from ITER2, the
fourth subrauting; CALC2, is used té compute the bulk flow
concentration and the local Shervood number along the
impingement plate. :

Only the computational procedure of subroutine ITER! is
shown in Figure 8.2 injﬁhg form of a flow diagram. The
computational pfgceéuré of subroutine ITER2 is very similar
to that of subroutine ITER1. The computational procedures of
subroutines CALC1 and CALC2 are straightforward calculations
only.

The program is listed in Appendix F, together with a

typical output listing.



READ PROBLEM PARAMETERS: Re, AND L *\
READ INFORMATIONS FOR GRID DESIGN: nx, ny AND b,
READ INITIAL STARTING VALUES OF § and Q . |
READ RELAXATION FACTORS AND CONVERGENCE CRITERIA
CHOOSE DIFFERENCING SCHEME

1. SET-UP GRID ARRANGEMENT
2. COMPUTE PROGRAM CONSTANTS
3. COMPUTE BOUNDARY CONDITIONS

133

'

COMPUTE U AND V USING EQUATIONS 7.4 AND 7.5

\

ITERATE ON Q AND § USING EQUATIONS 7.15 AND 7.20

y

UPDATE BOUNDARY CONDITIONS AND VELOCITY COMPONENTS

o STORE RESULTS

FIGURE 8.2 : COMPUTATIONAL FLOW DIAGRAM POR
’ SUBROUTINE ITER1 ‘

(4



9. VALIDITY OF THE NUMERICAL SOLUTION

Accuracy of numerical solution is dependent on the
choice of grid network and differencing scheme. The
influences of grid network and-aifferen:ing scheme on the
numerical solution are studied separately in Sections 9.1

and 9.2, respectively.

9.1 INFLUENCE OF GRID NETWORK

The iﬁfluegces of the grid network on the numerical
solutions for three different jet-to-plate spacings (L=2, 4
and 12) are studied separately.

For L-E? numerical runs for different Reynolds number
using two different grid networks of 55 x 17 and 55 «x 25
with b,=0.75 are made. The differencing scheme used is
U.W.D.S.. The skin friction factor evaluated along the
impingement plate from these two grid networks are plotted
in Pigure 9.1 for Rebiioo. éDG,‘SDD and 400 Hith!an initial
parabolic velocity pr@filei There is little difference
betveén the values of C,Reh obtained from the two different
grid networks for Re =100 and 200. For Re, =300 and 400,
disagreement between the values of C;Re, obtained from these
tvo grid networks is found only in a small region near the

stagnation flov region with a maximum difference of
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FIGURE 9.1,.: INFLUENCE OF GRID NETWORK ON THE NUMERICAL
"~ SOLUTIONS FOR L=2 USING U.W.D.S.
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approximately 5% only. Therefore, a conclusion can be made

that both grid networks are suitable for the computation for

the case of L=2. In all subsequent computations for the case

of L=2, the network of 55 x 25 with the smaller grid sizgfié

used.

Por Le=4, numerical runs for different Reynolds number
_using two grid networks of 55 x 17 and 55 x 25 with b,=0.2%
are made. Again, the differencing scheme used is U.W.D.S..
The skin friction factors evaluated along the impingement
plate from these two networks are plotted in Figure 9.2 for
Re, =100, 200, 300 and 400 with an initial parabolic velocity
profile. There is little éifferenqe between the v#lues of
C,Reb obtained from these two grid networks for Rébs109; But
for the Reb-ZOO, 300 and 400, disagreemenf is found mainly
in the stagnation flow region with the worst case occured
tor'Reb-COO. The ‘maximum differences are 6%, 15% and 20% for
Reb-ZOO, 300 and 400: respectively. Thereforé, the two grid
network are only suitable when Re,<200. But the network of
55 x 17 with the coarser grid size is no longer suitable for
high Reynolds numbers. In all subseqguent computations f?r
the case of L=4, the network of 55 x 25 with the ‘finer grid
size is uséd. | |

From the.conclusioﬁ above, it is obvious that a gria
_vnetwork of 55 x }7 vill be too coarsé_fot the case qfﬁnigi
because of the large‘jet-toéplate spacing. For L=12,
nun‘:ical runs -for nob-1oo, 200 and 300 using tvo different

grid networks of 67 x 25 and 67 x 33, and for Re, =400 using
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FIGURE 9.2 : INFLUENCE OF GRID NETWORK ON THE NUMER1 CAL
SOLUTIONS FOR L=4-USING U.W.D.S.
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tvo grid networks of 69 x 25 and 69 x 33 are made. For all
these grid networks, the value of b, is chosen to be 0.075.
The differencing scheme used is U.W.D.S.. Unfortunately, for
Re =400, no converged solution can be obtained using the
grid network of 69 x 33. The skin friction factors evaluated
along the impingement plate from the two grid networks of .
67 x 25 and 67 x 33 are p}attgd in Fiqure 9.3 for Re =100,
200 and 300 with an initial parabolic profile., There is
#gain little difference between the values afchﬂeb pbtgineé'
from these two grid networks for Re =100. For the cases of
Re =200 and 300, disagreement is found mainly iﬁ the
stagnation flow region. In all subsequent computations for
the case of L=12, the network of 67 x 25 or 69 x 25 with the
coarser grid size is used simply because a caélirged
solution can be obtained from thts network for all Reynolds
numbers. It is noted that in order to obtain a converged
solution for the éase of Lsizi a little sacrifice on the
accuracy of the numerical solution in the stagnation flow
region cannot be avoided.

For a particular numerical run in thié vafk,"anly one
grid network is used. These grid netﬁ@rks for different
jet—tpiélate spacing and Reynolds number are listed in Table
8.1. | |

The 1n£lu:nce af 'grid arrangement on the nuicr;:al
solution is not as obvious as that of the grid network. For
L=2, numerical solutions of flow and concentration fields

evaluated from grid network of 55 x 25 with b,=0.75 and 1
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ar€ nearly the same for all Reynolds numbers. The variables
such as local skin friction fgc;é: and local Sherwood number
evaluated along th; impingement plate from the twvo different
grid arrangements are nearly the same for all Reynolds
numbers. For L=4, numerical solutions of flow and
concentration fields evaluated from grid network of 55 x 25
vith b,=0.25 and 0.75 are also nearly the same for all
Reynolds numbers. Only in!evaluatiﬁg the local skin friction
f‘ctor‘and the local Sherwood ﬁumber'alang the i;pingenent
plate, thes disagreement in these two arrangements is ‘found
near the stagnatinn flow region. In this work, the variables
evaluated from the grid network of 55 x 25 with b,=0.75 are
used because these v;flables should be more accurate due to
the finer grid 5§ac1ngs adjacent to the impingement plate.
For L=12, only one grid arrangement with b,=0.075 is used
for both the grid network of 67 x 25 and the grid network of

- .

69 x 25, v,

LA

@

9.2 INFLUENCE OF DIFFERENCING SCHEME

The influence of differencing scheme on the numerical
solution is studied briefly for the case of L=2. To conserve
on the computational costs, a grid network of 55 x 17 with
b,=0.75 is used. This grid network was found in Section 9.1

to be suitable for the computations for the case of L=2.

Numerical runs with an initial parabolic velocity profile
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\
are made using three differént differencing schemes (C.D.S.,
U.D.S. and U.W.D.S.). Converged solutions are obtained for
all runs using U.D.S. and U.W.D.S., vhile the converged
solutions can only be obtained faf‘aebszoo using C.D.S..

The comparisons of the converged local skin friction
factors obtained from the numerical runs using the three ©
differénciﬂg schemes are shown in Figure 9.4 for Rebs1DG,
200, 300 and 400. It is féuna that the differencing’séheme
has little effect on the solutions except in a small region
near the stagnation flow region. In the range of
disagreement, gsome of Ehe observations by Raithby and
Torrance .(69) on comparison of differencing schemes are
confirmed. According to their study, solutions from the
C.D.S. are the most accurate solutions compared to the exact
solutions as long as converged solutions can be found.
Although U.D.S. gives converged solutions for all cases, in
the range vhere C.D.S. can be éseég U.D.S. is inferior.
Furthermore, U.W.D.S. also gives converged solutions for all
cases and the solutions obtained from U.W.D.S. are better
than those from U.D.S.. These observations are confirmed as
shown in Figures 9.4(a) and 9.4(b) by assumingrthg'sclutiéns
from the C.D.S. are the most accurate solutions in this
. work. The dis;gr:ements betwveen the solutions of C.D.S. and
U.D.S. are the largest in beth cases vhich indicate that the -
solutions of U.D.S. are worse than those of U.W.D.S..

Since the solutions of C.D.S. are the best, it is

logical to use C.D.S. as long as it gives a ca?vgzged
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FIGURE 9.4 : INFLUENCE OF DIFFERENCING SCHEME ON
THE NUMERICAL SOLUTIONS FOR L=2
USING A GRID NETWORK OF 55 x 17
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solution. But unfortunately, the numerical solutions
obtained by using C.D.S. for the chosen grid network of,’

55 x 25 did not give a converged solution. Therefore, in all
subsequent numerical computations, only U.W.D.S. and U‘Dgs.r
are used while U.W.D.S. is expected to give a better

solution for all cases.
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10. RESULTS AND DISCUSSIONS

Experimental and numerical results for a confined air
~jot are both discussed in this chapter. Results are given
for two different categofies: flow characteristics and mass
transfer characteristics. Flov characteristics can only be
studied nume?ﬂcally in this work. While mass transfer
characteristics are studied both experimentally and
numerically. Experimental results in this case are used to

verify the numerical predictions of the two-dimensional

model.

10.1 PLOW CHARACTERISTICS

| The flow behavior for different jet Reynolds numbers,
jet-to-plate spacings and nozzle exit velocity profiles are
studied numerically.. A listing of the numerical runs is
givoh {in Appendix G.hln this section, only the numerical
results using the upatroim-wciqhtod differencing scheme

(U.W.D.§.) are presented.

10.1.1 STREAMLINE CONTOURS -
The flovw field is studied Qualitatively by observing
the streamline contours from the numerical solution. The

contours of the stream-function for Le2, 4 and 12 vith an

144
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~initial parabolic velocity profile are shown in Figures
10.1, 10.2 and 10.3, respectively. The contours of the
stream-function for L=4 with §ﬁ_ini§igl flat velocity
profile are shown in Figure 10.4. The jet nozzle exit is ;E
the upper left hand corner with the main flow travelling
from left to right. The upper horizontal streamline
represents the confinement plate and the lower horjzontal
streamline represents the impingement plate.

