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The time and effort that went into the development of this sensor was

. % - emerace
This thesis on heat transfer under 'impinging slot jets at a moving
permeable surface wi@\\ and. without throughflow was carried out under
‘the supervision of Dr;. W.J.M. Douglas and A.S. Mujumdar of the
Department, of Chemical Engineering, and was done in the Pulp and Pa.per

Research Centre of MéGill University.
The thesis results, Chaptlzers 4-7, were written in a fo‘(m close to
that of the publications planned. Chapter. 4 describes the most

important experimental feature, the unique permeable heat flux sensor,

\
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excessive. Chapters 5 and 6 report the experimental results obtained
using this sensor to measure the industrially important effects of
!

throughflow and impingement sSurface motion on heat transfer under

confined single and multiple slot jets. The numerical simulation of
N (\ .

impingement heat transfer for single and multiple jets appears as

Chapter 7.

Two papers listed below, which constitute an integral part of this
Ph.D. thesis project, are included to only a limited extent in the
thesis itself for reasons of length. The thesis contains only a'S-paFge
condensation, Section 2.3, of the 40-page review of numerical studies
on impinging jets made by the author and a fellow graduate student,
Bing Huang, "Numerical Flow and Heat Transfer under Impinging Jets: A
Review" (Chapter 4, Annual Review of Numerical Fluid Mechanics and Heat
Transfer, Volume 2, pp. 157-197, 1988). The results contained in the
paper ;Eﬁvaluation of near-wall models for prediction of heat transfer
under a turbulent impinging slot jet", presented at the First World
Conference on Computational Mechanics, Sept. 22-26, Austin, TX, 1986,
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33 pages, are given in revised ahd condensed form as Section 7.3 of the

thésis. The résults in two papers published prior to the thesis:
"Heat transfer dis“tribﬁtion‘ under a ‘Vt:urbulent JAmpinging jet- A
numerical'st‘udy", Drying Technology, Volume 3, No. 1, pp. 15-38, 1985.
"Numerical prediction of multiple impinging turbulent slot jets",
Drying’86, Proc. of 5th Int. Drying Conf., Agijfmrla-ls, Cambridge, MA,

pp. 868-879, 1986. ) .

. 14
are not included in Chapter 7 for reasons of the length of the thesis.
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ABSTRACT

o

A permeable highly sensitive heat flux meter has enabled- the first
measurements of rapidly changing loéal heat transfer at a moving sur-
face with and without throughflow'. This sensor was tested for turbu-

/

lent confined impimging single ) and multiple slot jets, with through-
, ; \
flow and impingement surface motion both separately and in combination.

o %
Impingement surface motion, ‘variously claimed to increase or

decrease convective transfer rate, decreases Nusselt number, At

s
\\

iridustrially used conditions this decrease for slot jets is by as much

as 25%.

~

Convective heat transfer for both single and multiple slot jets at
b4
nondimensional nozzle-to-impingement sGrface spacings less than 8 is

linearly enhanced by throughflow with'a proportionality factor of 0.17,
independently of jet Reynolds PnhmBar, surface motion and extent of heat

’

transfer surface. o

. ’ D
In numerical prediction of impingement heat transfe% with the high-

L 4

. Re version of the k-¢ turbulence model, a modified Chieng-Launder near-

wall model improves considerably the agreement between experiment and
prediction. This model gives. redsonable results for multiple and
single slot jets except close to symmetry centrelines,-where all such

models fail, but does not eliminate the inability of numerical models

to predict the effect of nozzle exit turbulence. The gffect of

throughflow on heat transfer under single and multiple jets 1is

predicted for the first time, accurate to 10% for throughflow velocity

L
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RESUME

@

- - ll /
Des mesures de flux de cha1eurl Tocal changeant rapidement'a une surface

én mouvement avec et sans airs traversant ont été effectuées pour la premiére

fois grace a un capteur de flux de ‘chaleur pernféab]e et sensible.” Ce capteur

a été mis & 1’épreuve pour. des jets rectangulaires turbulents confinés
simples et mu]tip]es-pour\- les conditions d’air traversant Tg ,§urface, de
surface en mouvement, ei pour la combinaison de ces deux conditions.

i On a trouvé que le mouvement de la surface d’impact, qui selon'diverses
études diminue ou aug‘mente/fe transfert de chaleur par convection, diminue le
nombre de Nusselt.. Pour des conditions utilisées industrfe]llemen:c,"cette
diminution pour des j;ts rectangulaires est jusqu’a 25%.

Le transfer:t de chaleur ‘par conyection pour des jets rectangulaires
simples et multiples avec\ H/w<8 est "augmenté par le débit a travers la
surface d’impact en fonction d’un facteur,’l A_S'E/Mus=0.17, et est indépendant
de Re,, Mv,, et 1a superficie de la surface de transfert de cﬁa]eur.'

Un !nodéle modifié Chieng-Launder pour la région prés du mur améliore
considérablement 1’accord entre les expériences et les prédictions numériques
de transfert de chaleur par jets utilisant le madé]t; de turbuf@nce k-¢ pour
Re élevé. Le modele donne des résultats raisonnables pour des jets simples
et multiples sauf prés de 1a ligne du centre symmétn’que' (ol aucun modéle ne
donne des résultais, satisfaisants), mais n’élimine pas 1’incapacité des
modéles ‘numériques de prédire ]’effet de la turbulence a la sortie 1~a'
buse. L’effet du débit a travers la surface de transfert de chaleur sous des

jets simples et multiples a été prédit pour 1a premiére fois et est exacte
- }

jusqu’a 10% pour des vitesses d‘air traversant jusqu’a 0.lm/s a la surface.
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coordinate, m

distance from nozzle centerline in terms of nozzle width

penetration depth, Eq. 4.11, mm

thermal Aiffugivity, m?/s
ratio of orifice diameter to pipe diameter 3 i
general variable, Eq. A3.28

dissipation of turbulent kinetic energy, m?/s®

von Karman constantr Egqs. A3.11, A3.27

dynamic viscosity, kg/m s

effective viscosity, pu+ur

laminar viscosity, kg/m s

turbulent viscosity, kg/m s >

A

_kinematic viscosity, m?/s

characteristic length, Eq. 4.18
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! A xx1i
Ty transfer coefficient associated with ¢, Eq. A3.28 A
P density, kg/m3 .
Pa density of air, kg/m3
Pp density of permeable substrate, kg/m3
Ps density of air at impingement surface temperature ¥
ox turbulence model constant, Table A3.1 2
oy laminar Prandtl number, Eq 43 9 4
or turbulent Prandtl number, Eq. A3 9
Og¢ - turbulence model constant, Table A3.1

A3

wall shear stress, kg/m s
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CHAPTER 1

INTRODUCTION ] .

1.1 Background

For direct heating and cooling of surfaces by a fluid, the use of
jets has two intrinsic advantages' the large heat trapsfer coefficients
obtainable under impinging jets, and the potential for local control of
heat transfer rate Some industrial applications of impingement heat
transfer include the drying of paper and textiles, cooling of electro-

nic components and of turbine hardware, tempering of glass; annealing
%,

-

of non-ferrous sheet metals. An industrial application of ;.;tlpinging
jets where fine control of local heat transfer rate is crucial is the
control of local temperature along paper mill calender rolls

Heat transfer under impinging jets is characterized by an impres-
sive number of“desigh alternatives and paramet;ers in addition to suc}.1
basic ones as jet Reynolds number and AT. Most industrial applications
are with systems of multiple jets, but most laboratory investigations
have been with single jets. Thus nozzle-to-nozzle spacing is as impor-
tant as that for nozzle-to-impingement surface. The case of multiple
jets introduces exhaust flow configuration as a design variable which,
though little studied, can cause substantial changes in heat transfer

rate. Likewise most industrial 'applicatiions are with confined jets,

most laboratory investigations with unconfined jets. Nozzle geometry
is a fundamental parameter, not only as to the two principal alterna-
tives, round and slot, but also nozzle shape, i.e. the choice between

straight, tapered, or contoured nozzle walls, and selection of nozzle

length. - :
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Industrial applications such as the: impingement drying of contin-
( uous webs of paper or textiles ingrolve heat transfer at fast moving
surfaces, a feature which may change the heat transfer rate substan-

tially If the surface to be heated or coaled 1is permeable, yet

another vgriable is to draw some of the impingement flow through the

surface, thereby further enhancing heat transfer An industrial appli-

cation such as drying adds the additional complication of simultaneeus

heat and mass transfer. Not all these major design 4dlternatives have

been studied singly, and some combinations of alternatives which have

interesting industrial potential have never been investigated due to

the associated experimental difficulties A potentially 1important

supplement to laboratory experiments is computer simulation using the

techniques of numerical transport phenomena As flow and heat transfer
characteristics of simple impinging jet arrangements have been treated

extensively by earlier investigators, ~{mpingement heat transfer with

some of the complexlities noted above are now considered briefly )

‘. An important example of a rapidly moving imp.lngement surface occurs

in the impingement drying of paper at paper machine speed In Yankee

dryers for tissue and toweling the paper moves at speeds as high as

90km/h, under impinging jets with nozzle exit velocity and temperature

of 100m/s and over 300°C With large changes in flow field and bound-
ary layer conditions at a surface moving at such speeds it would be ex-
pected that transfer rates would be .significantly different from those
measured in laboratory studies with a statiozj.ary surfacg. The first
studies of impingement on a moving surface measured only average trans-

fer rates for lack of a technique for obtaining local transfer rates at

» a speeding surface. These studies produced contradictory results, i.e.

C -




that transfer rates either increased greatly or remained unaffected by
impirigement surface motion. The first measurement of profiles_v of local
heat transfer under confined slot: jets at a rapidly moving impingement
surface was made by van Heiningen[1982]. This measurement was made
L}

possible by the development of a new heat flux sensor (van Heiningen,
Mujumdar and Douglas{[1985}), one sufficiently sensitive and fast
responding for this demanding application. Contrary to earlier studies
for slot jets, van Heiningen found a decrease in average impingement
heat transfer with increasing surface velocity. Thus these few pub-
lished studies provide all possible alternatives, i.e. that convective
transport processes are increased, decreased, or unaffected by
impingement surface motion.

At a permeable impingement surface, convective transport rates due
to impinging jets can be further enhanced by withdrawing some of the
jet flow through the surface. Baines and Keffer[1979] found that, when
a gniform throughflow is applied at a permeable impingement surface
moving under an unconfined slot jet, the profiles of local shear ‘stress
are increased by a uniform amount As the assumptions associated with
the anology between momentum and heat transfer do not hold for impinge-
ment flows, heat transfer cannot be predicted with confidence from such
measurements. Saad[1981] and Obot[1982] measured the increase of im-
pingement heat transfer with throughflow at a stationary surface under
single slot and single round jets. None of these studies on the effect
of throughflow on convective transfer rates under single jets were
sufficiently‘detailed to develop a correlation for the quantitative
effect

In order to consider the possibility of enhancing impingement heat

\
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transfer at a moving permeable surf:ace by applying throughflow, the
effect on convective heat transfer of the combination of throughflow
and impingement surface motion is required. For the case of simulta-
peous throughflow and impingement surface motion, no measurement of
local transfer rates has been made, even for the simplest case of a
single impinging jet, because there has been no heat flux selnsor
available which is applicable under such stringent conditions

In a multiple jet system such 'as required for industrial applica-
tion the jets may be interacting, or non-interacting, depending on jet-
to-jet separation In a non-interacting jet system, single jet data
may be used as a guide to design when multiple jet data are not avail-
able Saad[1981] has provided quantitative criteria for discriminat-
ing between interacting and non-interacting multiple slot jet systems.
Higher impingement heat transfer ;'ates may be obtained in a multiple
jet system with more closely spaced jets, but the limited data avail-
able does not include the conditions for which maximum average heat
transfer could be expected No reliable experimental data exist for
multiple jet heat transfer on rapidly moving surfaces, and no studies
exist of multiple jet heat transfer with throughflow at a moving im-
pingement surface. - . ,

Confinement of impinging jet flows is an important design consider-
ation for industrial heat transfer applications. A confinem%}at hood at
the nozzle exit level, paralliel to the impingement surface, is normally
required for reasons of thermal efficiency. {Jnfortunately most labora-

\

tory investigations have been with unconfined jets. 1In the absence of

confinement, jets entrain ambient air which affects heat transfer to an

indeterminate extent depending on the relative values of three tempera-




tures, 1i.e. mnozzle exit, ambient and impingement surface. As heat

!

transfer for unconfined jet systems inherently includes this equipment-
specific effect, such data does not provide a reliable general basis
for design of industrial confined jet systems. )

Another design consideration for confined impinging‘jet systems is
the exhaust flow arrangellment for spent jet flow. If the removal of
spent flow is not throu{gh exhaust ports located intermediate between
the nozzlla:s in the confinement surface, crossfloy of spent flow under
the nohzzle exit flow occurs. Transfer rates can be reduced s;bstantial-
ly by crossflow, as has been documented experimentally by Saad[1981]
and numerically by Ahmad[1987]. *

In the paper industry pure impingement drying is used and pure
through drying is used, but combined impingement and through drying is
not an industrial practice. Burgess et al.[1972a,b] demonstrated with
a laboratory and pillot plant facility that with combined impingement
and through drying, drying rates one order of magnitude higher than
those for conventional dryers could be obtained. Such a paper dryer
would involve the simultaneous effects of tﬁroughflow and rapid motion
of the wet web unlder multiple impinging jets.. As noted earlier, these
simultaneous effe/ucts are not known, even for a single jet, let alone
under a system o/f confined multiple jets with some geometry of exhaust.
flow. The lack of such information is an obstacle to the rational
design of improved dryers for permeable webs. ‘

Complete documentation and understanding of impingement transport
phenomena with all variations of the potentially interesting parameters

and design alternatives outlined above would require long programs of

exrerimention. The amount of laboratory investigation needed would be




signifitantly reduced if the complex flow and temperature field of im-

pinging jets could be calculated theoretically, i.e. by numerical solu-
tion of the complete goverming equations for momentum, heat and mass

LI .
transfer. When the jets are turbulent, the more difficult but more im-

portant ‘case industrially, there are additional turbulence model equa-

tions to be solved. A diversity of methods, of varying complexity,

have been tried, but with limited success. For turbulent impinging
jets the predicted heat transfer agrees moderately well with \that:
measured for the wall jet, but not for the complex flow fie.ld of the
impingement reglon, more important because the transfer rates are
higher. The discrepancies derive principally from assu_tmptions in the
turbulence models and, when required, near-wall models. As computer
simulation of impingement heat transfer -has great potential but is
still not reliable, the methods of numerical.transport pherfomena remain

under active development

11.2 Objectives

Consistent with the general background summarized above, the pres-

ent study‘was designed with the following experimental and theoretical

components: .

1. The first experimental objective was to develop a heat flux sen-
sor that would enable measurement of instantaneous local heat transfer
at a rapidly moving impingement surface at which there is throughflow.
2. Wifh such a sensor, the second experimental objective was to
measure the effects, separately and in combination, of surface motion
and throughflow on impingement heat transfer for confined single and v

multiple jets.
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3. The objective of the computer simulation component of the study
£

was to predict heat transfer numerically for confined single and

multiple jets, with and without throughflow at the impingement surface.

| -
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! CHAPTER 2

LITERATURE REVIEW

'
-

A concise review concerning turbulent single .and multiple slot jets
is presented which treats only those characteristics of impingement
flow, heat and mass transfer most directly related to the present.
study. More general reviews available include those of Gauntner et al.
[1970), Mujumdar and Douglas([1972], Marf:in[1977], Obot et al.{1979},
Saad[1981] and wvan Heiningen[1982}. A recent extensive review of
numerical impingement flow and heat transfer was published separately,
Polat et al.[1988], rather than as a part of the present thesis.

9

2.1 FLOW FIELD OF IMPINGING SLOT JETS .

x

2.1.1 Single impinging jets

The flow field of a jet, Fig. 2.1, comprises three characteristic
regions, the free jet, stagnation flow and wall jet. The nature of the
free jet region depends greatly on the flow at the nozzle exit which in
turn is dependent on the nozzle shape and dimensions and, for. the case
of a sufficiently short nozzle, on flow conditions entering the nozzle.
The nozzle most studied in impinging jet investigations is the ASME
standard elliptically contoured entry (ECE) nozzle. This nozzle pro-
duces a nearly flat velocity profile and very }ow' turbulence at the
nozzle exit, and the free jet consists of a potential core, a develop-
ing flow and a developed flow region.

The potential core isl that part of the flow region where axial
velocity remains effectively equal to nozzle exit velocity. The limits'

-
of the potential core are determined by the rate of growth of the two
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mixing layers originaéing at the nozzle edges, which in turn depends on
the nozzle exit velocity and turbulence field for the part’icular nozzle
geometry. Dosdogrd'ql969] found potential core length to increase from
about 2w for a sharpI edged slot nozzle, to about 4.5w for a slot formed
by two plates at a small included angle, to about 8w for a slot nozzle
with a short elliptical entrance. For ASME standard ECE nozzles,
Saad[1981] found‘th\\e length of the potential core ranged from =4w to

~5yw depending on nozzle width which affects nozzle exit turbulence
'

level.

In the developing flow region, axial velocity decays as the jet
spreads. Even‘tually lateral profiles of axial velocity approach a bell
shape. According to measurements by Saad[1981] of velocity and turbu-
lence at the axis for a confined jet from an ECE slot nozzle, the
turbulence level increases greatly even in the potential core region,
i.e. before axial velocity starts to decay, and continues to increase
in the developing and developed flow regions.’ Thes? findings are
consistent with those of Gardon and Akfi\rat[1965] with"an unconfined
impinging slot jet. Gutmark et al.[l1978], on the other hand, found no
incr.ease of turbulence velocity in the free jet region of an impinging
slot jet from this nozzle type at H/w=100 and Re;=30000. However the
exit turbulence intensity, =13%, from their nozzle was much higher than
that of Saad or Gardon and Akfirat. )

i.ateral profiles of axial velocity display similarity throughout
the developed flow region. Characteristics of the developed flow

region of impinging jets are similar to those of free jets, which are

detailed in the standard references, Hinze[1959], Abramovitch{1963] and

Schlichting[1979].
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In !the impingement or stagnation. region, static pressure first

increases sharply with the corresponding drop in axial velocity, then
’ drops again as the flow accelerates along the impingt;,ment surface after
im.pingement. From profiles of mean axial velccity at the centerline
for a slot jet at H/w=19, Saéd[1981] concluded that the presence of the
impingement surface was not felt by the jet further than 0.21H from the
SUTTacl This value agrees with that of Gutmar‘k et al.[1978], 0.2H,
for a jet it H/w=100. According to Saad’'s measurements, a;ial turbu-
lence velocity does not deviate from that of a free jet until the dis-
tance from the surface is less than 0.05H, a finding in agreement with
that of Gutmark et al.[1978] for an impinging slet jet and of Obot
[1981] for an impinging round jet.

The end of the impingement region in the 1lateral direction is
defined as the location where the pressure gradient at the impingement
surface becomes zero. Schauer and Eustis[1963], Gardon and Akfirat
[1965] and Kum;ada and Mabuchi(1970] measured static pressure profiles
for unconfined slot jets in the ranges 10<H/w<40, J<H/w<32 and 2<H/w<40
respectively Their measurements indicate that the extent of the
impingement region .in the lateral direction at H/w>8 is about 0.35H,
which agrees with the findings of Cadek[1968) for a p‘artially confined
slot impinging jet at 8<H/w<32. The extent of impingement region 'is
reported by Saad to be slightly above 0.5H for single confined slot
jets at 4i/w<16. .

For a confined jet, if the confinement and impingement surfaces are

\

sufficiently long the wall jet boundary layer grows to reach the con-

+finement surface, thereby enclosing a recirculating flow. Of the two

sides ‘of the wall jet boundary layer, the impingement surface side
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’shows‘ the typical effects of a boundary layer surface, the outer region
has fee;tures of a free turbulent jet. Kumada and Mabuchi[1970] report-
ed the decay of the maximum lateral velocity in the wall jet region of-
an unct;nfined impinging slot jet at 2<H/w<&4O0. Such measurer;lents for
confined impinging slot jets are not available.

No publication on the effect of impingement surface motion on the
flow field of a slot jet has appeared. Profiles of local heat transfer
of single jets impinging on a moving surface measured by van Heiningen
[1982] document quantitatively the changes which occur when impingement
surface motion destroys the flow symmetry that exists for a stationary
impingement surface

Studies are very limited concerning the effects on the flow field
of an impinging slot jet that result from having throughflow at the
impingement surface. In their study of the effect of throughflow on
the impingement flow field of a two dimensional jet at Re5-5680
(u;=13.5m/s) for throughflow velocities in the range 0.21lm/s-0.43m/s,
Abdul-Wahab et al.[1975] observed a slightly faster decay of the jet
centerline velocity with throughflow than that without,.and a reduction
of the axial fiuctuating velocity component. The more comprehensive
results in the same laboratory by Saad{1981] for a jet at H/w=8 and
11400<Re <30200 found the contrary. He observed that throughflow
velocities in the range 0.1-0.3m/s cause an increase in axial mean
velocity at a position 0.25H from the surface, i.e. rouvghly at the
edge of the impingement region in the axial direction, with no
appreciable effect on the axial fluctuating velocity component. Baines
and Keffer(1979] reported a slight increase in the maximum lateral wall

jet velocity with throughflow at a quite low throughflow rate, u,/uy=
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0.0029, for a jet of velocity \uj-52.7m/s impinging on a rotating

impingement surface. Their observation agrees with that of Obot[1982]
who measured wall jet velocity profiles for an impinging round jet.
Effects of surface motion and throughflow on the impingement flow field
need further exploration as the available studies give 1limited and

conflicting information. -

2.1.2 Multiple Jets

The ‘only intensive investigation of the flow field of a confined
multiple impinging jet system was that of Saad{1981]. For a system of
three slot jets with symmetrical exhaust ports alternating with jet
openings, tested over the i‘ange 4<H/w<16, 0.375<S/H<6, 5000<Re;<44000,
he showed that the middle jet is representative of a jet in an array of
‘mér{y such jets. For this type of multiple jet system there exists one
flow region additional to those of a single impinging jet, namely, that
under the exhaust ports Saad named this the "exit flow" region.