Por the case of an initial parabolic profile, in
general, a primary vortex rotating in the counter-clockwise
direction is found near the confinement plate with its size
increasing with jet Reynolds number. With the exception of
- the cagse of low Reynolds numbers for L=2, a second vortex
.rotating in clockwise direction is found near the
impingement plate. This secondary vortex is much smaller
than the first one in size and it is also weaker in terms of
rotational intensity. Thgiva:iatian of the location of the
vortex centre with the jet Reyﬁélds number is shown in
Figure 10.5. It can be observed that the centers of both the
primary Ané secondary vortices move downstream ﬁith‘ianeESE
in Reynoids number.,

~ Por the case of an iqitial flat profile, only the
‘primary vortex is found near the confinement plate. TEis
vortex behaves as the primary vortex for the case of an
initial parabolic profile except it is smaller in size and
also weaker in terms of rotational intensity. The variation

of the location of the primary vortex centre with the jet



Y/L
— o
-0

- Y/L

Y/L
— L
FE
Y/L
; h!
r - 1 T — T = T 1
9 ] 16 7 * 24 32 40
X
ri 10.1 : CONTOURS OF STREAM-FUNCTION FOR Lu=2 H!Tﬂz

AN INITIAL PARABOLIC VELOCITY PROFILE



147

—— Y/L

—— |

bq
o -
-
]
M |
E
L
~N
L
~ ]

FIGURE 10.2 : CONTOURS OF STREAM-FUNCTION FOR L=4 WITH
AN iHITIAL’iPm,ﬁGL!C VELOCITY PROFILE



— | L

1
160

a-
4
~
L
»
&
&
—
[ |
LI

PIGURE 10.3 : CONTOURS OF STREAM-FUNCTION FOR L=12 WITH
AN INITIAL PARABOLIC VELOCITY PROFILE



149

Y/L

-0

Y/L

-1

(d Rep, = 400

S | ¥ — % i~

16 24 32 40
X

Y
OB -

FIGURE 10.4 : CONTOURS OF STREAM-FUNCTION FOR Lm=4 WITH
AN INITIAL FLAT VELOCITY PROFILE



150

=S

100
T
-
|
T
_,‘L.
T

— P N Y

80
1

L5 ]
~
L
L)

PRIMARY VORTEX /
===~- SECONDARY VORTEX /

recrre

1 X+ >B0B

70
<-4
\

&0
i

60
i

X (CENTRE OF VORTEX )
40

=]

4 E 34
Ei g
Ea L
E' T i - 1 = T o L i e hl -t ‘F =1

0O B0 100 160 200 260 300 350 400 480 600

- FIGURE 10.5 : VARIATION OF VORTEX CENTRE WITH REYNOLDS
NUMBER FOR THE CASE OF PARABOLIC PROFILE



151

Reynolds number is shown in Figure 10.6. Again, the primary
vortex move downstream yith increaqe in Reynolds number.

A blow-up of the contours of stream-function for L=2, 4
and 12 with an initial parabolic profile are shown in
Figqures 10.7, 10.8 and 10.9, respectively, while that for
L=4 with an initial flat profile 'is shown in Figure 10.10.
The centre of the jet nozzle exit is at the upper left hand
corner with tﬁe main flow.travelling from left to right. The
corresponding values of stream-function for each streamline

numbered are listed as follows:

) 1.¢$=0 ) ,
2. § = -0.09 o
s % - .21 L. x D _
4. 9 = -0.33 7
5. § = 20.45 | o o |
6. § = -0.5 ' | |
7. § < -0.5 ‘(circuléting flow)
8, § < -0.5  (circulating flow)

vhere streaml{ne #1 represents the axis of symmetry and the
impingement plate, and streamline #6 represents the
confinement plate and the outermost free sé:eamling of the
submerged’ jet. ' ) |

The spreading effect.of the jet_undér the the influence
of the confinement plate can be studied from the outermost

free streamline (#6) in Figures 10.7, 10.8, 10.9 and 10.10.
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The 3=t contracts slightly belov fWhe nozzle exit for an
initial parabolic profile, vhile for an initial flat
profile, the jet expands continuously. Similar spreading
effects were observed by Van Heiningen et. al. (96) in their
study of semi-confined air ?et with different initial
velocity profiles. The explaﬁatiené of these spréading
behaviors have already been given in Section 2.1.2,

From the outermost féee streamlines in Figures 10.8 and
10.10, it is found that the free streamline is significantly
closer to the impingement plate for an initial parabolic
profile. This is due to the higher momentum of the initial
parabolic profile jet. Same observation has also been made

by Van Heiningen et, al. (96).

10.1.2 AXIAL VELOCITY PROFILE

Typical axial velocity profiles at various positions in
Y-direction for different jet Reyngldéﬁnumbers for a
confined jet are shown in Fiqures 10.11, 10.12 and 10.13 fafv
L=2, 4 and 12 with an initial parabolic profile, and for Le4
vith an initial flat profile in Figure 10.14. In all cases
the initial velocity at nozzle exit (Y=0) are plotted. The
axial vglaciti&s are normalized by the centerline axigl
velocity at the nozzle exit, (V,)];;.i : |

The spreading of the jet as it approachs the
impingement plate (Y=L) is obvious for all cases. This
spreading is more dramatic for the jet with an initial flat
profile than that with an parabolic profile.-

£
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The decay of the centerline axial velocity, V| xa.,
priéinating from a ﬁirabelis velgsity profile at nozzle exit
for different jet Reynolds numbers is shown in Figures
10.15, 10.16 and 10.17 for L=2, 4 and 12, respectively. The
. centerline axial velc:itykéncregsgs slightly with axial
éistsnee from the nozzle exit due to the contraction of the’
jet, and then decreases slightly due to the spreading of the
jet; Not until the jet flow is about one slot width avay
from the impingement plate, does the centerline axial
velocity decrease rapidly to zero at the stagﬁaééan:pcint.

In other v@rés.‘th' egterline axial ﬁe;acity is affected by

the presence of the impindement plate at a distance only one
slot width from the plate.

The effect of Reynolds number on the ‘decay af the
cgﬁtefline axial velocity for éifﬁerent jet*téiplate:
spacings can also be studied from Eigureé 10.15, 10.16 and
10.17. For all cases, the centerline axial veiaéity decays
1&5; rapidly at higher Reynolds numbers. This is mostly éue}
to the more penetration of the jet with higher Reynaiés
number into the surréunéing fluid.

y ID the st;gﬁ:tian flov region, the centerline axial
velocity is linearly proportional to the a:%ql distance awvay
© from tﬁe*:t:gnaticn point, (Eéf)i;gs can bernegea from
rigures 10.15, 10.16 and 10.17. A sinilar’gbsefé;tian has
been made by Schlichting (78) for unconfined submerged je;.
Introducing the dimensionless variables in Equation 6.6 into

EBquation 2.5, yields g \
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(val)lls_i = a, [L/ wi)l.-.i (1 - (y/L)] (10.1) -

The values of a, can be easily evaluated from the s!%pes of
all the curves of Figures 10.15, 10.16 and ®.17 for
different Reynolds numbers and jet-to-plate spacings.  The
.'vglues of a, are shown in Table 10.1. A ﬁlat of a, versus L
is shown in Figure 10.18. The least:SQuafe fitted curves for

different Reynolds numbers are:

a, = 2,56 L-*-*"? for Re,=100

a? = 2.65 L-*- " for Re =200
&, = 2,65 L-*-22 -for Re =300

a, = 2£7 | rfer RgbilDO . (10.2)

Equation 10.2 shows that the decay of centerline axial
velocity in the stagnation flow r;;ian for a zenfiﬁeé*jet
vith initial parabolic profile depends not only on the
Reynalds'nuﬁbér but also on the jet*;éiplate spacing.

The decay of the centerline axial velocity originating
from a fJat velocity fgofile at nozzle exit for di!tefent
Reynclds*ﬁumbers is shown in Figure 10.19 for L=4. The
centerline a:ial'vgla:itj ée:fe;;es rapidly near the nozzle
exit This is due to the\large 3pread1ng effects in th;s
:regicn. i‘i decrea;g of centerline axial velocity becomes
more gentle when the jet flov is further avay from the N
nozzle exit. Not until the presence of the impingeperit plate
is sensed, thelccntefline axial velocity does decrease



TABLE 10.1 : VALUES OF a, EVALUATED FROM EQUATION 10.1

e

———

100

200
300

400

100
200
300
400

100

200
300
400

D!‘?j

0.99
1.13
1.21
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rapidly to zero at the stagnation point. The decay of the
centerline axial velocity for this case is nearly
indepénégntxéf the Reynolds number.

In the stagnation flow region, the centerline axial
velocitf is linearly proportional éc the axial distance from
the stagnation point, (L-Y), as can be noted from Figure
10.18. The values of a, evaluated ffam»the slopes of all
curves of Figure 10.19 are approximately equal to 0.38 for
all Reynolds numbers. : o -

. 3
10.1.3 STREAMWISE VELOCITY PROFILE

The éevelgpments of typical streamwise velocity
profi%es with streamwise distance, X, for different Reynolds
numbers and jet-to-plate spaciﬂgs from a confined jet with
initial parabolic velocity profile are shown in Figures
10.20-10.31. Those from a confined jet with initial flat
velocity profile are shown in gigufgs 10.32-10.35. The
dotted line in the plots represents the fully developed
velocity pfcf;le for the particular case. The confinement
plate is located at (L-Y)/L=1 and the impingement plate is
located at (L-Y)/L=0. 4 |

For an individual stféamﬁisexvela:ity profile at a
given streamwise distance, the streamwise velocity, U,
incre#ses’ffem zero at the iﬁgingement plate to a maximum,
Umax'’ within a thin layer. Such layer is refered to as the
. viscous boundary layer in the stagnation flow region. 4

Outside the viscous boundary layer, the streamwise velocity
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FIGURE 10.22 : STREAMWISE VELOCITY PRQFILES FOR Le2
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. x
decreases as the axial distance from the impingement plate
increases. In some streamwise locaéions, the streamwise
velocity becomes negative near the confingment plate. These
négative velocities are caused by the inflow of tge primary
vortex induced by the confinement plate.

The thickness of the viscous boundary layer in
stagnation flow region, o,, is defined as the distance from
the impingement plate vheée the streamwise velocity reaches
99X of U,,, 2nd can be determined from the streamvise
velocity profile. The values of o, for L=2 and 4 are given
in Table 10.2. It is found that for a given Reynplds number
and jet-to-plate spacing, the value of .o, remains éuite
constant in the stagnation flow region. The values of o, for
L=12 cannot be accurately determined due to the coarser grid
arrangement used near the impingement plate for this case.

~ The variation of the maximum value of the streamwise
velocity at individual stteamyise location, Up,.,, with
streamvise distance, X, in the region of X<5 is shown in
- Figures 10.36-10.38 for the case of parabolic profile and in.
Figure 10.39 for the case of flat profile. In the stagnation
flow region, 6"“‘ is linea:lf proportional to the distance
from the stagnation point due to the transtofmation of the
axial momentum into the streamwvise momentum. A similar
obseivatién has been’made Sg Schlichting (78) for uncdnfined
submerged jet. Introducing the dimensionless variables in
Bqua;ion 6.6 into Equation 2.6 and choosing Unex instead of

.U.-yiglds )
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TABLE 10.2 : THICKNESS OF VISCOUS BOUNDARY LAYER IN
: STAGNATION FLOW REGION

PARABOLIC PROFILE

U o]
\ %

100 0.185

~N

_ 200 0.125
400 0.085

‘ 100 0.215
éoﬂ 0. 140
300 0.105
400 0.099

FLAT PROFILE

e
[ ]
i 8
wr

&L 100 0.376
200 0.287
300 0.254 L
400 0.202 |
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The values of a, can be easily evaluated from the slopes of
all the curves of Figures 10.36-10.39 for different Reynolds
numbers and jet-to-plate spacings. The values of a, for the

case of parabolic profile are given in Table 10.3. Comparing

the values of &, in Table 10.3 to those in Table 10.1,

agreement within 2,5% is ébtained_-The values of a, for the
case of flat profile are approximately equal to 0.4 for all
Reynolds numbers. This value is within 5% agreement with
that evaluated in Section 10.1.2,

The thickness of the vis;aué boundary layer in the
s;agnation flov region, o,, can also be evaluated from a,
using Equation 2.9,

o,/b = 2.38 / (a, Reb)‘i‘ (10.4) -

The values of o,/b evaluated from Equation 10.4 are compared

"to those in Table 10.2 in Pigure 10.40. The data points fall

fairly closely on the zero error straight line with a slope
of unity.. It is nateé‘that Equation 10.4 was obtained by
Schlichting (78) in his study of unconfined submerged jet.
Swch a good agreement of the data points indicates that the
presence of confinement plite has littlé effect on the flow
in the stagnation flowv region.