Saad demonstrated ‘that in the choice of the two m‘ondimensional_f
ratios required to characterize geometrically similar multiple confined
jet systems of this type, the combination of H/w with S/H is better
than H/w with either S/w or its equivalent, w/2S, the fraction of
nozzle open area relative to the impingement surface. The range of
aspect ratio, S/H, used by Saad extended from S/H=0.375, where the
closely spaced jets are highly interacting, to S/H=~6, where the widely
spaced jets are indistinguishable from an array of non-interactin.g_.
single jets. Saad showed ‘that, for S/H>0.75, the lateral profiles of

normalized static pressure, AP/AP,, could be represented by a unique

curve in the important impingement region only when S/H was used as the

e
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lateral dimension. The other parameter, H/w, had significant effect

only in the wall jet region. For S/H<0.75, centerline axial mean
velocity decayed faster and axial turbulence intensity increased more,
relative to a single jet, hence indicating a critical wvalue of the
aspect ratio to be S/H=0.75

In the exit flow region of a widely spaced confined jet array
Saad{1981] observed an increase in static pressure as the wall jets
from the two neighboring jets meet and turn away from the surface.
When the multiple confined jets are spaced sufficiently closely that
the jets interact, he found that the absolute values of static pressure
in the stagnation region decrease while the values wundér the exhaust
poerts increase appreciably Therefore the static pressure profile
under a system of interacting jets is more uniform than for a mnon-
interacting jet system There are two earlier studies in which static
pressure profiles at the impingement surface were measured, in‘ both
cases for three unconfined slot jets from nozzles with a wvery smail
included angle The measurements of Gardon and Akfirat[196‘\6] were made
at ReJ-SSOO, S/w=8, and two values of H/w, 4 and 16. While those of
Romanenko and Davidzon[1970]) were in three sets: Re,=9000, H/w=10, S/w
values of 12.5 and 20.3; Red-9000, ﬁ/w-QO, S/w=20.3; Red-6700, H/w=10,
§/w=12.5. According to the criterion for jet interaction of Saad{1981],
the conditions of Gardon and Akfirat correspond to values of the asi)ect

ratio, S/H, of 2 and 0.5, i e to non-interacting and interacting jet

systems, respectively, while all H/w and S/w combinations of Romanenko -

and .Davidzon cofrespond to S/H wvalues lidgher than 0.75. The pr'essure
profiles measured by Gardon and Akfirat and by Romanenko and Davidzon

exhibit charpcteristics very similar to those of Saad.

-
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No information is available concerning flow dé?velopment“ under mul-

tiple jets imioipging on a moving surface. Neitl‘xer has there been any
study of the effect that throughflow at impingement surface has on flow
structure in a multiple jet system. There ar:C; important industrial
applications for jets impinging on a surface which may be moving or ‘at
which there may be throughflow, or both. As knowledge of the effects
on the flow structure caused by surface motion and throughflow, com-
bined or individually, are very limited for single jets and are non-

existent for multiple jet systems such investigations would be most

valuablg

2.2 EXPERIMENTAL HEAT AND MASS TRANSFER STUDIES

221 Single Impinging Jets

Among the studies on heat and mass transfer from single impinging
slot jets, Table 2.1, only those of Folayan{1977] and van Heiningen
[1982] considered the configuration of prime significance in industrial
interest, namely confined jets Single in?pinging slot jets have been
studied for wide ranges 2f/ the nondimensional  parameters:
1500<Re;<110000; 0.25<H/w<80; x/w to 150.

The shape of heat and mass transfer profiles at the impingement
surface is’ very sensitive to nondimensional nozzle*to-ilppinéement
surface spacing for H/w 1less than 8.~ Gardon and Akfirat{1966]
explained t}.le off-stagnation peaks found in Nusselt number at about 7w
from stagnation for H (w<8 as marking the gnd of transitilon from the
initial laminar stagnation flow to a wall jet\ with 'a turbulent boundary
layer. The absolute valv./x';as of these secondary peaks increase with

(
increasing Re; and decreasing H/w. At H/w=8 the off-stagnation peaks

¢
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Table 2.1 Experimental conditions and heat transfer
correlations for single impinging slot jets

Range of parameters
Reference Correlations

Re B/w S/w

3

0.566 0.43

Metzger[1962) 1500-5000 2-20 6 25-100 Na = 0.547 Re, f Pr-0.63
7<H/w<10; 3<S/w<50

Schauer and 34100-45300 40 <118 . analytically developed

Eustis{1963] very complex correlations

Gardon and 450-50000 0.3-80 <40 Nu,= 1.2 Rey °* (Hpw) ° ¢7

Akfirat[1966] ‘ 14<H/w<60; 2000<Re  <50000
. : NG = 0.66 Re, °"£° " (H/w) *%*
k - Re,>2000; H/w>8; £<0.17

Korger and 6000-38000 0.25-40 <20 Nu, = Rej " °® (H/w) ?'°°

Krizek[1966] : :

Cartwright and 25000-110000  8-47 <150 Nug= O 489 Re; ° °(H/w) ° %%

Russell[1967) 16<H/w<d?

Cadek[1968) 4600-102000  2-32 <36 No correlation

Schlunder 1500-45000  1-40 <50 55%7;5 - 3.06 (Re,)™/(x/u+H/w+2 78)
r

et al.[1970] Cae
m=0.695-2/] (x/w)+6.12+0 8(H/w) ]
4<H/w<20, 4<S/w<50

Kumada and 10000-15000  2-40 <30 Nu, /Pr® “®=1.42 Re] " ** (H/w) 0 7
Mabuchi[1970] 10<H /w<40
Folayan{1976]  3500-7100 2-12 <40
van Heiningen  5200-20300 6 <51 Nu, = 054, (Re;) "2
[1982) ) ) N = ‘x—————'— Re; "
w t 22 ss2

9700-91600 2.6 Nu, = 0.455 (Rey)
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disappear but at about the same location from stagnation there remains
an abrupt change in slope of the profile of local Nusselt number,
indicating a change in boundary layer characteristics. For spacings
beyond H/w=8, the heat transfer profiles assume a uniform bell shape.
Korger and Krizek[1966], Kumada and Mabuchi[1970], Schlunder ot
al.[1970], Cadek[1968], Saad{1981] and van Heiningen[1982] further
documented the size, location, and Re-H/w dependancy of the secondary
peaks in 1local convective transfer rate at about 5w to 7w from
stagnation. The first two studies used the napthalene sublimation
technique to study impingement mass transfer whereas Schlunder et al.

computed local mass transfer rates by measuring the rate of water

1 v
removal from uniformly moist, parallel strips of stoneware subjected to -

impinging slot jets of unsaturated air

Gardon and Akfirat[1965] and Saad[198l] observed that at H/w<8 the
heat transfer profiles in the important impingement region are quite
sensitive to nozzle exit turbulence level. Because of sensitivity to
this boundary condition, 1local heat and mass, transfer profiles for
nozzle-to-surface spacings less than 8 from different studies differ
substantially. At higher H/w spacings the profiles become insensitive
to nozzle exit conditions, hence agreement between studies is much
better. - '

These features of the heat and mass transfer profiles in, the
impingement region suggest that at spacings of H/w<8, higher average
transt“er rates in multiple jet systems may be obtained by placing the
jets sufficiently close to include the secondary peaks, and by

increasing the turbulence level at the nozzle exit.

Van Heiningen[1982] measured heat transfer rate at an impingement
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surface moving rapidly under confined slot jets at H/w spacings of 2.6
and 6, over the Re; ranges 9700-89000 and 8200-13900 respectively,
using a very sensitive, fast responding heat flux sensor (van
Heiningen, Mujumdar and Douglas[1985]). The results of these
experiments, the only study of effects of surface motion on heat
transfer from confined slot impinging jets, are discussed in the
Sections 2 2.2 and\S.l;.

The effect that ti’iroughflow at a stationary impingement surface has
on heat transfer from confined impinging slot jets was studied by
Saad[1981] at H/w=8 and Re; values of 10200, 22800 and 29100 for
throughflow velocities ranging from O to 0.3m/s. He observed that the
increase in local heat tranifer with throughflow was uniform across the
entire impingement surface. The percentage enhancement correspondingly
varies, for example about 26% and 50% at 3w and 12w from stagnation,
respectively, for the case of a throughflow velocity of 0.lm/s (u,;/u;=
0.0074) at Re,=10200. The maximum in enhancement of average heat
transfer due to throughflow reported at u,/u,~0.008 is now attributed
to experimental error.

Obot[1982] studied the effect oi; throughflow on average heat
transfer coefficients from single conhfined and unconfim;,d round j;ts
for throughflow velocity in the range 0.3%-0.7% of that of the nozzle
exit. He used two values of Re, about 28000 and 51000, and varied H/w
between 2 and 10. Obot observed that average heat transfer rate
increases linearly with throughflow and this increase was 1arger'with
than without confinement. The findings of Saad[198l1] and Obot[1982]
parallel those of Baines and Keffer[1979] for local and average shear

stress profiles. Because of the potential industrial importance of
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heat transfer using combined impingement and throughflow processes,
further work on the effect of throughflow on heat transfer from
impinging jets is needed to ‘"supplement the 1limited amount of

information yet available.

2.2.2 Multiple Impinging Jets

There are only five studies of multiple impinging slot jets, Table
2.2,\ and of these, only Martin and Schltnmder[19'73] and Saad{1981]
worked with confined jets.- As industrial applications generally
require ;ecovery of the spent flow forﬁreasons of thermal efficiency,
lack of use of a confinement hood leads to laboratory results of
uncertain practical significance. Unfortunately the arrangement of
Martin and Scl;lunder provided for the exhaust flow to leave the system
in the direction traverse to the impingement surface moti&m, i.e. in
the lengthwise direction of the slot jet nozzles. Such an exhaust flow

arrangement changes the flow from two to three dimensional. More

important, this arrangement introduces crossflow, which reduces heat

transfer, and it introduces non-uniformity in heat transfer ratés from'

one side to the other of the moving impingement surface, a characteris-
tic unacceptable in some industrial applications.

Saad[1981] investigated the heat transfer distribution under
confined multiple impinging slot jets. . for a wide range of parameters,
4<H/w<24, 6<S/w<32 (or 1.56%<f<8.313%) and 3000<Re;<30000. He ‘exhaust-,
ed the spent flow symmetrically between the jets, thereby maintaining
two-dimensional flow, avoiding detrimental crossflow effects, and
achieving‘ uniform transfer rates in the lengthwise direction of the

slot nozzles. ~Based on measurements of the flow_field as well as of

-

&



Table 2.2 Experimental conditions and heat transfer
correlations for multiple impinging slot jets

-

Range of parameters of the reported experiments

Reference Correlatians
Re; S/w £, % H/w S/H
Korger and 6500 5-33 1.5-10 8 0.63-4.13 No correlations
Krizek([1966] 21500 7.5 6.67 6 1.25
Gardon and 5500  8-16 3.13-6.25 4-40 0.2-4.0 NG = 0.66 Rey ° £ **(ayw) ° %"
Akfirat[1966] 6000<Rej<600000 8<S/w<32 H/w>8
Schuh and 1260  2.5-50 1.0-20 2-16 0.3-25 NG = 0.33 Re) °°® £°-377
Pettersson * 6300 2.5-50 1.0-20 2-16 .3-25 1200<Re3<1000000; 2.5<8/w<50;
[1966] 31600  2.5-10 5.0-20° 2-16 0.3-5 H/w=t
— s 1
NG 0.758 Re; 0.667
Martin and  750-20000 2.5-55 0.9-21.2 2-80 0.12-27.5 ;—B—T;so 84 £ {E7E‘IEf7E]
Schlunder r - %, 9 0.8
(1979] £ = (60 + (H/w - 4)2)
750<Re,<20000; 2.5<S/w<55; 2<H/w<80
Saad[1981] 3000-30000  6-32 1.6-8.3 4-24 0.33-6 NG ~0.63 Rey ° (S/H) " *°ctyw)™°

/

3300<Re; <21000 1 5<S/H<4568<H/w<24
Nd = 0 215 Re (S/H) (H/w)™
where m & n =f£(S/H) ’

300<Re; <29200; 0.33<S/H<1.33; 8<H/w<24

0z
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heat transfer Saad demonstrated that the best characterization of

geometrical similarity in such multiple jet systems is provided by the
two nondimensional parameters, aspect. ratio S§/H, ar& nozzle-to-surface
spacing, H/w. From comparison of local heat transfer profiles of
multiple jets with single jet profiles at the same H/w and Re; over the
same extent of heat transfer area, S/H, he found a critical S/H rat:i'o,
1.5, above which profiles of a jet in a multiple jft systém are
indistinguishable from those of the equivalent single jet. Thus heat
tr;nsfer rates in multiple jet systems of S/H greater than 1.5 may be
predicted from data for single jets. Saad also showed that as the
aspect ratio drops below an upper critical value, S/H=1.5, interaction
between the inlet -jet and exit flow begins to affect local heat
transfer at the exhaust port centerline where it enhances local Nusselt
number. When the aspect ratio is decreased to S/H=0.7, he found that
the effect of this interaction reaches the nozzle centerline where it
depresses the stagnation heat transfer rate. )

From an application point of wview it is of interest to know what
geometric configuration of multiple confined slot jets would give the
highest average heat transfer rate. Saad[1981] used the correlation of
his results to predict that the highest avera.lge Nusselt number would
occur at 'about H/w=5 and S/H=0.5, a combination not used in h;s study.
This geometrical configuration of a confined mui‘tiple slot jet system
was therefore selectea for the first .time in the present study.

The results of Korger and Krizek[1966], Gardon and Akfirat[1966]
and Schuh and Petterés;n[1966] for unconfined multiple slot jet\s were

reinterpreted by Saad[1981] using the concept of flow cell aspect

ratio, S/H. For these unconfined jet systems the values of S/H ratio
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are less than 1.5 for Korger and Krizek and for Schuh and Pettersson,
and cover the range 0.5-2 for Gardon and Akfirat. Saad noted that the
maximum value of average heat transfer rate fo:.md by Schuh and
Pettersson was for H/w=8 and S/w=7, i.e. at S/H=0.88, close to his
predicted value S/H=0.5 for maximum‘ average Nusselt number. h

The effect of surface motion on average heat transfer was studied
by Fechner[1971] for unconfined multiple slot jets impinging on a 0.29m -
diameter rotating cylinder. Heating foils, 20mm wide, covering the
outside of this cylinder caused a surface roughnéss of about O.7mm.
Fechner varied the number qf jets impinging on this cylinder from one
to fqlur. According tof Saad’s criteria for interacting jets, all of
Fechner's multiple jetg were spaced sufficiently apart to be non-'
interacting. He observed that heat transfer from impinging sltt jet:,s
i;'\creased ’with rc;la\tive surface velocity, v,/u,, to approach the limit
of copvective transfer coefficients for heat transfer from a freely
rotati;’xkg cylinder, which he also measured. However in the range of
re‘lative surface velocity of 0.1-0.4, the increase measured iﬁ average
heat transfer was rather small. Fechner also noted wery high
values of turbulence intensity, about 40%, near the cylinder si;rface,
generated presumably by the extremely rough cylinder surface.

Subba Raju and Schltfmder[l977] obtained average heat transfer rates
at a continuous belt moving under a single unconfined impinging slot
jet by measuring belt temperature with an infrared thermometer. They
reported that the average heat transfer coefficient increased sharply
with small increases in speed of the moving surface. At a fairly low

3

surface speed, they found that average heat transfer passed through a
\

high maximum which was 1.5 to 2 times greater than that for a




stationary surface.
Haslar and Krizek[1984] used the naphthalene sublimation technique

‘to measure average mass transfer rates for unconfined multiple slot

LN , -

jets impinging on a }'otating cylinder. They used unconfined jets from
nozzles with a small included angle impinging on a cylinder of
circumference 1m. The geometric érrangeme'nt of the jets was fixed at
S/w=5, H/w=8.5, thus, giving an S/H ratio of 0.6, very close to.the S/H
value at which Saad predicted that gaverage heat transfer from multiple
slot jets would be maximum. They reported that in the rangé of Re,,
1300-3000, average heat transfer increased with increasing relative
surface speed in the v,/u, range of 0.03-0.4. However their results
include the curious finding of a substantial discontinuity between
average heat transfer for surfaces moving at various low speeds and
that for a stationary impingement surface, the latter being anomolously
lower. Baines and Keffer{1979) found almost no effect of surface
motion on the averaged shear stress at the impingement surface for an
unconfined single slot jet at H/w=2 for values of v,/u; up to 0.2. Van
Heiningen[1982] showed that local and average impingement heat transfer
for a single confined slot jet at a slowly moving surface is not

different than at a stationary surface. The findings of Fechner,

.Baines and Keffer and of van Heiningen indicate that Hasler and

Krizek's results are not realistic.

The only study on effect of surface motion on local and average
heat transfer for confined single impinging slot jets is that of wvan
Hein‘ingen[l982]. Over the Re; range 10000-90000 he varied the surface
motion parameter, Mv,-p,v./pJuJ, from near stationary, Mv,=0.02, to

relatively high values, 0.86. Instantaneous local heat flux at the
-
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surface moving under the impinging jets was measured 'wit:h a 1.15mm
wide, fast responding sensor based on a resistance thermometer (van
Heiningen et al.[1985)). He measured the extent to which the magnitude
and location of the off-stagnation minimum and maximum in local heat
transfer rate were changed by impingement surface motion. At a surface
moving at sufficientl}; high speed these off stagnation features were
found to disappear on the side where the direction of surface motion is
towards the nozzle centerline. Van Heiningen found that average heat
transfer decreases with increasing Mv, . For example for Re,=10000 and
H/w=2.6 heat transfer averaged over S/w~22.5 at Mv,=0.86 is 17% lower
than at a stationary impingement surface.

Stu‘dies: for unconfined slot jets have reported that with increasing
impingement surface velocity, average heat transfer undergoes either a
slight increase or remains unchanged, while the only study for confined
slot jets, that of van Heiningen, found a decrease. Lack of a confine-
ment surface introduces effects of unknown magnitude in impingement
heat transfer because of corresponding changes in the flow structure of
jets by entrainment as well as thermal changes which are equipment
specific in that they depend on the temperaturé at ttle nozzle exit, the
impingement surface and in the surrounéings.

For the case of single slot jets, the limited amount of inforn‘lation
concerning the effect of throughflow at the impingement surface was

summarized in the previous section. For multiple confined impinging

jets, the effect on heat _transfer which results from throughflow at a

.
@

moving impingement surface has never previously been studied.
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.2.3 NUMERICAL FLOW AND HEAT TRANSFER STUDIES

‘ Of the investigations listed, Table 2.3, only the earliest studies,
) Wolfshtein[1967) a;la Russell and Hatton[1972], used a one-equation
turbulence model combined with the required empirical specification of
turbulence length scales. Wolfshte,in assumed a length scale while
Russell and Hatton used both the assumed 1ex;gth scale of Wolfshtein and
their own length scale measurements, of very high uncertainty due to
experimental difficulties. Flow prec’lictions improved slightly when
measured length scales were used. They did not solve the energy
- equation. Wolfshtein's predicted impingement heat transfer distribution
agreed reasonably well with the experimental éata of Gardon and

Akfirat[1966] at H/w=8 for Re,<11000 but not at hi;her Re, . ¢
As empirical specification of the turbulence length scale is
required, one-equation turbulence models are not adequate for the
v complex structure of impinging jets. Adoption of higher order models
which solve transport equations for turbulence characteristics, 1i.e.
turbulent kinetic energ):, turbuler}t kinetic energy dissipation or
individual Reynolds stresses, lead to the subsequent switch to k-¢ and

algebraic stress models (ASM) for turbulence.

Looney and Walsh[1984] made flow and heat transfer predictions for
an impi.ging jet for 8<H/w<43 for various Re;. Convergence problems
made results wunreliable for H/w<8. Their tests indicated that the
algebraic stress models of Rodi[1972) and Ljuboja and Rodi[1979) did
not predict heat transfer in the impingement region as well as the high
Re version of the k-¢ turbulence model. Van der Meer[1987) used the

low Re version of the k-e¢ model and an anisotropic model in which the

nondiagonal terms of the Reynolds stress tensor are calculated as in
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Table 2.3 Numerical studies on turbulent impinging jecs
a) Two dimensional plane jet studies
Refarence Boundary conditions Turbulence Model Equations solved in
Wolfshtein(1967] Cc2, D1, D2, D3, D&, one-equation model ¥ -w
El, F1
Russell and Hacton(l972]* c2, D1, D2, D3, D4, one-equation model - v -w
El, F1
. Folayan[19761 no Iinformation k-¢, high Re model primary variables
Agarwal and Bower[1982] A2, B2, c2, D1, D2, k-¢, lowv Re modal ¥ - w
D3, D4, E1, FL
Huang et al.[1984] A2, B2, ¢2, D1, D2, k-¢, high Re modsl primary variables
D3, D4, D6, EL, GL, G2
van Heiningen{1982] al, B2, ¢2, Dn1, D2, k-e, high Re model primary variables
D3, D4, El
Guo and Maxwell(1984]*  ¢2, D1, D2, D3, D&, k-¢, high Re model )
El, F1
Looney and Walsh{1984] c2, D1, D2, D3, D&, k-z£, high Re model primary variables
El, F1, F2 and tvwo ASM’s .
Polat et al.[1985] al, B2, ¢z, D1, D2, k-¢, high Re model primary variables
D3, D4, EL
0_ b) Two-dimensional axisymmetric jet studies
! ~,
Reference Boundary Conditions Turbuldnce Model Equations solved in
Amano(l980]* Al, A2, Bl, Cl, C2, k-¢, high Re model primary variables
DL, D2, D3, D4, El
Anano{19831* Al, a2, B1, c1, D1, k-c, high Re model primary variables
D2, D3, D4, El
Amano and Brandt(1984]* al, A2, Bl, Cl, DI, k-£, high Re model primary variables
. D2, D3, D4, El
Amano and Sugiyama{1985] Al, A2, B1, Cl, C2 k-£, high Re model primary variables
pl, D2, D3, D4, El
van der Meer{1987] . Al, Bl, C2, D1, D2, k-, low Re model primary variables
D3, D4, E1 the anisotropy model
/
»+ * impingemenc heat transfer was not predicted
Boundary Conditions (Refer to Fig. 2.2) B
Boundary A D3. Smooth
Al, Flat jet inlet velocity profiles D4. Stationary
A2, Developad jet inlet velocity p:ofile Boundary E
Boundary B El. Symmetry
Bl. Without confinement Boundary F
B2. With confinement F1. Well-developed, unbounded
R Boundary C submerged turbulent jet profile
Cl. No flow (discharge i§ at the nozzle level) F2. Partially developed unbounded R
C2. Free discharge (no crossflow) turbulent jet profile
Boundary D “Boundary G

Gl. Crossfiow

Di. Plane
G2. No-crossflow

D2. Impermeable
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FIGURE 2.2. Position of the boundaries described i;n Table 2.3
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the case of the low-Re version of the k-¢ model, and the anisotropy

4 v/

‘ term, g=u’'?-v'2  is calculated by solving an additional equation\. "He\
found thag,?yhen used to predict local heat transfer from impinging
/
axisymmetric jets for Re =6400 at H/w of 2,-4 and 6, the conventional

k-e¢ model was superior to the anisotropy model. Looney and Walsh’'s ASM

results and van der Meer’'s experience with the anisotropic model

e

N .

iy indicates that use of more complex turbulence models does not always
improve the heat transfer predictions Further modification and
testing of these models appears required. \

As the high-Re version of the k-¢ model of Jones and Launder{1973]

is wvalid only where viscous effects are mnegligible, a separate model

- must be-used to treat the distribution of turbulent shear stress and
turbulent Kihetic energy in the‘_ near-wall boundary. Overdll success of

*

the numerical simulation then depends on both the k-¢ _model and the

choice of near-wall model. The majority of the studies in Table 2.3
have used the high-Re version of the k-»c model of Jones and Launder and
therefore used near-wall models for turbulent shear stress and kinetic
enexrgy. Amano and Sugiyama{1985] claimed a better prediction of
‘stagnat:ion point heat transfer coefficient with one of the three models
they tested for treating the near-wall boundary of an axisymmetric
impinging jet. However, when a- sepai‘ate near-wall model is wused,
stagnation heat transfer is calculated at the grid node next to the
actual stagnation point. Therefore cc;mparisons of results must take
into account the fact that the value of predicted stagnation heat
- transfer varies with the location of the gridlinejs near the jet
centerline and impingement surface.