Due to the exchange of momentum with the circulating

fluid in the primary vortex, U, . which increases with X in



TABLE 10.3

i
(¥ o

100

200
300
400

%00
200
300
400

100

209
300

400

: VALUES OF a, EVALUATED FROM EQUATION 10.3

L1.74

2.0
2.1

2.15
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the stagnation flov region must eventually reaches a maximum
and decreases in the wall jet region. The location of the

maximum of Umsx 15 @ function of Reynolds number and

X
jet-to-plate spacing as can be noted in Figures 10.36-10.39.
In the wall jet region, flow separation is observed along
the impingement plate for the case of parabolic profile with
the exception of the cases of low Reynolds numbers for L=2.
The locations where the flow starts to separate from ;5e
impingement plate are given in Table 10.4. For the case of
flat profile, no flov separation along the impingement plate
is observed. _

The decgy of U, .. for different Reynolds numbers in the
vall jet region are plotted as 1og(Un ) versus log(x) in
Figures 10.41-10.43 for a jet with an initial parabolic *
profile, and in Figure 10.44 for a jet with an initial flat
profile,. Obviously,_the prediction by Glauert (255 using
Bquation 2.11 in his study of the decay of maximum
streamwise velocity in'the wall jet region originating from
an unconfined submerged jet cannot be applied here. For a
confined air jet, the flow which leaves the stagnation flow
region is strongly influenced by the presence of the primary
vortex as shown in Figures 10.1-10.4. Umax decreases more
gently after it reaches its maximum value. As soon as the
fluigd flows pass the centre of the primary vortex, the flow
expands and Umax decreases rapidly. Eventually, Umnax
approaches the value of that of the fully developed profile

betveen two parallel plates. The lower the Reynolds number

—

-
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TABLE 10.4 : LOCATIONS OF FLOW SEPARATION ALONG
THE IMPINGEMENT PLATE

2 400 12.0 :
¢ 100 9.5
200 12.0
300 17.0
( 400 20.0
12 100 20.0
- 200 24.0
300 42.0

400 82.0
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and the smaller the jet-to-plate spacing, the shorter the

streamvise distance needed to approach fully developed flow.

10.1.4 IMPINGEMENT PLATE SKIN-FRICTION FACTOR

The study of local skin-friction factor along the
impingement plate provides information of the local shear
stress on the plate. The local skin—friction factor is-
defined by Equation 8.3. For fully developed flow between
tvo parallel plates, the skin-friction factor can be
evaluated -by setting Y=L in Equation 6.28 and substituting

into Equation 8.5 to give

(Clyg = 6 / (Rey L*) (10.5)

A plot of C.Re versus X for a given jet-to-plate

b
spacing leads to the collapse of all curves for different
Reynolds numbers to a single curve in the regig; far avay
from the stagnation flow region where the influence of the
impinging flow is not sensed. Individual curves for
different jet-to-plate spacings approach the value of 6/L?
vhich is equal to 1.5, 0.375 and 0.0417 for L=2, & and 12

respectively. Variations of CiRe_ versus X are shown in

)
Pigures 10.;5-10.47 for a jet with an initial parabolic
veloéity profile and for a jet with an initial flat velocity
profile in Figure 10.48. The general eriation pattern of

~ the local skin-friction factor is that it increases sharply

from zero at the stagnation point to a maximum value in a
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short distance and then decreases vith the stgeanvise
distance, X. The location of the maximum value is found at
X=0.625 for both L=2 and 4, and at X=1.25 for L=12 for a jet
vith an initial parabolic velocity profile. For a jet with
an initial flat velocity profile, the maximum value of CyRe,
is located approximately at X=1.25 for L=4.

Por impinging flow, the skin-friction factor 4s
proportional to the Reynoids number to the power of -0.5. A
plot of 0.5C Re *-* versus X for different Reynolds numbers
is made so that all the curves will collapse into one
general curve in the stagnation flow region. Such plots are
shown in Pigures 10.49-10.51 for the case of parabolic
profile and in Pigure 10.52 for the case of flat profile.

For the case of parabolic velocity profile, a general
curve cannot be obtained in the range of Reynolds numbers
studied. But there is a tfend for L=2 and 4 that a general
curve may be obtained if the Reynolds number becomes highef-
For L=12, the value of 0.5C,R=b‘J decreases as Reynolds
number increases indicating that the normalization of the
local skin-friction factor with Reb‘*‘ may be over-corrected
the qffect of Reynolds number. This is also probably due to
the grid effects as mentioned in'Chéptgr 9 for the case of
L=12, resulting in the inaccuracy of the numerical results
in,;pgvstqgnation flow region. The numerical results
co-puted by Van Heiningen ®t. al. (96) for a semi-confined

_two-dimensional jet are also included in Figure 10.50. Their

results are at Reb-100 and 450 for L=4. There is good
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agreement between their results and those of tﬂis vork.

Por the case of flat velocity profile, the collapse of
the curves for different Reynolds numbers to nearly a single
curve in the stagnation flow region can be noted in Figure ‘
10.52. The curve for Regsiﬁﬁ deviates the most from the
ggneral curve probably because the Reynolds number in this
case is simply not high enough as mentioned above. For
Rebsiﬂﬂ, relatively sigﬂiéicant retardation of the submerged
jet is found on the way from the nozzle exit to the
impingement plate. Also included in Figure 10.52 are the
theoretical results of Miyazaki and Silberman (58) for an
unconfined tvo-dimensional jet. Their results which are.
totally independent of Reynolds number and jet-to-plate
spacing (L21.5), are consistently higher than those of this
work. The disagreement is mainly due to the error introduced
by their assumption of é@tEﬁgial flow outside the viscous

boundary layer.

10.2 MASS TRANSFER CHARACTERISTICS

A measure of local mass transfer is represented by the
evaluation of local Sherwood number alang'the impingement
plate. Local Shervood numbers along the impingement plate
are evaluated both experimentally and numerically.
Experimental and numerical results of local Sherwood number

are first discussed separately, and finally a comparison of
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these results is made,

—
.

10.2.1 EXPERIMENTAL "RESULTS

For a confined two-dimensional jet, experimental runs’ \

for various experimental variables such as the Reynolds ~~ \

—

'ﬁtﬁber@ jet-to-plate spacing and duration of the mass
transfer experiment are made. The range of these
experimental variables aré listed below
1. EJEt—té*platE spacing: L=2, 4, 12
2. R€3Q15§>ﬁumb2f: Rehsiﬂﬁ,XZBD. 306, 400
3. Duration of mass transfer experiment: T=120, 180, 240,

| 360, 480s
4. - Type of velocity profile at nozzle exit: parabolic
A listing of téz experimental runs together with the

experimental variables and operating conditions are given in

Appendix E.

The "frozen fringe™ pattern for run no. J021-3B for
L=2, Rebiioﬂ and Tiiad; }s*%haﬁn'in Plate lﬂ;ia: ?ﬁe"frczen
fringe® pattern for run na. J021-6A for L=2, Rebi160 and
T=3608 is shown in ﬁlgtg:13.1b. These fringes are
_interpreted as contours ofiequql mass transfer rate. The
local masé transfer rate can be observed in.Plate 16;1_te
decrease monotonically from the stagnation flow region. It
‘will be sheﬁﬁ later that only for this case of L=2 and
Re =100, a local minimum and a local maximum in local mass

transfer rate is not observed.



(a) T = 180s

PLATE 10.1

CONTOURS OF EQUAL MASS TRANSFER RATE FOR
A CONF1NED TWQ‘DIHEIISXQHAL JET
(Ribi"ﬂg LSZ)
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The "frozen fringe® pattern fg; run no. J023-2B for
L=2, Reb-SQS and T-izasfis shown in Plate 10.2a. The "frozen
fringe” pattern for runrna- J023-4B for L=2, EebSBDG and |
T=240s is shown in Plate 10.2b. By observing the contours of
equal mass transfer rate, the presence of a local minimum
and a local maximum in the mass transfer rate can easily be
observed in the outer region. The presence of local extrema
in the mass transfer rate.is observed for all the
fi;perinental;runﬁ in this vork except for the case of
Rgbtlﬁo and L=2 mentioned above.

In Plate 10.2, it is of interest to note that the-'
fringes éxhibit spanvise fluctuations at the two tﬁas and
the outer region. The intensity of these fluctuations
increases with Reynolds number and the fluctuation patterns
are very much the same for REBSBDE and 400. This phenomenon
vas explained by Masliyah and Nguyen (53). The fluctuations
are attributed to the presence of very slight roughness at
the edge of the aluminum slot tube,

For L=12, a typical “frozen fringe" pattern is shaﬁﬁ in
Plate 10.3 for run no. J123-2B with EgbﬁBDS and T=120s. The
presence of local extrema in the mass transfer rate is ggain
observed. But in this case the fringes are too wide for
analysis. In other words, the local mass transfer ratés in |
this Quﬁgf regién are too small to measuré. Theref@fg, no H
quantitative study . in the outer region for all the
experimental runs of L=12 is made. | |

)

A
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(a) T = 120s

PLATE 10.2 : CONTOURS OF EQUAL MASS TRANSFER RATE FOR .
o . A CONFINED TWO-DIMENSIONAL JET :
~ (Rep=306, L=2) .
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PLATE 10.3 : CONTOURS OF EQUAL MASS TRANSFER RATE FOR
A CONFINED TWO-DIMENSIONAL JET
(Rep=306, L=12)



Due to the presence of local extrema in mass transfer
rate, more complicated "frozen fringe; pattern for a
confined two-dimensional jet is observed. In such a case, in
order to determine the local fringe order, the method of
zero fringe identification used by Masliyah and Nguyen (51)
is no longer applicable. Therefore, real time holographic
interferometry is used. In order to determine the fringe
order of the "frozen Efinée‘ pacﬁeggi a duplicate
experimental run is made using real time halaéraphy
interometric technique. :

As soon as the local fringe order is known, local
Sherwood number, Shb, defined by Equatian 5.1 can be easily
determined by using Equation 5.9, In th;s wvork, only the
local Sherwood numbers on the centerline along the
streamwise direction are measured.' For each experimental
:run; the variation of local Sherwood number, Shy,, with
dimensionless streamwise distance, x/b or X, are determined.
Experimental results of local Sherwood number, Shy, an§
dimensionless streamvise distance, x/b, are given im *
Appendix E, ‘ i : o r

"Variation af local Shervcad numbef vith X are showq i
!igures 10.53- 10 55 for L=2, 4 and 12. In g #neral, the
variation pattern of the lacal Sherwood number can be
divided into two regions. The first region is where lag{Shb)
versus log(X) is linear. The range of such a region is
depended on the Reynolds number as can belﬁbierved in

Figures 10.53-10.55. Regression an alysis is made to obtain a

e
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correlation for local Shervood number with the Reynolds
number and streamvise distance in this region. The second
region is where the local extrema in Sherwood number
occured. For L=12, no local Sherwood numbers are measured in
this region because the local mass transfer rates are too
small to measure. For L=2 and 4, :léhaugh local Sherwvood
numbers are measured in this region, no regreésicﬁ analysis
is attempted due to the unusual behavior of the local
Sherwood number with the Reynolds number and streamwise
distance in this region. While the location of the local
maximum in Shervood number shifts further away from the
stagnation point when the Reynolds number increases, the
value of the local maximum Sherwood number also increases
vith the Reynolds number.