Van Heiningen[1982] and Polat et al.[1985] predicted heat transfer

. e
9 .

\
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for an impingement surface located within the potential coie of a plane

jet, i.e. for H/w of 2.6 and 6 for Re; in the range 5000 to 20000. The
minimum within tlte stagnation point Nusselt number peak found by ’var{
Heiningen may be attributed to th(; grid dist¥ibution near the symmetry
line He reported that a few grid points next "to the wall near the
symmetry line were in the viscous sublayer region (i.e. x%<11.5),
Because the high-Re version of the k-&¢ model was used together with
near-wall functions, all values of x* or local turbulent Re should be
at least 100, according to Guo[1982] and Guo and Maxwell[1984}. Polat
et al ‘predicted the off-stagnation heat transfer maximum to occur at
about y/w=7, which agrees well with experiment. The inflection point
that marks the end of the stagnatidn region was predicted at about 0.5w
to 1.5w, which is about =2.5w smaller than the experimental observa-
tions. Both van Heiningen and Polat et al. obtained pgood agreement
with experiments in the wall je.t region.

Huar.lg et al.[1984] predicted impingement heat transfer distribution
for Re; of 11000 and 22000, at 8<H/w<16, with and without imposed
crossflow. Their predigted results without crossflow or surfa?e motion
effects agreed with the experimental data of Gardon and Akfir‘at[1966]
within 25% at Re;=11000 and H/w=8. With an 1’n/duced crossfiow in the
channel between the -impingement and confinement surfaces, they docu-
mented the extent of decrease in maximum Nu number and the amount by
which it was shifted downstream fro.m the jet centerline as a function
of the crossflow parameter, &/Red’ at a particular Re;. They also
found that impingement surface motion in the presence of crossflow

caused the heat transfer rate to increase on the upstream side, and to

decrease downstream. The effect of surface motion on average heat
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transfer was found to-be quite small due to these compensating effects
on either side ‘of the nozzle centerline. The effect of surface motion
wit‘hout crossflow could not be studied because of the difficulty in
defining the upstream boundary conditions '

Polat et al.[1986] tested the high-Re version of the k-e¢ model for

the case of heat transfer by multiple slot jets with exhaust ports

located symmetrically between the jets For small S/H values, the

-stagnation region and exit flow region wunder the exhaust port are

sufficiently close to affect the intermediate flow region, a circum-
stance which renders inappropriate the near-wall model, which is based
on Couette flow assumptions

Simulation of the effect of throughflow on impingement heat
transfer from turbulent jets, not previously attempted, constitutes one

of the major objectives of this study.

2.4 CONCLUSIONS
Review of studies on impingement heat transfer due to single and
multiple jets without and wi;:h thc; industrially important effects of
confinement, surface motion and throughflow, led to the following

conclusions:

1. Despite the much greater industrial relevance of confined jet

)

systems, laboratories elsewhere have focussed mostly on unconfined
impinging jets.

2. Experimental studies of thg effect on flow and heat transfer of
bhroug‘hflow at the impingement surface are vexy limited for single
impinging“ jets and none exists for multiple impinging jets.

3. Five studies of the effect of surface motion on convective

>
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transport processes under impinging jets prc;vide contradictory
indications. Four of the studies involve the additional uncertainty of
unconfined jet systems. The five reports on effect of impingement
surface speed on convective transfer rate range from indications of a
large increase, to no effect, to a significant decrease. There is no
study for the case of confined multiple impinging slot jets.

4, The combined effects of surface motion and throughflow on
impingement heat transfer have never been studied due to the lack of an
experimental technique applicable for this combination of conditions of
industrial relevance.

5. No generally applicable model for the numerical prediction of

impingement heat transfer due to turbulent jets is available.



CHAPTER 3

t
4 WTAL FACILITY

3.1 OVERALL DESIGN CONCEPT

An experimentel facility was built for study of local heat transfer
under single and multiple confined turbulent slot jets of air impinging
on a moving surface with or without throughflow at the surface. The
impingement surface was the external wall of a rotating porous cylin-
der, 0.48m diameter. Steady-state operation of the overall system was
obtained by locating a heated single impinging slot jet at a position
180° from the unheated multiple jets. Thus the cylindrical impingement

surface assumes a steady average temperature intermediate between the
heating and cooling jets The length of each slot jet was the same as
the 1length of the cylindrical impingement surface, 0.2m. A unique
sensor, developed in the present study, enable,d obtaining instantaneous
local values of Nusselt number at a rapidly moving impingement surface
with throughflow.

The impingement flows were confined by a 0.58m diameter cylindrical
hood, concentric with \and of length equal to the impingement Eylinder,
providing a spacing of 50mm between the confinement and the impuingement
surfaces. The flows from the heati‘ng e\.nd cooling jets in this annular
ection were kept separate and were removed through exhaust ports.
Z‘hus the entire system consisted of two isolated subsystems, one for
the heating single jet, one for the cooling multiple jet array. This
overall design concept was developed and used in the SIMTEST I Appara-

tus by van He1n1ngen[1982] to obtain local heat transfer profiles at a

moving impingement surface under single impinging jets. The present

-




equipment, the first to incorporate ‘multiple jets, is termed the

SIMTEST III Apparatus for the objective of testing present and future
computer simulations of single or multiple jet impingement heat
transfer on moving surfaces with or‘withoutl throughflow. A photograph
,of they expferimental equipment is shown as’/Fig. 3.1. The multiple jets

i
and the single jet appear at the top and bottom, respectively, of the™

-

rotating cylinder ass;embly. g N ’

The‘combination of three key features of this design, i.e., use of
a rapidly moving impingement surface, of jets which are confined by a
hood parallel to the impingement surface, and removal of some of the
impingement flow through the impingement surface reflects the
Porientation of this study to the possibility of drying of paper by
combined impingement and through flow from hot jets, proposed by
Burgess et al.[1972a, b] |
The experimental facility was closed with circular plates at the
ends of ‘the impingement cylindér-confinement hood. The single jet and
“the multiple jet system were provic‘led with separate exit ports. The
two exit duéts for the single jlet: were positioned 90° from that nozzle.
The multiple jet assembly compLiSJed three slot jets, with ;lot exhaust
ports located symmetrically be]l:ween the jetﬁ nqzzles. This arrangement
avoids exhaust crossflow under; the impinging jets. To provide symmetry
of flow two exterior exhaust 'ports?", each half the width of the two
interior exhaust ports, were located at the two sides of the three jet
assembly, All jet nozzle exiti; and exhaust port inlfets‘ were positioned
flush with the confinement s'.L'face. As proven by Saad[l198l1] for a

|

stationary impingement surface with this symmetrical exhaust flow
!

g |
configuration, the middle jet of such an array of three identical jets
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General view of experimental facility

FIGURE 3.1.
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is representative of a slet jet in a multi-jet array. The symmetricel
arrangement of an exhaust port between each jet nozzle was selected to
avoid the - strong disadvantage of crossflow of spent flow under an
adjacent jet nozzle. The degradation ¢f impingement heat transfer by
exhaust crossflow has been demonstrated experimentally by Saad[1981]
and numerically by Ahmad[1987].

The sfngle jet and the multiple jet systems were isolatefl by two
pairs of skimmer plates, one pair located at either end of the multiple
jet assembly, the other pair at the mid-points of the exit ports for
the single jet. Mixing of spent air from the heated and unheated jets
was thereby minimal in the annular channel between the impingement and
confinement surfaces. Thus the two sub-systems, the heating single jet
and the cooling multiple jets, occupy respectively 180° or 0.75m, and
36° or 0.15m, of the 0.2m wide impingement surface. The remaining two
sections, each 72° of the heat transfer cylinder circumference, form
buffer zones between the single and the multiple jet sub-systems.

At steady state, when the rotating cylindrical impingement surface
has assumed a steady average temperature intermediate between that of
the heating and cooling jets, the maximum variation in local
temperature over this entire surface is small, about #2°C. Thus the
convective heat transfer cqefficients obtained with this equipment
design correspond to the boundary condition of an isothermal surface.

The rotating impingement surface was made of porous glass (3M,
brand name "porous glass", :Grade 55). Throughflow at the impingement
 surface was provided by applying suction. The range of throughflow
velocity, u,, and peripheral velocity of the impinge;nent surface, v,,

were chosen with reference to the proposed "Papridryer" process which
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would use &8 combination of impingement and; throughflow drying
mechanisms to enhance drying rates of paper (Burgess et al.[m‘Za,b].
Thus the maximum speed of rotation, ~6’rps, corresponds to v, ~9m/s
which 1s in the range of paper machine speeds. The range of
throughflow‘rates at the impingement surface, expressed as the non-
dimensional 'ratio, p.us/pJuJ, is from 0 to 0.023'. The maximum percent
of jet nozzle exlit flow drawn through the impingement surface 1is
therefore 11.5% and 86% on the muitiple and single jet sides
respectively. The Reynolds number of the jets was varied from 8000 to

26000 for the multiple jets, from 17000 to 58000 for the single jet.

For a multiple jet array configuration similar to that of the pres-

- .

ent study, operated over the range 3000<Rej<30000, Saad[1981] showed
experimentally that the combination of ‘non-dimensional spacings which

produce a maximum wvalue of average Nusselt number for a stationary

- impingement surface with no throughflow is H/w=5 and S/H=0.5. Because

of the importance of average Nu in industrial application, these non-

dimensional spacings, i.e., H/w=5, S/H=0.5, were chosen for the present

study of multiple slot jets impinging on a moving surface with through-
flow. The width of the multi’ple jet nozzle_s,' w=10mm, was selected such

that the desired range of other geometrival and flow variables were

within the constraints of the equipment design and fabricatiod. With

, this selection of w, a 50mm nozzle—to-imp"ingemézﬁt surface spacing and a

25mm nozzle centerline-to-exit port centerline spacing gave the desired
H/w and S/H spacings indiceted above. .

For the si'ngle jet side, a nozzle width of 20mm was selected to
obFain a nondimensional nozzle-to-surface spacing, H/w, of 2.5, thus

vﬂfacilitatxing comparison of results with those of the SIMTEST I

-

d
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apparatus for which one of the single jets had an H/w spacing of 2.6.
Development of a porous "sensor for determination of instantaneous
local heat transfer rate at an impingement surface moving at speeds up
to 9m/s, with or without throughflow at the impingement surface, was
the most critical part of the SIMTEST III apparatus. Van Heiningen,
Douglas and Mujumdar1985] developed an impermeable sensor made of a

very-,thin gold film with this capability for the case of no throughflow

\
.\At: the impingement surface of the SIMTEST 1 apparatus. However they
\

cor&\irmed that, with throughflow, even a narrow impermeable sensor can

not be\ used in an otherwise uniformly permeable moving impingement

use the turbulent boundary layer adapts so rapidly to the
momentary change of boundary(condition. For the case of throughflow at
the impingement surface, therefore, it was essential to develop for the
present study a permeable sensor of the same porosity and thermal
characteristics as the impin\ge@ent surface. The ideal choice is the
~ .
same poroﬁs material for the se;{ser substrate as for the cylindrical
impingement surface. After an extensive search for a porous material
which would have the desired properties as an impingement surface and
as well, as a sensor substrate, a porous glass material (3M Company,

brand name "porous glass", grade 55) was selected.

The sensor, a thin film resistance thermometer, was a 70mm long x

T lmm wide .gold filament, about 0.15um thick, deposited on the porous

glass substrate. By mounting the sensor flush with the impingement
surface the instantaneous local surfz;ce temperature could be monitored.
Instantaneous heat flux, and thereby local Nu'sselt number, was obtained
from 'surface temperature through salution of the one-dimensional

~

unsteady state heat conduction equation for experiments without

A
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throughflow. For throughflow experiments the solution scheme was

modified to account for convection heat transfer between throughflow
and the porous substrate. Use of a micro computer for on-line data
acquisition and data reduction permits determination of about 500
\;alues of 1local Nusselt number per rotation of the heat transfer'
cylinder. Thus the Nusselt number profile is defined at about 250
points for the single jet, at 50 points for the multiple jets. A
detailed description of the heat flux sensor, a critical and origi;'lal

part- of the present study, appears as Chapter 4.

3.2 EXPERIMENTAL FACILITY

The schematic diagram, Fig. 3.2 1illustrates the experimental
facility. The discharge o;“. a 22.4kVW blower (1) (Industrial Combust‘ion
and Equipment Ltd., 3600rpm ODP motor, 1lm3/s at 13.8kPa) located {n an
acoustic shelter adjacent to the laboratory, is split into one stream
for the single jet, one for the multiple jet side. The two flowrates,
measured b;r orifice meters (3,4), are controlled by gate valves, one at
th\e blower exit, the other in the line (2) to the multiple jets

ir at about 40°C (due to heating by the blower) enters the
multil;le jet section wvia the 0.25m diameter pipe. After the 4.75m long
flow measuring section (11 pipe diameters before and 8 diameters after
the orifice meter), a 1.45m long diverging section e;dapts (5) this pipe
to a box (6) ‘0.205m x 0.4m .In cross-section, 0.3m deép. Two 0.19m high
movable flow dividers (7) in this box serve to control the flow to each
Jet in the th“ree-jet: system. These “low dividers, hinged e;t their
lower ends, are positioned from outside the box with control rods. A

gl

100-mesh screen placed at the, entrance of this box reduces the

-
)
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turbulence level, and a -50mm thick aluminum honeycomb, (hexagonal, size
4.7mm), located 50mm from the box entrance, straightens the flow.

Three nearly parallel channels (8), about 0.4m long x 0.2m in the
axial dimeqsion, adapt the flow from about 90mm.wide at their inlet to
the 10mm wide multiple jet nozzles at the outlet. The enclosed angle
is 5.7°. At the nozzle exit end the nozzle channels terminate flush
with the confinement surface. The 10mm x 0.2m slot jets impinge on the
porous surface spaced at 50mm (H/w=5) from the nozzle exit. This type
of nozzle geometry was selected for its simplicity, low pressure loss
and ease of adapting to the overall system design.

The fraction of nozzle exit flow which is not withdrawn as through-
flow is exhausted at the confinement surface through the exit ports.
The area of the exhaust ports Is twice the nozzle exit area. For the
symmetrical multiple exhaust arrangement, each of the two interior
ports 1is therefore 20mm wide, while the two side exhaust ports are each
10mm wide. The length of all nozzle and exit ports is identical, 0.2m,
i.e. the full length of the impingement surface. As the centerline-to-
centerline distance, S, between nozzles and adjacent exhaust ports is
25mm in order to achieve the nondimensional spacing S/H=0.5, there is
10mm of confinement surface on both sides of each nozzle, The two
interior 40mm wide exhaust channels contain flow vanes to redirect the
spent flow by 60° towards the exhaust ducts located at the two ends of
the equipment. Slide gates at the exit of these interior exhaust

channels are adjustable with extention bars to achieve symmetry of flow

under the multiple jets.

For the single jet, air from a 0.2m diameter line is heated by a

6kW, 12-stage duct heater (9) located in a 0.2m square box, 0.8m long.
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Ten of the heater stages are operated at 220V, connected in-pairs to 5

on-off switches, while the remaining two stages are connected in series
as a pair to a 120/140V variac (Staco Energy Products Co., type
3PN1010) for, fine tuning purposes. This arrangement gives a very
uniform nozzle exit temperature, within #0.3°C over ‘the important
central region of the single jet. The heater -exit is located 9 pipe
diameters upstream from the orifice inlet, which is 10 pipe diameters
upstream from the elbow to the plenum chamber. The 1line from the
heater to the single jet mnozzle is well insulated for safety and heat
loss prevention The 0.27m long, 0.2m square plenum chamber (10) for
the single jet, located beneath the equipment, contains two 10}0-mesh
screens at 0 and 150mm from the plenum entrance to reduce the turbulen-
ce level. A 50mm thick aluminum honeycomb (hexagonal, size 4.7n£m) at
50mm from the plenum entrance straightens the fldtw. In order to obtain
comparable results, the 20mm wide single jet mnozzle has the same
geometry (ASME standard elliptical contoured entrance) as the li4mm and
6.2mm wide nozzles that were used in the SIMTEST I Apparatus.

The unheated multiple jets and the heated single ﬁet impinge on a
porous glass cylinder (11)  of 13mm wall thickness, 0.48m outside
diameter, 0.185m long. This porous imping;ament cylinder is supported by
aluminum rings, 0.48m outside diameter x 13mm thick, glued with epoxy
to each end. A 7mm portion of each aluminum ring rests on a shoulder
of the same length provided on 0.48m diameter, x 13mm thick end plates.
At the outer endsj of the aluminum rings, 5.4mm diameter Neopherene O-
rings provide air-tight contact with the end plates. The excess length

between the 0.2m length of the nozzle slots and the combined length,

0.223m, of the porous cylinder, aluminum rings and end plates remains




-

42

\

outside the equipment. The two protruding ends ;are sealed with 13mm
t;hick Teflon rings from outside.

As suction is applied for experiments with throughflow at the heat
transfer surface, the impingement cylindet’ ;é mounted gn a hollow shaft
(12), a 0.114m 0.D., 0.37m long steel pipe, Over the length corre-
sponding to the impingement surface this hollow pipe is perforated with
28 holes of 25.4mm diameter from which throughflow air is withdrawn.
To obtain rac}ially uniform throughflow a ‘0.165m diameter cylinder (13),
of the same zorous glass material but of a more open area (grade 155)
than the impingement surface, is located between the perforated steel
shaft and the impingement s_urface. One end of the 0.11l4m 0.D. hollow
shaft terminates in a bearing sealed with 'Rulon which provides the
suction line connection. The other end of the hollow shaft is aé:ta"ched
to the main drive shaft, 102mm 0.D., 16mm I.D. , 0.85m 1long, supported
by two pillow block bearings spaced 0.457m apart. A pulley between
these bearings is driveg'through a no-slip bert from the drive pulley
of a 3.7kW variable speed motor. Leads from the heat flux sensor,
pPressure transducer and thermocouples pas; through the 16mm I.D. of the
drive shaft to a low-noise, 1l4-channel slip ring assembly (IEC Corp.,
Austin, Texas, Model IiZC-TX-l&) mounted at the end of the shaft.

The suction system' consists of a 7,46kW rotary type blower
(0.11m3/s at -40.7kPa), an orifice meter, and a gate wvalve at the
entrance to the blower. The suction 1line, seen in tlhe Fig. 3.1
photograph, is connected to t.he interior of the porous. cylind'er by a
102om I.D. flexibl;z SS line via the bearing sealed with Rulon. The

throughflow rate is measured by an orifice meter in the straight PVC

(108mm I.D.) portion of the suction line (13 pipe diameters before, 7

a

‘
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~ pipe diameters "after the orifice meter).

‘ ~ The average of fifty profiles of surfate temper:at:tre is used as the
boundary condition to the equation for one :iimens'ional unsteady-state
conduction (including convection when there is throughflow). This
wequat:ion is solved iteratively to obtain the profile of local Nusselt '
number under the jets, as detailed in Section 4.4, The pressure
distribution under the jets can be measured with a calibrated pressure
transducer (Kulite Semiconductor, XT-190-5) mounted: flush. with the
impingement surface at 180° from the heat flux sensor. Manometers are

used to measure pressure drop, across the orifices and gage pressure at

locations one pipe diameter above the orifices and at the jet nozzle

-
<

inlets. Air temperatures were measured by E type (chromel/constantan)
thermocouples (0.25mm wire diameter) at the jet nozzle inlets and at
one pipe diameter from the orifice meters (Omega, CXSS-116C-L2).
Chromel/constantan thermocouples (0.25mm wire diameter) were glued
flush‘ with the impingement surface, 5mm f;'om each end of~ the heat flux
sensor, through 1 mm holes, to measure the substrate temperature during

in-place calibration of the sensor,

3.3 INSTRUMENTATION

3.3.1 Position Sensor - !

Heat flux sensor position 1is determined with an optical slotted
switch (Spectronics, SPX-1878-14) mounted at a fixed position next to
the impingement cylinder. An aluminum tab fixed to its end plate

. passes once every rotation through the slot of the switch. The
relative position Wt the switch and the tab is "such that, as the

cylinder rotates clock-wise, when the tab enters the switch slot the
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heat flux sensor is at the skimmer plate 90°C upstream of the single

- jet nozzle centerline. .Before sampling of the heat flux sensor signal

starts the switch signal is sampled via the trigger of the A/D board.

The intervals between each trigger is measured with the A/D board timer

and converted to rpm. Based on this rpm and the desired number of

‘samples per rotation the interval between successive sampies of the
sensor output 1is determined.

.

3 3.2 Instrumentation for Pressure Measurement

Local pressure difference across the permeable impingement surface
is measured with a differential pressure transducer (Kﬁlite XT-190-5)
with the interior pres:sure as the reference pressure The transducer
is mounted flush with the impingement surface, equidistant from its
ends, at 180° .from the heat flux sensor. Sensitivity of the transducer
given by the manufacturer is 0 0025mV/Pa at 10 volts excitation. The

compensated temperature range of this transducer, 25°-90°C, exceeds

that used

3'35.3 Instrumentation for Temperature Measurement

’

The fixed positions at which temperature is monitored with chromel/

constantan thermocouples are one pipe-diameter bef%re each of three
orifice plates (heating jet, cooling jet and suction line), one at each
end of the heat flux sensor, one at the interior surface of the
impingement cylinder located at the axi.\al mid-points Axial temperature
profiles at the jet mnozzle exits are measured with movable

thermocouples. Reference junctlons of all thermocouples are kept at

0°C with an ice point reference (Kaye Instrument K140-4). Thermocouple
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output is measured with a digital nanovolt meter (Keithley' Instruments,

Model 180) via a multi-position rotating switch (Omega). °

3.4 TESTING AND CALIBRATION OF EQUIPME

3.4.1 Symmetry of Flow under Jets

Profiles of 1local static pressure at the impinéement: surface at

various jet Reynolds numbers at very slow cylinder rotational speeds

14
are measured with the impingement surface pressure transducer via the

.

A

IBM-PC data acquisitidn system. Béfore each flow experiment, this
transducer is sampled when there is no jet flow to determine the zero
pressure output base line from the transducer. This base 1line 1is
subtracted from the actual profile.

Fig. 3.3 display‘s the distribution of surface ﬁressure relative to
nozzle exi:t static pressure under the single jet at two values of jet
Reynolds number. As 1is apparent from this figure, flow is quite
symmetrical wunder the single jet. The interesting phenomen-a of
pressure recovery in a confined impinpgement flow, discussed extensively
by van Heiningen[1982], is displayed in Fig 3.3.

For multiple jets as closely spaced (S/H=0.5) as in the present

study the pressure distribution is practically flat, as can_be seen in’

Fig. 4.6. Thus for the multiple jet side, profiles of local impingement

surface pressure do not provide much information about symmetry of flow.