« Two regression eguations are obtained from the

_experimental data for L=2 and 4 and for L=12. The range of

pata points used is within the regian vhere lbg(Shb) versus
log(X) is linear and is shown in Table 10.5. The regression
analysis is madé in such a way that each déta point has
approximately the éame weighting.

The regression eguation for L=2 and 4 is given by:
Shy = 0.34 Re ®-** X=*."¢ (10.6)
for 13@5335;436, vith an average error of 6.8%. A total of

685 data points are used. A plot to test the applicability

of Equation 10.6 is shown in Figure 10.56. For a perfect fit
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TABLE 10.5 : RANGE OF DATA POINTS USED FOR REGRESSIONS
EQUATIONS

Re, RANGE NO. OF DATA POINTS

L2 100 x<6 . 63
200 xs8 79
306 x<9 66
400 Xs10 86

L=4 100 x<7 '\
- 200 Xs<9 AR
306 X<11 - 110

400 X<12 79

L=12 100 xs10 | 32
: 200  xs11 47
306 x$12 52
400  x$13 60

T
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vith zero experimental error, all data points should lie on
a str#ight line having a slope of unity. In addition, the
results obtained by Masliyah and Nguyen (53) presented by
Equation 5.14 for unconfined two-dimensional jets with L=4
gnqie are also pléttgé on Figure 10.56, as a dashed line,
Their data are well within the range of the experimental
accuracy of this work, indicating that there is little
effect of a confinement piate in the wall jet region.
However, the effect of confinement plate is obvious in the
outer region where the local extrema of the loca? Sherwood
number occur. 7

The exponent of i, 40_75, in.Equaticn 10.6 is in fair
agreement with the experimental findings by Masliyah and
Nguyen (53) of -0.73, and the analytical sélu;iéns by

Schwarz and Caswell (82) of -0.75. Although the exponent of

. Reynolds number, 0.66, in Equation 10.6 does not agree with

either study, it is within the range of their values of 0.55
and 0.75,
The regression equation for Le12 js gjven by:

Shb = 1,34 Egbci:: X-*.12 (10.7)

*

for 1DOSRebsléﬂp with an average error of 3.8%. A total of
I§E date points are used. A plot t6 test Ehe applicability
of Equation 10.7 is shown in Figure 10.57. The exponent of
X, -0.72, in Equation 10.7 is approximately the same as that

of L=2 and 4. However, the exponent of Reynolds number,
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0.33, is less than that for L=2 and 4. This indicates that
for_L-12; local Sherwood number is a weaker function of

Reynolds number than that for L=2 and 4.

10.2.2 NUMERICAL RESULTS

Local Sherwood number, Sh,, along the impingement plate
defined by Equation 5.2 are computed numgfigally using
Equation 8.12 for various.Reyanés number '\jet-to-plate
spacing and type of velocity praii;e at the nozzle exit. The
listings of all the numerical funsifcr L=2, 4 and 12 are
given in Appendix %. In this sectién,ranly the numerical
results using the upstream-weighted diffgfgﬁ:iﬁg scheme
(U.W.D.S.) are presented.

Thermal entrance solutions with a fully developed
laminar velocity proti%e for flow between parallel plates
vere obtained by Mccgéh (46,62) for afbitrarily prescribed
vall temperature or hdat flux. Due to the analogy between
heat and mass transfer, entrance solutions of mass transfef

- with fully developed laminar flow betveen parallel plates

are similar to those of the fundamental solution of the
third kind. The solution of the third kind corresponding to
the écordinate system used in this work is listed in Table
10.6. o ’ | |

Therefore, ‘a plot ol 2L Sh; versus (X/2L)/(Re,Sc) for a
given jet-to-plate spaciﬁg leads to a collapse of curves for
the different Reynolds numbers to a general curve in the

L



TABLE 10.6 : ENTRANCE SOLUTION OF THE THIRD KIND FOR
MASS TRANSFER WITH FULLY DEVELOPED
LAMINAR FLOW BETWEEN PARALLEL PLATES

%

£

(X/2L)/(Re;Sc) | 2L Shy
0.0025 9,250
0.01  6.259
0.015 5.705
'/ 0.025 . 5.206
{ 0.05 o 4.902
0.075 4866
0.1 ‘ ¢.861
0.15 | 4.861
0.25 | 6.861 -

INFINITY 4.861
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outflov region. The general curve approachs the fully
developed value of 2L Sh; =4.861 in a manner similar to the

solution curve obtained from Table 10.6. Such plots are

shown in Figures 10.58-10.60 for a jet with an initial \

parabolic profile and in Figur§‘10.61 for a jet with an
initial flat profile. ,

It is noted that in Figﬁres 10.58-10.61, the group
(x/2L)/(Re,Sc) fails to cérrelate the local Sherwood number
for the différént Reynolds numbers in the region-influenced
by the impinging jet. It is only good in the outflow region
vhere the flow beﬁaJ?;r is similar to those between two
parallel plates. Furthermore, from Figures..10.58-10.61, the
values of 2L Shy approach 4.861 in a similar manner
regardless of the jet Reynolds number, jet-to-plate spacing
and the initial velocity profile at the nozzle exit.

The effect of Reynolds qymber on the local Sherwood

nuﬁber for ‘different jet-to-plate spacings are shown in

Figure 10.65 for the case of flat profile. The maximum local
Shervood number is found to occur at the.stagnation point
for all cases. The local Sherwood number remains quite
constant in the stagnation flow region directly below the
jet nozzle (X%X<0.5), and it then_dec;easgs,yith‘distan:é avay
from the stagnation point.

For all ca#es vith an ini;ial parabolic profile, except
the case of L=2 and Re,=100, ihe local Sherwood number is

found to éxhibit a local minimum and a local maximum in the
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region further downstream. The locations of the extrema
points are a function of Reynolds number and jet-to-plate
spacing. Contours of the stream-function, shown in Figures
10.1-10.3, indicate that the presence of these extrema is
attributed to flov recirculation in the region between the
confinement plate and the impingement plate. In particular,
Figure 10.66 compares the streamwise location of the
secondary vortex cenérg aﬁa the streamwise location of the
minimum of Sherwood number. The data points fall fairly
closely on a straight line with a slope of unity. This
indicates that there is a strong ¢orrelation between the
streamwise location of the secondary vortex and the local
minimum of the Sherwood number.

Local extrema in Sherwvood number are also found for all
cases with an initial flat profile. Only this time, the
extrema are not as obvious as those for the case of
parabolic profile. g

The effect of initial jet velocity profile on local
Sherwvood ﬁumber can be studied from Pigures 10.63 and 10.65.
The local Sherwood number for the éasé,af parabolic profile
is consistently higher than that for the case of flat
profile at a given Reynolds number except in the region

vhere the local minimum ét Shervood number occurs.

Significant difference is found ih the étagnatign flow
region wvhere the stagnation point Shervood number for the
case of parabolic profile is between 1.8 and 2.5 times that
forn the case of flat profile. Such an effect of initial

'



7

/

239

84—t—t—t ' A ——
L} B L =2

o L 2

= ® OL-=4 +

[l A A L =12

e .

ggg .|’.

>

% .

57 1

z

gé

g‘i -

w

E'é’ .

i = -

Sg

-

-

9 = A T

g C

S

xgi A 1
3‘ / - -~
gq . _ E =
E L) L)

© 10 20 93 4 60 60 70 80 90 100
X (LOCAL MINIMUM OF SHERWOOD NUMBER)

FIGURE 10.66 ; STREAMWISE LOCATIONS OF SECONDARY VORTEX
. CENTRE AND LOCAL MINIMUM SHERWOOD NUMBER



240

=

¥

velocity profile was also observed by numerouys invéstigatérs
(77,81,90,96) in their studies of both unconfined and

semi-confined jets.

The effect of jet-to-plate spacing on the local
Sherwvood number for different Reynolds numbers is shown in
Figure 10.67 for the case of parabolic profile. Comparing

the cases of L=2 and 4, thete is no significant difference
g

in the local Sherwood number in the wall jet region before

the minimum in Sherwood number occurs. Whilé in the
stagnation flow region, only slight difference in Sherwood
number is found for the case afilau Reynolds numbers. This
observation is similar to those by various investigatorsg
(19,53¢M9) studying heat and mass transfer due to an
unconfined impinging jet for a .small jet-to-plate spa:?ngi
Bﬁt for the cése of L=12, local Sherwood numbers in the
stagnation flow and the wall jet regions are consistently
lowver than those for L=2 and 4. This can be explained in
that the impinggﬁgnt plate is no longer located inside thé
potential core of the submerged jet, therefore the decayed
centerline approaching velocity results in a lower mass

transfer rate in"the stagnation flow region.

10.2.2.1 STAGNATION POINT SHERWOOD NUMBER

R
Since the stagnation point Sherwood number, Shy , is

ve%y difficult to measure in the experimental set-up of this:
ap
work, the stagnation point Sherwood numbers computed

numerically are compared with the results in the literature,
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Comparison of stagnation point Sherwood numbers
evaluated in this work for L=2 and 4 i%ih those in the
literature for the case of parabolic pfé&iae is shown in
Figure 10.68. It is noted that the'differengg betveen the
stagnation point Sherwood number of this work for two |
different jetétaﬁplaée spacings of L=2 and ¢ is higher at
lowv Reynolds numbers. As Reynolds number increases, this
difference diminishs. Also included in Figure 10.68 are the
experimental results for an unconfined jet given by Sparrai
and Wong (90), the theoretical results for an unconfined jet
given by Sparrow and Lee (90) in Equation 2.24 and the
numerical results for a semi-confined jet computed by Van
HeiningenZEEi al. (96). Comparing the stagnation point
Sﬁg:ugad number-for L=4 of this work with that computed by
Van Heiningen et. al., the stagnation point Sherwood number
of t&is work is consistently higher. This is probably due Eg
the ;ssumptian of fully developed flow at the outflow region
of X=16.4 and 42 for Reb§1GD and 450, respectively by Van
Heingingen et. al,. Such streamwise locations of X=16.4 and
42 for Eeb-iﬂﬂ angd 450, respectively are Qery close to the
locations where the local exérema in Sherwood numberiaécuf
‘a8 can be noted in Figure 10.63.

Comparison of stagnation point Sherwood numbers
evaluated in this work for L=4 with those in the literature
for the case of flat profile is shown in Pigure 10.69.
Included in Pigure 10.69 are the theoretical results for an

unconfined jet given by Miyazaki and Silberman (58) in-
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BEquation 2.23 and the numerical result for a semi-confined
jet computed by Van Heininggﬁ et. al. (96). The stagnation
point Sherwood number predicted by Miyazaki and Silberman is
consistently higher than that of this work. The disagreement
is mainly due to the error introduced by their assumption of
potential flov outside the viscous boundary layer. On the
other hand, the disagreement between the results computed by

-Van Heiningen et. al., and that of this work is less obvious.

Comparison of experimental and numerical results can
only be made in the region wvhere X>1. As mentioned above,
local mass transfer within the stagnation flow region (Xs1)
is difiicult to measure in the experimental set-up of this
vork. Comparison of experimental and numerical results are
shown in Figures 10.70-10.81 for L=2, 4 and 12 with local
Sherwvood numbeér defineg by Equatién 5.1.

For L=2 and 4, excellent agreement is obtained between
the experimental and numerical results. Furthermore, the
numerical results confirm the §;esence of 1acaf extrema in
the Sherwood number. The numerical results from the
upstream-veighted differencing scheme (U.W.D.S.) gave a
better prediction as vaulé'ge e:peztééf(é?),

AN
For L=12, disagreements between experimental gnd |

‘ L

numerical results are found in the stagnation flowdand the

vall jet regions for the cases of Re,2300. This is probably

due to the inaccuracy of the numerical results for L=12 in
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the stagnation flow region as mentioned in Chapter 9. On the
other hand, this may be also due to the large jet-to-plate
spacing of theé experimental set-up in this case. Since the
_aspect ratio‘of the channel is 0,1295 for L=12 comparing to
those of 0.0216 and 0.043 for L=2 and 4, respectively, the
end effect is important and thé geometry of the experimental
set-up is no longer two-dimensional. The higher the Reynolds
pumber, the more severe tﬁe end effect. This could also be
the redson why the two-dimensional m@delvfails to predict
the expefimental results for L=12 at high Reynolds numbers
which are measured along the centerline of a -
three-dimensional channel. Terclarify the failure of the
tvo-dimensional numerical model in éhis case, a
'three—diméns{onal numerical model is recommended to study
the mass transfer characteristic due to a confined impinging
tvo-dimensional jet when the jet-to-plate spacing is large. -
Although no- experimental data for L=12 are obtained in the
regién where the local extrema in Sherwood number occur, the
présence of such extrema is confirmed by the gualitative

M .

study of the contours of equal mass transfer rate shown in
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11. CONCLUSIONS

3

Local Sherwood number along the impingement plate is
found to exhibit a local minimum and a local maximum iﬁ
the region far away from the stagnation flow region. The
locations of these extrema are a function of Reynolds
number and jet-to- plate spacing;

Regre551cn equations correlating local Sherwood number

in terms of Reynolds number and streamwise distance for

different jet-to-plate Spacings ate
wvall jet region up to the region where the local
extremum of Shervood number occurs.

In the wall jet region, for the cases of L=2 and 4, no
effects of jet-to-plate spacing are found.

Effject of initial nozzle eiit velocity profile on the
§t;gnati§ﬁ point mass transfer rate is important. The
stagnation point mass transfer rate for an initiél
parabolic velaﬁity profile is betﬁeen 1.8 and 2.5 times
the;;alue for an initial flat velacitf pfafilei’

Mass transfer due %o a eanfiﬁed laminar impinging
tvo-dimensional jet can be successfully preéictgd by
using a tvo-dimensional numerical model uitﬁ . o

upstream-veighted differencing scheme (U W.D.S. ) i

{ T 259



12. RECOMMENDATIONS

~

1. A more advanced interferometric technique can be used
instead of the holographic interferometry employed in
the present experimental study. A teéhnique, so called
"speckle interferometry", can be employed by ;eplacing
the Hblogram in the holographic interferometry by an .
electronic system. This technique deals with otdihary
inagés*rafher than holographic reconstructions,
therefore the intermediate production, processing and
reconstruttion of a hologram is avoided. An image of the
object illuminated by a coherent ligpt, is formed by
conventional optical methods at a photo-sensitive ,

surface of a vidicon tube and can be stored and handled

- electronically. In this way, the development of fringes

can then be studied quantitatively in real time in front

LY

of the video monitér.
2. A three-dimensional numerical model should be developed
for the study of mass transfer Que»ﬁo a confined
impinging two-diméhsioﬁal jet vith ldrge jet—to-plat?,
spac%ng.‘?hfi ﬁodg& ¢gn then be used to pregict‘the
éxperimental resudts for L=12. '
3. The ﬁwojdin:nsion;l numerical model, developed in this
vork{ can be improved by using a high o;der‘differeﬁcing-’
.;chele-&eriv;d from local sblutions‘of'the-ditterenti;l
qu‘tidn. This numerical technique, so called "single

260 X
0 .
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cell high order differencing scheme” (SCHOS) is
understudy by Manohar and Masliyah at the University of
Alberta.
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13. NOMENCLATURE

diﬁéﬂiiﬁﬂle;S»pafgﬁgtEf defined in Equation

7‘1 i

-proportional constants in Bquations 2.5 and

2.7

calibration :enstint, kg/m?

slot width, m

arbitrary stretch ccnstan§ used to adjust
the grid transfa:matiaﬁ-iﬁ I;dire:tian
geometric constant of optical set-up |
concentration of svelling agent, kmole/m’
coefficients in sqgiticng 2.15, 2.16, 2.21
dimensionless concentration of swelling

agent, (cﬁéj)/(ciicj)

skin-friction factor, r,/(0.5+,%,")

nozzle diameter, m

proportional constants in Equations 2.1 and
2.3 | | |
diffusion coefficient, :/ﬁ‘

éfapaftianal constants in Equation 2.2 apd

2.4 v

coefficient in Equation 7.50

proportional constants in Equations 2.11 and

[ 8]
o
[} ]



m, R, 0, Mn,,m,
Mv

n

n,t 0ni rniiﬂi pnl
Ny
Ny

nj

nx ’

ny

N
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2.13
exterior flux of momentum flux, m’/s?
:agifieient in Equation 7.50
and

proportional constants in Equations 2.12
2.14 ’

dimensionless gradient of concentration at
impingement plate

constant value defined in Equation 5.9, m
jet-to-plate spacing, m

1aca1;m;ss t;ansfer coefficient defined in
Squgt\i, , 5_’1,§m/57 |

lochl mass transfer coefficient defined in

Equatich 5.2, m/s

L3

constant value eguals to cosf,

pafametgf in Equation 7.50 v
dimensionless jet-to-plate spacing, h/b

coefficients defined in Equation 7.16

. molecular weight of swelling agent, kg/kmale

fringe order

c@eféieigngf defined in Mjuation 7.21
refractive index of glass prism ’
fgfégetivc index of swélleq polymer coating
number of nodes in X-direction vhich covers

half of the‘tlat vigth

total number of nodes in Y-direction

mass flux, kgﬁ‘g*’
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‘Nussult number for tva—éi:gnsianél jet
partial vapor pressure of swelling agent in
bulk flow, kPa
partial vgpéf pressure of swelling at jet
nozzle exit, kPa .
partial vapor pressure af‘Sielling at
polymer surface, kPa .
total pressure, kPa ‘
vapor PEE;SBSE of swelling agent, kPa
Prandlt number A
volumetric flow rate of air, m®/s
radial distance measured from the jet
centre, m
éisp}a:ement ar_:eceééi@n of polymer
ccatingE m ‘ %ﬁ§ .
molar rate of prodygtion of swelling agent
per unit volume, kmole/m’s
Rejnalds number fQr tvo-dimensional jet,
;lb/! | o ‘
Reynolds number for axisymmgtfic jet, %ié/k
local Reyqigdﬁ numbér based on the local

velocity and distance between adjecent nodes
in Y-direction aefiﬂed_in!Equatian 7.46 |
%ae;l Reynolds number based on the local
velaeity and distance betveéﬁiadjacent nodes
in X-direction def.‘ in Equation 7.44

parameter in Equgtl&n 8.2



Sh,
Sh
Sh},
Shy

$'e

<

Schaidt number, D/» -

Shervood number, kb/D

Shervaed number, kd/D

Sherwvood number, k'b/D

stagnation point Sherwood number
teﬁpgrature,"c or K .
duration of mass grané%er experingnt,»s
streamwise velocity in X-direction, m/s
maximum value of streamwise velocity in
X-direction for én individual streamwise
velocity profile, m/s

mean velocity in X-direction in outflow
region, m/s

dimensionless streamwise velocity-in
I‘é%feétiéﬁ, u/ ¥,

maximum value of dimensionless streamwise
velocity in X-direction for an individual
streamvise velocity profile, u,. . / v; |
axial velocity in Y-direction, m/s

mean velocity of jet at nozzle exit, m/s
dimensionless axial velocity in Y-direction,
v/ 35

constant relaxation factor .
stfeiiung distance measured from the jet
centre, m

dimensionless streamwise caaféinate, x/b

axial distance measuréd from fhe jet nozzle

-



GREEK SYMBOLS

B,

B.

-

) ‘ 266

exit, =
dimensionless axial coordinate, y/b ~

eigenfunctions in Bquation 6.29 .
coefficients defined in Equations 7.38 and

7.40

‘
weighting factor for convective term in
X-direction
eigenvalues in Equation 6.25
veighting factor for convective term in
Y-direction
incident angle of light path travelling from
glass prism to polymer coating '
refractive angle of light path travelling
from glass prism to polymer coating '
veighting factor for diffusion term in
X-direction

veighting factor for diffusion term in

Y-direction

grid increment in X-direction measured

betveen adjacent boundaries of contgol

volume
grid increment in Y-direction measured '

betwveen adjacent boundaries of control

volume



grid increment in X-direction measured
betvéen adjacent nodes
grid increment in Y-direction measured
between adjacent nodes

maximum absolute different of parameter S

in Equation 8.13

spread of " jet, m

coefficient defined in Equation 7.17—
vavelength of light, m

eigenvalues in Equation 6.29

viscosity of air, kg/m s

kiﬁemat@: viscosity of air, m?/s
coefficient defined in Equation 7.17
density of air, kg/m®

density of swollen polymer coating, kg/m?®

molar égnsity of gas mixture, kmole/m?

viscous boundary layer thickness in wall jet

region, m

viscous boundary layer thickness in
stagnation flow region, m 4
shear stress at impingement ﬁlate, N/m?
dimensionless variable in Equation 7.1

stfeaméfuﬂction, m'/s

dimensionless stream-function, ¥/(b %j)

vorticity, s-'

<«
N

dimensionless vorticity, w(b/ i
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b " slot width as characteristic length

B bulk flow |

~d nozzle diameter as characteristic length’

e,v,n,s ‘ east, vest, north and south side bgunéaries-
of control volume

fa fully devéloped flow

i element number

j at jet nozzle exit

ma x maximum value

o v in outflow region

s at coating surface or impingement plate

™~
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- 15. APPENDIX A : PHYSICAL PROPERTIES

The physical properties used in this work in
detepmination of local Sherwood number are given by Masliyah
and Nguyen (51,52,53). The physical data which are

endent of the operating conditions are given as

follows: N\

density of swollen polymer, Pg = 1.01x10* kg/m?
molecular weight of ethylsalicylate, Mw = 166.17 kg/kmol
vave length of laser light, A= 632,8x10°' m

LS

Other physical properties such as vapor pressure of
ethylsalicylate, viscasity of air, molar density of the %is
mixture and diffusion coefficient fcr'ethjlsalicylate and
air are functions of the operating conditions. The

correlations for evaluating these properties at given

)
operating temperature and pressure are given as fdllows:

¢

1. The fgp@: pressure of ethylsalicylate, P*, is a strong
function of operating temperature, t, and can be
evaluated from the following equation (36),

« log,, P* = 7.897 - (2931.6 / t) TR

vhere t is in K.
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i.e. P* (at 21°C and 93.9kPa) = 0.00843 kPa

The molar density of gas mixture, o', can be
approximated by using the molar density of air at the
operating conditions. Applying ideai gas law, the molar
density of gas mixture can be gvaluézed from the

following equation,

=

o = P/ (8.31¢t) ‘ (15.2)

wvhere P and t are operating pressure and temperature,
respectively.

i.e. o* (at 21°C and 93.9kPa) = 0.0385 kmol/m?