3.4.2 Flow Distribution in Jet Nozzles ‘ -

Each multiple slot jet issues from & 0.4m'long, slightly converging
(5.7°) nozzle, of width 90mm and 10mm at the nozzle entrance and exit.
9 -

In addition to the fine screen and honeycomb to reduce turbulence and
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straighten the flow in the box above the nozzle entrance, honeycomb

t

sections set parallel to the flow at the inlet of each channel ensure

l

that the jets issue normally te the impingement surface. The flow rate
20 the three jets is equalizeéd by adjusting the flow dividers (item 7
of Fig. 3.2) to achieve'uniform static pressure at the nozzle exits.
Then the sliding gates at the exits of the two interior exhaust
channels are adjusted to obtain uniformity of jet flow along the length
of the nozzle exits Fig. 3.4 displays pressure profileé‘for each jet
in the multiple jet assembly, -as measured with a pitot tube along the
axial length of the nozzles in the mid-plane of ghe converging channel,
at about 50mm above the nozzle exit. Uniformity of these profiles over
90% of the length and close agreement bep)een the profiles of the three
jets confirms the two dimensionality and the symmetry of these multipile
jet flows. —

The single jet nozzle, of the same ASME standard elliptical entry
geometry as those of the SIMIEST I apparatus, provides a standardized

low turbulence and a flat velocity profile across the width of the

nozzle. A flat velocity profile is easier to incorporate into computer

simulation programs for impinging jets, thus facilitating comparison-of -

experimental and predicted results for a standard nozzle exit velocity
profile. Nozzle design details are given by van Heiningen{1982].
Lengthwise profiles for the single jet at the entrance \to the contoured
portion of the nozzle are displayed in Fig. 3.5. Aga;:\the uniformity

of the pressure profile confirms that theqjet flow 1is two-dimensional.

° i

3.4.3 Temperature Distribution at Jet Nozzle Exits

i
Accurate calculation; of Nu profiles depends sensitively on accurate

!
| i
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measurement of temperature at the nozzle exit since heat transfer
( coefficients are based on the temperature difference between the .
Y] ¢ " .
b3
impingement surface and the nozzle exit. As this temperature -

- ' difference is typically 10°-25°C, an error of #0.5°C in temperature

measurement would correspond to 2-5% error in Nusselt Pumber.

Another !mportant constraint is that the ‘nozzle exit temperature of
each jet in the multiple jet assembly should be the same in order that
the middle jet be representative of a jet in an infinite array of such
jets. In the original design the single jet was unheated and the
multiple jet assembly was ht:ated by a duct heater located on top of the
‘flow adjustmept box. After finding that the nozzle exit temperatures
of<the three jets could differ by as much as 5°-10°C and that the
f)rofiles_ of nozzle exit temperaﬁgﬁre along the nozzle length were not
flat, apparently due to insufficient mixing length after the heater,
the choice of heating and cooling jets was reversed. In this major
equipment design cﬁange— the original heater on the multiple jet side

was eliminated and a new heater installed on the single jet side,

located sufficiently far from ‘the jet nozzle that wvery uniform jet -

’ temperatures at the mozzle ' exit were obtained. Evidence of "
, «
satisfactory performance by the final grrangement is provided byﬁ in
Figs. 3.6 and 3.7 which display the nozzle exit temperature profiles of
the multiple jets and the single jet. As the nozzle exit temperature |

profiles of the three jets in the multiple jet assembly were almost

identqical, the middle jet témperature was used to calculate Nusselt

number . ) .
. ! A -
‘ For each run, axial profiles of centerline nozzle exit temperature
of the middle jet of the multiple jet assembly and of the single jet .
) * I %
| .- ’ ' :
" I
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were meagured with a movable thermocouple. These profiles are uniform
to within 40.5 °C over the central 90% of nozzle length. 'fhg tempera-
ture used for Nu calculations is the averdge \'raIue over the axial
length corresponding to the sensor. The maximum variation of the
nozzle.exit temperature over the sensor length is small, *0.3°C.

~ -

Temperature across the nozzle width 1s very uniform for both

“multiple and single jets. The nozzles of the multiple jets are

sandwiched between the ‘exhaust ducts through which/ spent flow leaves at

? L4
somewhat above nozzle exit temperature. For the s/ingle jet side, the
pipeline downstream of the heater ‘and the i)le’dm chamber are well

insulated, and very uniform nozzle exit temperatures are obtained.

o -

é . s
- .

.

a
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3.4.4 Calibration of Orifice Meters :

s ) s ‘
Flow to multiple jets, single jet and ‘of throughflow were measured

" f

with qrifice meters. An orifice 'to pipe diameter ratio of 0.5 was

7

"used. To measutre pressure drop across the orifice plates, radius

pressure taps (1 ID before and 1/2-ID after therplate) were uscd. The

]

‘mass flow rate 'is related to pressure drop by -

m=CA, (2p, AP )1 7 (3.1)
where C is the discharge coefficient of orifice plate, determined by

calibration against pitot . tube measurements. Pitot tube pressure dtop.
i

was measured wi%:h a4 calibrated inclined monometer (Wilh. Lambrecht KG

Gottingen, type: 655). As shown in Fig. 3.8, there 1is excellent

-~ .

agreement with the following émprical equation, derived by Bentley and

1

Riley[1983) from the extensive experimental data

N 6
C =0.5959 + 0.0312 'ﬂ2.1 - 0.0184 ﬂB + 0.0029 52.5 ('i]i—(ela ]

+0.090 L, g% (1-f%)-! - 0.0337 L, g3 (3.2)

Jw‘-
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where L, and L, are 1 and 0.47, respectively, for radius pressure
-
taps. Hence the .above equation is wused to predict the orifice
coefficient for all three orifice plates at all flow rates,
{
b@
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CHAPTER 4
SENSOR i‘OR" TR@NSIENT' HEAT FLUX AT A MOVING SURFACE WITH THROUGHFLOW
4.1. TINTRODUCTION

The objective was to develop a sensor capable of measuring
instantaneous local heat flux at a permeable surface at which there is
throughflow and which is subject to a rapidly varying cyclical
transient heat transfer No heat flux sensor for these constraints has
been 'reported‘ The closest approach to a heat flux sensor satisfying
these requirements 1is that developed by van Heiningen, Douglas and
Mujumdar[1985].. Their analysis of the features. and limitations of
‘various fast response heat flux gauges such as thin-film surface
thermometry, thick-film calorimetry and hot-film probes (Rose[1958],
Scheuter and Dosdogru{l1970], D.J. Baines{1970], W.D. Baines and
Keffer[1976] and van Heiningen, Mujumdar and Douglas[1976]) showed that
an appropriate thin-film sensor based on a resistance thermometer is
the preferred choice for measurement of a rapidly and widely
fluctuating transient heat £flux. With this type of a é/ensor van
Heiningen., Douglas and Mujumdar[1985] could measure such varying local
values of transient heat flux, but only at an impermeable s/wi'face.

7
s
Their sensor was a thin-film resistance thermometer, flush mounted

on the heat transfer surface, made by deposition of a gold filament,

about 0.27pm thick, on an electrically insulating substrate of

With a heat transfer

appropriate thermal and mechanical properties.
surface and sensor substrate that is thermally "semi-infinite", they "

, . V)
demonstrated the validity of local transient heat flux measurements

\

‘obtained with such a sensor.
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In the present case the sensor for local transient heat transfer
with thoughflow was validated for the cyclical heat flux at a rot:.ating
cylindrical heat transfer surface, with throughflow, subjected on one
side to cooling by multiple slot jets and, at a position about 180°
away, to heating by a single slot je.t. However the sensor is not
restricted to the study of impingement 'heat transfer but is generally
applicable for throughflow heat': transfer surfaces subject to cyclical
heat transfer.: ) L

The present work 1is devoted‘ to developing a thin-film heat flux
sensor which satisfies similar basic constraints, i.e. for cyclical
local heat flux, but with the additional requirement that the sensor be
applicable for +a permeable surface at which there is throughflow. c.
Development of a sensor with such capabili..ty would enable' experimental
investigation of an important class of probléms in transport phenomena,
those in which there i§ simultaneous but independent heat transfer and
mass transfer at a surface, i.e. where the heat and mass transfer is
not coupled One industrial problem with large economic consequences
for which the development of such a sensor 1is also particularly
relevant concerns the possibility of developing new processes for paper
drying, processes which could combine through drying with impingement
drying. In such a process, impingement heat transfer at the surface .of
a wet sheet of paper moving rapidly through a dryer is affected
strongly by the variable of throughflow rate at the. surface. Thus the

objective set for the present study relates to significant problems in

theoretical transport phenomena and in industrial process development.

— E] !
¥
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4.2. DEVELOPMENT OF A POROUS HEAT FLUX SENSOR

4.2.1. Selection of the Porous Sensor Material

There are numerous constraints on the choice of material of the
porous substrate for the sensor. Its throughflow characteristics and
transient temperature response must match those of the throughflow
surface in which the sensor is moupted, the porous media used should be
homogeneous, machinable, durable to 100°¢C and, as the substrate foF a
thin-film resistance thermometer, it must have negligible g?ectrical
conductivity. The ideal solution was found ?bssible in this ca-se, i.e.
use of the identical material, porous glass, for the sensox: substrate
and for the permeable heat transfer surface in which the sensor 1is
mounted. Experiments established that a continuous thin-film of gold
could l;e vacuum deposited on porous glass obtained from the- 354 Company.
As it is necessary in the present case that the permeablc? heat transfer
surface be a rotating cylinder, a 0.48m diamet:ar, 13mm wall thickness
porous glass cylinde:r obtained from the 3M Company was found to satisfy

all constraints as the material for both the heat transfer surface and

the sensor substrate. To achieve the, desired range of throughflow

—~—
A

rates across the permeable heat transfer surface, porous glass of a
uniform particle size, dp, of 50um (3M Grade 55), of porosity 30%, was

selected. Thus the thickness of, the heat transfer surface and the

sensor is about 260d,. .

4.2.2. Fabrication and'ﬁounting of the Heat Flux Sensor

From the analysis of sensitivity of the thin-film resistance

thermometer based heat flux sensor made by \gyt/Heiningen et al.[1985]

it was estimated that a gold film of resistance jin the range 100 to 350

1
y
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ohms and of thickness in the same order as their sensor (about 01.25pm)

was requiredd for the desired accuracy of thHé transient heat flux

measurement. Extensive development of techniques for depositing very
tthin, electrically continuous filaments of gold on a porous glass
substrate was required The followingy‘\ procedure evolved for
fabricating a porous sensor consisting of a gold film of dimensions 1lmm
x 70mm, i.e. 20dp wide and 1400dp long.

1) Sections, 10mm x 100mm, cut from the exc;ass length of the 13mm
wall thickness porous pglass cylinder were checked visually, then
microscopically for irregularities.

2) A lmm x 70mm Scotch tape mask was élued to* the substrate
surface. The photofabrication technique of van Heiningen et al.[1985]
for preparation of the thin- gold filament was inappli;:able because the
chemical;(d.amage‘ the porous glass binder. The Scotch tape mask adhered
well during deposition, then was easily removed.

3) About 0.115g of 0.9999% purity gold was vacuum deposited

(Edwards Vacuum Coater, Model 306) to produce films in the desired

»
range of resistance before aging, 5000 to 1000 ohnms. Many times a
seemingly continuous gold film had infinite resistance. Non-

]

i
conducting and conducting sensors {were indistinguishable wunder a

uy, .
=
N g

microscope. ' =

4) Good sensors were "aged" at 100°C for 6 hours, during which the
resistance dropped by half,

53 The gold.film\g#s connected with a high conductivity silver
paint (Conductive Silver 200 from Degussa A.G.) to 1.3mm diameter
silver 1lead wires fixed with Easy;poxy in- holes drilledl threugh the

1 o .
substrate.