The viscosity of air,’ s, is used in the evaluation of
the Reynolds number for an air jet. This property is
almost independent of pressure at low pressure, but
increases vithlincreasing temperature (51). |

i.e. # (at 21°C and 93.9kPa) = 1.817x10°* kg/m s

The diffusion coefficient, D, is evaluated by using the
Lennard-Jones expression for gas pairs of non-polar - |

molecules.

i.e. D (at 21°C and 93.9kPa) = 5.95x10°* m*/s



16. APPENDIX B : CALIBRATION OF FLOWMETERS

Two rotameters are used in this work. Rotameter A, a
Fischer & Porter Rotameter (Tube no. FP-0.25-09-G-6.75/61)
is used for volumetric air flow rate less than
1.1798x10" ‘»°/s. Rotameter B, a Brook Rotameter, is uséé for
volumetric air flow rate greater than 1.1798x10"*m?*/§ ;ﬁ to
8.6x10" *m*/s.

Rotameter A was calibrated at 22.2°C and 93.45kPa. The
‘Eélibfatiéﬂ curve of volumetric air flow rate is shown in
Figure 16.1 vith rotameter reading at the top of the float.
The calibration curve of volumetric air fléw rate of
Rotameter B vas supplied by Masliyah and Nguyen (51) with
ealibfgtiéh conditions at 22°C and 95,73kPa. This curve is
shown in Figure 16.2. The rotameter reading is at the battém‘
of the float. 7

The value of volumetric flow rate from the calibration
curve, Q', ‘must be corrected for the actual experimental

operating conditions using the following expression

=

Y

vhere Q is actual experimental volumetric flow rate, Q' is

Q= Q' (t/t')e-* (P'/P)e-> (16.1)

‘'volumetric flow rate from calibration curve, t is operating
, . ) , . .
temperature, t' is calibration temperature, P is operating

pressure and P' is calibration pressure. All temperatures

290 .
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and pressures in Equation 16.1 are in K and kPa,
respectively.

The Reynolds number for an air jet issuing from a
circle tube with diameter d or a slot tube with width b can
then be evaluated from the volumetric flow rate, Q, as

follows:

Rey, = ¥.d /v = 4Q/ MV (16.2)
or . Rey = 3jb /v =20/ Mv : : (16.3)
] y N

L

vhere M is the wetted perimeter of the tube.



17. APPENDIX C : LISTINGS DP-EXPERINENTAL RESULTS FOR

UNCONF INED AXISYMMETRIC JET

A listing of the experimental runs together with the
mass transfer duration, operating pressure and operating
temperature for unconfined axisymmetric jet are given in

Table 13,1. Local fringe orders of different experimental

\

TABLE 17.1 : EXPERIMENTAL RUNS FOR UNCONFINED
AXISYMMETRIC JET :

runs are given in Table 17,2,

1210 CJ12-1.5A 90 21.0 93.4
CJ12-3¢ 180 20.0 93.2
CI12-6A © 360 21.0 93.2

1470 CJ14-1.5B 90 21,0 . 94.4
CJi14-3A - 180 20.0 94.5
CJ14-6A 360 21.0 94.5




[N

TABLE 17.2 : EXPERIMENTAL RESULTS\}
AXISYMMETRIC JET o

CJi12-1.5A 6.00
4.95
3.96
3.‘3
3.00
2.68

CJ12-3C 11.70
9.22

7.63

6.58

5.71

5.07

. 4.64

4.21

) 3.89
3.64

3.39

3.14

CJ12-6A 18.93
15.61
12.93
11.11

9.78
8.83
7.90
7.29
6.74
6.25
5.83
. 5.54
5.23

I W

WORIAOMd W

10

CJ14-1.5B

CJ14-3A

CJ14-6A

’,

OR UNCONF INED

20.M
17.50
13.64
11,93
10.64
9.50
8.50
7.93
7.39
6.90
6.46
6.12
5.79

O~ LI e

T .
OWD OB W
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18. APPENDIX D : LISTINGSNP EXPERIMENTAL RESULTS FOR

UNCONF INED TWO-DIMENSIONAL JET

A listing of the experimental runs together with the
mass transfer duration, operating pressure and operating

-temperature for unconfined tvo=aimgﬂsiahgl,jgt afeqéivgn in

Table 18.1. Local Sherwood numbers of different experimental

runs are. given in Table 18.2,

TABLE 18.1 : EXPERIMENTAL RUHS FOR UHCQNFIHEﬂ
) TWO-DIMENSIONAL JET

Re), RUN NO. - T (s8) t (‘C) P (kPg)

94 SJ1-2A . 120 21.0 94.6
SI1-4F '240 21.0 94.3
$J1-8E 480 21.0 93.9

204 sjz2-2¢ . 120 20.0 93.6 -
SJ2-4A 240 ©20.0 - 94.2

§J2-8D 480 - 21,0 93.3

&
%
' Ead
», »
- P':J’\
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SJ1~-4F

18.2

18.74
14.96
12.06
10.17
8.64
7.80
6.76
5.94
5.3
4.80

: EXPERIMENTAL RESULTS FOR UNCONF INED

TWO-DIMENSIONAL JET

0.887
1.035
1.183
1.331
1.478
1.626
1.774
1.922
2.070
2.217

SJ2-4A

§J2-8D

29.33
19.33
14.00
10.57
8.67
7.07
5.89
5.07
4.36
3.82
3.53

23,33
19.7M
16.66
14.66
13.00
11.66
" 10.33
9.1
8.57
7.71
7.13
6.57

5.97

\Ge57

0.962
1.283
1.604

©1.925

2.245
2.566

- 2.887

3.208
3.528
3.849
4.170

1.030
1.177
1.324
1.971
1.618
1.765
1.912
2.059

2.206. .

2.353
2.500
2.647

2.795

2.942



19, APPENDIX'E : LISTINGS OF EXPERIMENTAL RESULTS FOR

CONFINED TWO-DIMENSIONAL JET

Listings of the e:perinéntal runs together with the
mass transfer duration, operating pressure and operating
temperature for confined two-dimensional jet are given in
Tables 19.1, 19.2 and igiéi Local Sherwood numbers f@r.

different experimental runs are given in Tables 19.4, 19,5

and 19.6 for L=2, ¢ and 12, respectively,
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100

200

JO021-2B
Jo021-2C
JO021-3A
J021-3B
JO021-4A
JO021-4B
J021-6A
J021~-6B
J021-8A
J021-8B

J022-2A
J022-2B
J022-3A
J022-3B
3022-4A
J022-4B
J022-6A
J022-6B
JO22~8A
J022-8B

%
120
180
180.
240
240
360
360
480
480

120
120
180
180
240
240

360
360

480
480

21.0

21,0
21.0
20.0
21.0
21.0
21,0
20.0
21,0
21.0

21,0
21.0
21,0
21.0
21.0
21.0
21,0
22.0
21.0
21.0

TABLE 19.1 : EXPERIMENTAL RUNS FOR CONF INED
TWO-DIMENSIONAL JET (L=2),

94.3
94.4
9¢.3
9.2
94.1
93.6
9.1
94.0
93.7

93.9

94.0
94.8
94.3
94.2
93.8
9.0
93.7
9.3
93.4
93.7

299



306

400

TABLE 19.1 (CONTINUED)

JO23-2A
J023-2B
J023-3A
J023-4A
J023-4B
J023-6A
J023-6B
J023-8A

J023-8B

JO24-2A

J024-2B
JO024-3A
JO024-3B
JO24-4A
JO024-4B
JO24~-6A
J024-6B
JO24-8A

J024~-88

120
. 180
240
240
360
360
480
480

120

120

180 -

180
240
240
360
360

480

480

20.0
20.0
21.0
22.0
21.0
21.0
22.0
22.0
22,0
22.0

300

P (kPa)

95.2
94.9
95.0
94.9
94.6
94.0
94.2
93.9
9.1

93.7
94 .2
94.2
9¢.1
93.4
93.6
93.3
93'.5
93.6
93.8
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TABLE 19.2 : EXPERIMENT RUNS FOR CONFINED
TWO-DIMENSIONAL JET (L=¢)

Re, RUN- NO. T (s) t (°C) P (kPa)

100 JO41-2A 120 21.5 94.2
JO4 1-2B 120 21.0 93.6
JO41-3A .180 ~ 21,0 93.8
JO41-3B 180 21.0 93.7
JOA1~4A 240 22.0 94. 1
JO41-4B 240 20.5 93.7
JO#1- &C 240 21.0 93.5
JO41-6A 360 21.0 93.4
JO41-6B 360 21.5 93.3

. JO41-BA . 480 20.0 93.9

J041-8B 480 20.5 93,9

200 J042-2A 120 20.0 94.2
J042-2B 120 20.0 94.2
JO42-3A 180 20.5 93.6
J042-3C 180 20.0 93.6
JO42-4A 240 20.0 94.4
J042-4B 240 20.0 94.4
JOAZ-6A 360 20.5 94,1
J042-63 360 21.0 9.0
aoa{éag 480 20.0 93.6

aoc%iagf@ 480 21.0 93,7



Reb

306

400

TABLE 19.2 (COMTINUED)

RUN NO. T (8)
J043-2A 120
J043-2B 120
J043-3A 180
J043-3B 180
J043-4A 240
- J043-4B 240
J043-6A 360
J043-6B 360
J043-8A 480
J043-8B 480
JO44-2A 120
J044-2B 120
JO44-3A 180
JO44-3B 180
JO44-EA 240
JO44-4B 240
JO44-6A 360
JO044-6B 360
.J044-8A 480
JO044-8B 480

20.0
20.0
21.0
21,0
19.0
19.0
20.0
20.0

- 20.0

20.0

93.4
93.3
93.9
93.9
95.2
95.2
93.9
93.9
93.9
93.9

93.9
93.9
93.9
93.9
93.9
93.9
93.9
93.9

93.9

- 93.9
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100

TABLE 19.3

J121-2A

J121-28

J121-4A

J121-4B

J121-6A
J121-6B
J121-8A

J121-8B

J122-2A
J122-2B
J122-4A
J122-4B
J122-6A
J122-6B
J122-6D
J122-8A
J122-8C

303

: EXPERIMENTAL RUNS FOR CONFINED

TWO-DIMENSIONAL JET (L=12)

120
120
240
240
360
360
480
$ 480

120
120
240
240
360
360
360
480

21.0
21.0
20.0
21.0
20.5
21.0’
21.0
21.0
21.0

95.0
93.2
92.7
94.9 "
94.1



306

400

J123-2A

J123-28

J123-4A

J123-4B
J123-6A
J123-6B
J123-8A
J123-8B

J124-2A

J124-2B

J124-4A
J124-4B
J124-6A
J124-6B
J124-8A
J124-8B

TABLE 19.3 (CONTINUED)

120
. 240
240
360
360
480
480

120
120
240
240
360
360
480
480

21.0°

20.0
20.5
21.0

21.0

21.0

20.0

20.0

-
[}

94.2
93.1
95. 1
94.2

93,3
94.3
95,0
95.6

94.6
95.0
94.5
94.8
94.6
94.7
95.0
94.1

304.



JO21-3A

JO21-4A

'JO21-6A

3.22
2.58
2.16
1.80
1.48
1.28
1.1

3.16
2.82
.52
14
90
68
51

[ %]

2
1
1
1

4.48
3.90
3.40
2.95
2.59
2.34
2.19

14.72
11,08
7.19
5.38

5.01 .

4.50

- 4.01

3.57
3.16

, 2.076

2,373
2.670
2,966
3.263
3.560
3.856

0.989
1.187
1,384
1.582
1.780
1.978
2.175
2,373
2,57

J021-3B

J021-4B

J021-6B

TABLE 19.4 : EXPERIMENTAL RESULTS FOR CONFINED
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J021-8A

J022-2A

- J022-3A

41.14
27.95
20.04
14.77
10.97
7.70
5.91
$5.12
4.69

7.28
6.12
4.96
4.
3.50
2.95
2.58
2.22
1.74
1.48

7.17
6.20
5.40
4.76
4.00
3.40
3.02
2.68
2.50
2.17
1.97

0.738
0.886
1.033
1.181
1.328
1.476
1.623
1.7
1.919

1.777.

2.369
2.961
3.554
4.166
4.738
5.330
5.923
6.515
7.107

1.981
2.377
2.773
3.169
3.566
3.962
4.358
4.754
5.150
$.547
5.942

J021-8B

J022-2B

J022-3B
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J022-4A

J022-6A

J022-8A

6.27
5.78
SGQQ
5.08
4.59
4.22
3.90
3.38
3.16
2.85
2.62
2.4
2,22

6‘31
5.40
5.16
4.81
9.21
11.12
14.26
22.90
34.49

6.20
5.91
5.68
8.92
10.80
21.48
30.59
45.0¢

Sio‘
5.12
3.95
3.16
2.77
2.43
2.1
1.85

TABLE 19.4 (CONTINUED)

Sh, RUN NO x/b Sh,
2.070 J022-4B  4.77  3.257
2.365 4.43 3,554
2.661 4.02 3.850
2.956 3.57 4.156
3.252 3.12  4.442
3.548 2.87 4.738
3.843 2.64 5.034
£.139 2.46 5.330
4.434 2.26 5.626
4.730
5.026 .

5.321

5.617

3.164 J022-6B  6.33 2.012
2.361 6.01 2.195
2.558 5.76 2.378
2.754 5.51 2.561
2,951 5.22 2,744

1.377 8.60 1,280
11574 10.21  1.463
1.377 13.84 1,280
1.181 22.63  1.098
0.984 33.76  0.915
2.206 J022-8B  6.04 2.214
2.353 5.84 2.361
2.500 5.55 2,509
1.324 8.33 1.328
1.471 10.55 1.476
1.324 14.45 1,328
1.177 20,36 1,181
1.030 20.48 1,033
0.883 44.30 0.885
3.602 ' J023-2B  6.33  3.229
4.202 5.80 3.875
4.806 4.78  ¢.521
5.403 3.88 5,167
16.003 3.12 5.813
6.604" 2.74  6.459
7.204 2.38  7.104
7.804
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TABLE 19.4 (CONTINUED)
RUN NO, x/b Shb RUN NO. x/b Shy,
J023-3A 6.92 2.797
6.52 3.196
5.85 3.596
4.92 3.995
4.48 4.395
4.4 4.794
3.69 5.194
3.48 5.594
3.06 5.993
JO023-4A 7.59 2.692 J023~4B 7.22 2.683
.- 6.96 2.992 ” 6.71 2.981
6.59 3.290 6.01 3.280
6.03 3.590 5.73 3.578
- 5.65 3.889 5.27 3.876
5.17 4,188 | 4.91  4.174
4.75 4.487 ' 4.60 4.472
4.24 4.786 4.42 4.770
3.74 5.085 4. 11 5.068
3.53 5.385 3.74 5.366
3.27 5.684 3.46 5.664
J023-6A 7.17 2.567 J023-6B 7.1} 2.571
' 6.96 2.764 6.78 2.769
6.65 2.961 - 6.57 2.966
6.33 3.159 6.31 3.164
6.12 3.356 5.98 3.3e62
5.91 3.554 11.18 1.384
5.67 3.751 12.55 1.582
12.90 1.580 15.51 1.780
15,93 1,777 - 21,10 1.582
19.30 1.58 . 27.22 1.384
26.137 1.382 37.45 1.187
35.60 1.185 44.62 0.989
45.36 0.987



J023-8A

&
(=]
L3
‘T‘
[
>

J024-3A

L

TABLE 19.4 (CONTINUED)

J023-8B

J024-2B

J024-3B

&

8.02

7.30
14.19
16.80
21.60
26.79
36.20

44,12

6.77
.88
.15
.37
QBE
.30

NN W W g

.59

.56
.20
.78
.33
.95
.45
.99
.49
ios
.75

T L e O O N~

3.202
3.843
4.483
5.123
5.764
6.404
7.045
7.685
8.325
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J024-6A

7.10
Sias
6.54
6.38

5.89

5.65

5.38

5.22
4.93
4.60
4.20
4.00
3.74
3.38
3.1
8.40
7.91

7.58

7.31
7.17
6.85

6.65.

6.46

6.22
11,60
12.55
13.82
14.77
18,14
20.83
27.43
31.12
42,72

TABLE 19.4 (CONTINUED)

J024-4B

J024-6B

8.58
8.29
7.90
7.58
7.19
11.60
12,66

S14,24
15,30
17,41

33.76
42.19

E ]

28.48

. 247
.837
w132
.42
. 722
017
.312
.608

LR Y W W SRRy

2.716
2.897
3.078
3.259
3.440
1.268
1.449
1.630
1.811
1.81
1.630

1.449

’1.255
1.087
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- J024-8A

8.97
8.49
7.92
11.33
12.00
12.55
13.40
17.41
21,62
24.26
- 28.48
*34.81
44.30

TABLE 19.4 (CONTINUED)

2.585
2.721
2.857
1.224
1.360
1.497
1.633
1.769
1.633
1.497
1.7360
1.224
1.088

- - o -

J024-8B

2.589
2.725
2.862
1.227
1.363
.499
.635
.772
1.635
1.499
1.363
1.227
1.090

— — —

n
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TABLE 19.5 : EXPERIMENTAL RESULTS FOR CONFINED
TWO-DIMENSIONAL JET (L=4)

JO41-2A 4.81 2.279 JO041-2B 5.54 1.768
-3.85 2.854 4.46 2.355
3.11 3.423 3.60 2.949
2.52 3.991 2.95 3.536 -
1.96 4.566 : 2,33 4.123
1.50 .5.134 1.94 4.717

' 1.50 5.304

1.13 5.890°

JO41-3A  4.95 1,973 JO41-3B  5.54  1.969
| 4.22 2.363 4.69 2,359

3.57 2.760 4.05 2.756

3.18  3.150  3.54  3.145

2.72  3.548 3.01  3.542

2.30 3.938 2.58 3,931

2.08  4.335 . 2.22 4.328

171 4.732 1.89 4.725

1.42  5.123 | 1.59  5.114.

1.38  5.510
1.19 5,900
1.00 6.295

JO4 1-4A 5.47 1.916 JO41-4C 4.64 2.065
' 4.80 2,185 4.16 2.355

4.27 2.461 3.67 '2.652

3.83  2.737 ‘ 3.32  2.949

3.53  3.006 2.95 3.239

3.16 3.281 - _ 2.64 3.536

: 2.83 3,557 2.38 3.833

N | 2.54 3,826 2.06 4.123
’ . 2.27 4101 E 1.85 4.420
- 1.63  4.717

JOR1-4B  4.28  2.147,
3.80 2.448
3.36 2.757
3.01  3.066
2.70  3.367
2.37 . 3.676




JO41-6A"

JO41-8A

JO42-2A

5.83
4.95
4.14
3.36
2,72
2.24
1.85
1.52

TABLE 19.5 (CONTINUED)

2.564
3.210
3.849
4.488
5.135
5.773
6.412
7.059

. J041-8B

J042-2B

5.75
5.33
.92
4.66
.37
.15
3,90
3.66
,9;34

11.71

15.82

19.83

32.91

5.25
4.49
3.80
3.07
2.53
2.03
1.66
1.42

o RwNol N NENENY
]
o
.

1.689

.1.844
1.999

2.154
2.309
2.457
2.612
2.766
0.461
0.615
0.769
0.615
0.461

2.564
3.210
3.849
4.488
5.135
5.773
6.412
7.059

313
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JO42-3A

JO42-4A

JO42-6A

J042-3C

J042-4B

TABLE 19.5 (CONTINUED)

8.01
6.51
5.80
5.34
4.94
4.53
4.16
3.74

3.33

3.02
2.69
2.44

6.54
6.08
5.65
5.33
¢.96
‘.64
4.24
4.00
3.64
3.26

+ 2.85

13.66
16.43
17.20
27.43
39.24

2.248
2.564
2.887
3.210
3.526
3.849
§.172
4.488
4.811
5.135
5.450
5.773

2.566
~2.765
2.964
3.156
3.355
3.554
3.753
3,952
4.145
¢.340
4.540
0.592
0.790
0.987
.790

0.592
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J042-8A

JO043-2A

7.59
6.75
6.00
5.80
5.38
5,15
4.82
4.55
$.12
3.92
3.53

13.19

14.94

16.77.

18.79
20.04
25.21
3t1.12

7.05
5.80
5.21
4.48
3.82
3.09
2.58
2.17

TABLE 19.5 (CONTINUED)

3.530
4.116
4.709
5.295
5.881
6.474
7.060
7.625

JO042-8B

J043-2B

8.80
8.08
7.20
6.70
6.43
6.01
5.74
5.54
5.26
5.04
4.81
4.55
4.23
4.00
3.7
3.39
12.13
14.80
16.21
17.91
22.90
29.01
34.20
41.35

5.55
5.02
4.30

3.72

2.83
2.38
2.01

1.919
2.066
2.217
2.359
2.508
2.656
2.805
2.954 -
3.103
3.244
3.393
3.542
3.690
3.839
3.988
4.130
0.590
0.738
0.886
1.033
1.033
0.886
0.738
0.590

4.116
4.709
5.295

-5.881

6.474
7.060"
7.625
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JO043-3A

JO43-4A

TABLE 19.5 (COMTINUED)

. 115
.556
.004
444
.893
.34
.782
.230
. 119

~LON O U0 LR R il s L L

911
- 238
3.556

LN

3.882

4.208

4.52¢

4.852
5.178
5.497
5.823
6.149
6.467
6.793

J043-3B

J043-4B

O L s ol b L L L D

=~



J043-6A

JO43-8A

8.31
7.70
7.38
7.01
6.66
6.39
6.04
5.75
5.42
5.05
4.69
4.32
4.01
3.69
3.48

- 3.16

2.95
2.74
2’0 5‘
16.56
19.23
22.63
28.59
35.76
47.33

9.62
8‘97
8.12
7.61
7.23
6.91
6.64
17.30
18.86
21.50
24.23
26.79
32.70
40.02

J043-8B

7.94
7.33
7.03
6.70
6.53
6.20
5.91
5.65
5.26
4.96
4.63
4.28
3.91
3.66
3.39
3.16
2.92
2.70
2.53
17.76
19.51
23.42
25.94
36.60

9.85
9.12
8.55
8.12
7.82
17.38

18.65 .
- 21.10

24.46
25.51
29.96
38.50

46.84



RUN NO. x/b Shy RUN NO. ; x/b Sh,
e e et ___i_Ei_ii_éé_____;gééi__i
JO44-2A 6.00 4.468 JO44-2B | 4.468
5.45 5.106 5.106
4.87 5.744 5.744
4.24 6.383 6.383
3.53 7.021 7.021
2.90 7.659 7.659
2.48 8.297 8.297
2.11  B.936
1.79  9.574
JO44-3A 6.76 3.942 JO44-38 5.124
6.43  4.336 5.518
6.07 4.730 5.913
5.64 5.124 6.307
5.12 5.518 6.701
4.64  5.913 \
4.20 6.307 *
3.61  6.701 ' \
3.16 7.095 \
3.02 7.489
2.62 7.883
2.43 8.278
JO44-4A v.01 3.837 JO44-4B 7.38-  3.837
6.56° 4.186 6.96 4.186
6.33 4.535 6.38 4.535
5.88 4.884 ' 6.02 4.884
5.54 5.232 . 5.64 5,232
5.25 5,581 5.27 5,581
4.91 5,930 5.01 5,930
4.49 6.279 ' :
4.20 6.628
“f
Rl T ‘#ﬁﬁ__:.&,;sﬁh_w s 4 q,.,,a,ﬁ.kﬁTkﬁ pen sl B A

TABLE 19.5 (Cllﬁ'llmiﬂr)
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RUN NO. x/b sh, RUN NO. x/b Sh,
U A
JO&4-6A 9.92 3.191 JO44-6B 9.81 3.191
: 9.07 3.404 ) 9.02 3.404
8.23 3.617 ‘ 8.40 3.617
} 7.59 3.830 , 7.91  3.830
7.23 4.042 7.54 4.402
6.80 4.255 7.01  4.255

N 6.59 4.468 6.75 4.468
AN 22.15 0.638 22.68 0.638

A 24.26 0.851 25.32 0.851
27.95  1.064 27.43 1.064

37.97  0.851 40.08 0.851

JO44-8A  10.97 3.032 JO44-88B 11.89 2.713
10.02  3.191 A 11.15  2.872

9.39  3.381 10.50 3.032

8.81 3.511 10.02 3.191

8.23 3.670 9.18 3.1351

7.97 3.830 8.60 3.511
7.75 3.989 8.20 3.670
21.94 0.638 7.81 3.830
23.73  0.798 ~7.50 3.989

26.37 0.957 22.47 0.638

27.43 1.117 24.26 0.798

. 29.54 1.117 26,69 0.957
34.81  0.957 - 27.95  1.117

. 47.47 0.798 30.06 1.117
35.86 0.957

45.89 0.798



J121-2A

J121-4A

J121-6A

J121-8A

J122-2A

11.54
7.29
4.70
.
2,35
1.1

10,31
8.81
6.83
5.33
4.35
3.52
3.05

12,55
11,13
10.04
9.20
7.90

14.50
13.16
12.08

11.49°

9.33
7.05
6.34

7.34
5.15
3,46
2.68
2.06

TWO-DIMENSIONAL JET (L=12)

J121-4B

J121-6B

J121-8B

Ca
el
M
>
A
]
L]

7.34
5.41
3?91
2.99
2.38
1.82 .

C e EeemE— woEmEE i mmomiea o

EXPERIMENTAL RESULTS FOR CONF INED

2.944

-3.530

4.116
4.709
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J122-4A

J122-6A

J122-8A

14.84
11.87
9.59
7.26
5.7
4.57
3.88

16.62

* 14,89

13.52
11.42
9.36
8.01
6.85
5.84
5.04
4.57

15.75.

14.08
12.50
10.53
9.08
7.24
6.32

16.23
15.57
14.89
13,60
12,06
10.97
9.43
7.89
6.93
6.16
5,73

J122-4B 15.21 0.880
13.81 1.175
10.98 1.464
8.45 1.759
6.85 2.055
5.48 2.343
4.57 2.639
J122-6B 15.09 0.980
13.20 1.177
11.42 1.367
9.41 1.565
7.99 1.762
6.85 1.959
5.71 2.157
J122-8C 13,60 1.189
12.24 1.339
10.96 1.481
9.47 1.630
8.11 1.780
7.19 1.929
6.16 2,079
5.59 2.228



J123-2A

J123-4A

J123-6A

J123-8A

J124-2A

8.88
6.61
4.70
3.67
2.88
2.38
1.82

9.90
8.73
7.61
6.18
5.14
4,43,
3.89

9.7)
8.90
8.15
7.24
6.21

~

10.00
9.3‘
8.83
8.14
7.44
6.8¢
6.14
5.69
5.12
4.86

10.01
6.41
4.78
3%.92
3.29

TABLE 19.6 (CONTINUED)

1.783
2.375
2.974
‘3.566
4.157
4.756
5.348

1.553
1.866
2,180
2,486
2,799
3.113
3.419

1.5865
1.762
1.959
2.157
2.347

1.553
1.710

- 1.866

2.023
2.180
2.337
2.486
2.643
2.799
2.956

1.789
2.385
2.981
3.578
4.174

Lo
L

/

M

J123-2B

J123-6B

@ J123-8B

5.29

11,08
10.22
9.44

9.38
Si,g‘
4.52
3.59
2.96

1.893
2.581
3,232
3.875
4.519

322
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TABLE 19.6 (CONTINUED)

RUN NO. x/b Shb RUN NO. x/b Sh,
mn

J124-4A 'NF¥.16 1.545 . J124-4B 11.44 1.491
9.16 1.857 9.90 1.792
7.40 2.169 7.32 2.093
6.47 2.473 6.42 2.387

. 5.64 . 2.785 5.58 2.688

4.91 3.097 5.12 2.989
4.4 3.402 4.69 3.283
3.89 3.713

J124-6A 11.79 1.589 J124-6B 11.70 1.591
10.76¢ 1.789 10.44 1.792
9.59 1.989 9.16 1.993
8.01 2.190 8.18 2.193
7.44 2.383 7.38 2.387
6.41 2.583 6.57 2.588
6.17 2.783 . 5.89 - 2.788
5.58 2.984 5.38 2.989
5.09 3.177 4.86 3.182
4.85 3.377 4.58 3.383

J124-8A 12.10 1.457 J124-8B 12.39 1.443
11,14 1.612 11.66 1.596
10.03 1.775 10.59 1.757
9.44 1,938 9.84 1.918
8.58 2.101 : 8.80 2.079

7.78 2.263
7.21 2.426

6.58 2.581
5.87 2.744
5.46 2.957 rd
5.09 3.069

4.81 3.232
4.46 3.395
4.15 3.550




<

20. APPENDIX F : COMPUTER PROGRAM

The main program,>PROGRAM, together with four
subroutines, ITERI1, CALCIJ ITER2 and CALC2 are listed in
this appendix.

Adtypical output for nﬁmeriéal run no. 2B100 for L=2
and Re,=100 with an initial parabolic velocity profile are
also Ilisted. The differencing scheme used in this numerical

run is the upstream-weighted differencing scheme (U.W.D.S.).

4

i . A e R T R T L A
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{ 21. APPENDIX G =t LISTINGS OF NUMERICAL RUNS

f: £
7 : \
. , . \ ) © -
The listings of all numerical runs of which the results
are used for studying the flov and mass transfer
ehar%éteristies due to aiéanfined laminar impinging
tvo-dimensional jet are given in Tables 21.1, 21.2 and 21.3
for L=2, 4 and 12, respeeéivglg; Numerical runs with an
initial pafabgﬁic velocity profile at the nozzle exit are
studied for all three different jet-to-plate spacings.
Numerical runs with an initial flat velocity profile at the

nozzle exit are studied for the case of L=4 only.
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1

100

300

400

TABLE 21.1

2B300
20300

28400

20400

nx

55
55

§5

55

55
55

L}

NUMERICAL RUNS FOR L=2 -

25

25

12§

25

25

25
25

25

DIFFERENCING

U.W.D.S.
U.D.S.

L] ﬁn'

F

\"\

NOZZLE EXIT

PROFILE

PARABOLIC

PARABOLIC

PARABOLIC

PARABOLIC

PARABOLIC

PARABOLIC
PABABOLIC

PARABOLIC

PARABOLIC



100

300

400

4F)

YeB100
40100

4F100

4B200
40200
4F200

43300
4U300
4F300

4B400
4U400
4F400

55
55
55
56
55

5%

55
55

¢ NUMERICAL RUNS FOR L=4

ny

‘258

25
25
25

[ %] | %]
un

25
25
25

53
w (¥, ]

+* DIFFERENCING

U.W.D.Ss.
U.D.S.

J.W.D.S.

NOZILE EXIT

PARABOLIC

FLAT .

- PARABOLIC

PARABOLIC

FLAT

PARABOLIC
PARABOLIC

PLAT

PARABOLIC
PARABOLIC

FLAT

PARABOLIC
PARABOLIC -

FLAT



4 Rew

100

200

300

- 400

4Q100
4W100

4Q200
4W200

4Q300
4W300

4Q400 -
4wW400

nx

55

55

55

55
55

88§

55

25

25

DIFFERENCING

inigisi

UIDiSi

U.W.D.S.
U.D.S.
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PARABOLIC

PXRABOLIC

PARABOLIC

PARABOLIC

PARABOLIC
PARABOLIC
. v
PARABOLIC

PARABOLIC



b,
Re.

1

100

200

300

€00
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TABLE 21.3 : NUMERICAL RUNS POR Ls12

= 0.075

12B100
12U100
L ]
12B200
120200

12BB00
120300

128400
120400

67
67

67
67

67
67

69

69 .

Iy

25
25

25
25

25
25

25
25

'
DIFFERENCING
SCHEME

- e - - —— -

U.w.D‘S.

U.w.D.Ss.

U.D.s.

U.w.D‘s.
lj‘.D‘s.

U.W.D.S.
UoDoSt
U.W.D.S:
u.D.S.

PARABOLIC

PARABOLIC

PARABOLIC

PARABOLIC !

PARABOLIC

PARABOLIC

PABABOLIC

PARABOLIC
PARABOLIC