~
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6) For measurement of substrate surface temperature during in-situ
( calibratioi, . two ther}nocouples were glued Thigh thex:mal conductivity
‘ adhesive, T]{abond 2151, Tra-Con Inc., Medford, Mass.) flush\with the
substrate surface, 5Smm from the gold film ends. o
As the gold film thickness was about ~0.15um, i.e. about 1/300th of
the average particle diameter in a substrate about 260d, thick, these

are truely thin-film sensors. - .

The 100mm long sensor was flush mounted in the center of the 200mm

) long porous wall of the O0.48m diamevt\l‘e?:' heat transfer cylinder, Fig.
4.1. Before insertionvof a sensor, Teflon tape covered on both sides

by a very thin 1aye1; of a silicon based adhesive 1is appzfied around the

sensor circumference for ease of sensor replacement and to prevent by-

passing of the throughflow between the sensor and the surrounding heat

_transfer surface.

- W 4.2.3. Calibration of the Heat Flux Sensor

.

The sensor and associated thermocouples were calibrated in a

thermostated bath before installation. However, as the calibration was

x not sufficiently stable, possibly due to the complex substrate micro
.structure, in situ calibration was made before each run. Nuring
calibration, the sensor resistance was measured with a four decade
Wheatstone bridge. The unbalanced bridge output voltage was monitored.
on a sto¥age oscilloscopg. The surface temperature was measured wwi,th

the two calibrated thermocouples at either end of the thin gold film.

°*After 1/2 to 1lh to reach equilibrium under a heated air jet, the thin
»

film temperature was taken as the average from the calibrated

thermocouples, which never dif%red by more than 0.25°C. ~ Stability of

’'s e 3
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calibration unde%roughflow conditions was also checked by measuring

the thin filmc resistance and temperature with throughflow. The max imum
in-situ calibration temperature, abaut /60°C, which exceeds the maximum
attained in the runs, was always measured at the end of the experiments
to confirm calibration stability.
The following is typical of the always linear calibrations (Fig.
4.2).
R, = 170.27 + 0.3178 T,

4.2.4, Thermophysical Properties of Substrate

The specific heat of the porous glass was determined from DSC
measurements (Perkin Elmer DSC7), as desc‘ribed in Appendix 1.
Cp = 875.51- 6.48 T, + 7.23 x 10-2T2
Its t:ho;rmal conductivity, 0.414W/m-°C, was measured using two
techniques detafled in Appendix 1.
The measured bulk density, 1447kg/m®, compared with 1600kg/m®

reported by the manufacturer.

-

4.3. INSTRUMENTATION FOR HEAT FLUX MEASUREMENTS
. Loy

4.3.1, Signal Conditioning .

\

1
Sensor resistance was converted to voltdge by a Wheatstone bridge
with a 4-decade variable rheostat and a 7-decade multiplier ratio (J.C.

Biddle Co., Cat! No. 601042). A schematic of the bridge circuit is

~ shown in Fig. 4.3. . /

The stable and noise-free voltage sourcé required by the Wheatstone
bridge, designed and built by Huang(1988], has a typical reverse break-

down voltage of 1.2 volts and ‘a maximum temperature coefficient of

¥

S
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0.001%/°C.
With a multiplier ratio of 1:10 and R, set slightly higher than
, the fluctuating voltage remains always positive. The sensor

*

resistance, R,, is related to the unbalanced bridge voltage, V, as

10R

—i\—(’) (V, + V) + 90.909 V

R, = =
vV (55509

(4,1

+ 1)+ V,

with V. the bridge voltage source, and R, the wvariable bridge

resistance.

Rearrangement and differentiation of Eq. 4.1 gives o
V. b (90.909 + R, /10) . )
o x 4.2)
s 2 )
— (1+ 509 00 ) (R, + 90.909)

where b is the slop*e » dR,/dT,, of the calibration curve.

' For a typical sensor temperature of 50°¢, R, is 186.2 ohms, R,~10R,
and from Eq. 4.2, AV/AT, = 459pV/°C. This vaiue is one order of
ma&nitude larger than typical t:hermocouple' sensitivities, Such high

sensitivity, combined with a sensor response time of order of 10-1%s,

justifies the selection of a thin-film sensor to measure local values'

of rapidly varying,” cyclical transient heat transfer.

‘
The‘ sensor self-lheating heat flux, an undesirable characteristic,

is 52W/m? obtained from
‘ , R, V2
- 9%m = TR, + 90.909)Z L W

where L and W are sensor length and width, 70mn and Imm. As this .value”

*(4.3)

is about 5% of the lowest heat flux of the present study, that is the
maximum error contributed. The self-heating flux makes the measured
heat transfer slightly too high when the surface is being heated, and
v{rice versa.

3

4




w

N , .

The bridge output V is amplified w‘QSOO-foldk with a low noise (over
the: full bandwith 2uV RTI and 2mV 'RT0) differential amplifier (DANA
Model 2820). High frequency noise in the amplifier output is.removed
by a tuneable low-pass filter (Frequer@y Devices, Inc., Model 901F1).
The low-pass frequency is selected by 3 decade s‘witches, as well as the
multiplier switch, }he lower cut-off frequency was set to one half of
the dat‘a acquist ic;n sampling frequency (Nyquest criterion): The data
acquisition software automatically calculates and disp];ays this wvalue

from ,the desired number of points to be sampled per rotation and from

the rpm of the heat transfer cylinder.

A3

[

4.3.2. Anélég-to-Digital (A/D) Converter

§ -
The 27.5 kHz throughput A/D board (Data Translation, DT2801-a)

includes a high level, 12-bit analog to digital (ADC) converter system

‘for 16 single-ended or 8 differential analog input chamnels. Software

)

selectable gains of 1,) 2, 4 and 8 allow a range of i$ut signal levels,
An on-board programmable clock 1s included as a pacer clock. "During
data acquisition, signals from the sensor and the optic\al swi.tch' fOI:
heat transfer cylinder positiorl are sampled by the ADC in differenmtial
mode. Dep:ending on sensor volt;age output, A/D bo;rd gains 1 or 2 are
selected via the data acquisition software in addition to a gain of
éSOO from the~amplifier. .

The minimum voltage c;{ange that can be differentiated by the ADC is
0.6012 volt (2!2=4096, variation from 0 to 5 volts for gain 2). A

variation of 0.0012 volt corresponds to a change of sensox. temperature

0.0005°C, the resolution of .the heat flux sensor developed here.
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4.4. GCOMPUTATION OF INSTANTANEOUS LOCAL HEAT FLUX

4.4.1, No-Throughflow Case

The transient heat conduction equation

1 37T 32T
’ o ot — ax?’ (4.4)

where a (=K, 4¢/Ps$ps) and T are the thermal diffusivity <dnd porous
substrate temperature, is integrated in t and x for the control volume

shown in Fig. 4.4:

' rr laTdtdx rr L ax at (4.5)

- 3
vhere ‘o’ and '1’ indicate old and new time values. By assuming an

explicit behavior in time'and a linear temperature variation between

grids in the x-direction, the 1ntegrated equat‘:ion becomes

0 ]
T ~ T T -T
i +] i i 1-1 ] At . (4.6)

1 0
r Toax = e (SEE— - T p

The discretization equation for T 1is obtained by rearranging Eq.

9

4.6. .

© _ abt . adt
Ti=°‘——('ri+1+'r11)+(1- Ziz)'rl. (4.7)

+

For the ﬁ\.}merical stability requirement that all Egq. ‘4.7 coefficients
be positive, . |

Ax = (2 a AL)1/2, ‘ ﬁ | (4.8)
With this 1im‘1t1ng condition, Eq. 4.7 becomes ﬂ

- 1
. T,

0

£5 C Toep + Tyo1 ). (4.9)
1

The instantaneous surface heat flux, gq,, calculageq* from Patankar’s

[1980] half-control wvolume coﬁcept, Fig. 4.4, is.
= kz\” (1 - Tz ). (4.10)

Since qu 4;9] and 4.10 are explicit, a simple m.arch'ing technique

is used to dalculate the twmmperature distribution in the substrate at

time ‘!’ from the previous values at time ‘©°. The initial and

boundary conditions required for Eqs. 4.9 and 4.10 are the m'easured

; A ‘
.
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surface temperature T, and the equality T,_,= T, because, under the
condition of cyclic transient heat transfer at the sensor surface,' the

sensor_substrate can be considered thermally semi-infinite. The latter

agsumption was verified by temperature measurements at that surface.

For t{ei semi-infinite analysis, the cyclical variation of
conditions at the heat transfer surface may be approximated, as
sinusoidal. For a sinusoidal surface temperature variation of
frequency 1/At st , the thermal penetration length, Chapman{[1967], is

A Z = -2n (0.001)/(=x/At,a)1/2 (4.11)
where Z 1is the depth where the amplitude of the temperature
fluctuation is 0.1% of that at the heat tr‘ansf’er surface. For ,even the
slowest rpm used, Z from the above equation is 3mm (i.e. 60d,), much
less than the sensor substrate thickness, 13mm (i.e. 260dp). Thus, the
seml-infinite substrate assumption is justified. The number of finite
difference layers 'n’ is calculated as the integer value of the ratio

Z/Ax. For about 500 samples per rotation n is 44,

The initial condition chosen for solution of Eq. 4.9 is the average

\ 1

cylinder temperature. The effect of this ‘initial temperature

disappears completely after 2 revolutions of the heat transfer

- cylinder. After the corréct temperature distribution in the substrate

is obtained, Eqs. 4.9 and 4.10 are solved consecutively to obtain local
flux, distribution at the heat transfer surface.

The surface tempera'ture boundary condition for Eq:.l 4.9 e;nc; 4.10 1is
that corresponding to the se;sor resistance averaged over 50 rotations
of the heat transfer cylinder.

The errors Iin computation of heat flux amplitude and phase shift

when Eqs. 4.9 and 4.10 are used instead of the exact solution to the
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unsteady hﬂ: conduction- equation were estimated by D.J. Baines([1970]

§ ,

2r At ;
sin( AT, Nis2 .
Error in amplitude: 1 - [ “mbt ] (4.12a)
I — .
‘ Arg
<, . WAL
Exrror in phase shift: _3Arn”,, ; (4.12b)

where Ar, is the time ‘for a compléte cycl‘e of the fastest heat flu;]c
‘ frequency. In the prese};t application the fastest complete cycle
occurs in about 50mm of heat transfer surf‘ace as it passes under the
multiple jets. As 500 measurements per'rotation provides about 16

measurements over this 50mm length, the corresponding errors are very

~r

small, 1.3% in heat flux amplitude and 3.6° in phase shift.

N

4.4.2, Throughflow Case

The energy equations including heat transfer between throughflow

air and the substrate become:

Q&- Substrate; h - ,

aT 82T
Pl G = Kerr Gz - hp (Tp - T) (4.13)
1 Alr: )
* aTa v . aTa .
Pa Cra ZT = 7 Pa Cra Uy 5o + hy (T, - T,) (4.14)
where

hlg-hpa

h; =~ heat transfer coefficient for throughflow air within the

substrate, per unit volume of the substrate, |
h, = heat transfer coefficient for thoughflow air within the

substrate, per unit internal surface area of the substrate,
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a&! = internal surface area per unit volume of the substrate, .
! y -

¥
‘ S{ * and where subscripts 'p' and 'a' denote the ’substrate’ and ‘air’.
%

If within the substrate the local average substrate temperature
equals the local alr temperature, i.e., '£p=T,,=T -by omitting energy
accumulgtion term for air, negligible compared to that of the
substrate- Eqs. 4.13 and 4.14 reduce to the sin&ie energy equation

aT 32T aT
Pp Cps 3¢ = Ketr Zx2 = Pa Cpa Us 3 - ) (4.15)

- To test whether this simplification applies, h, was estimated from

the Eq. 4.16 correlation for packed beds and porous media (Yoshida et

al.{1962}).
J, = 0.84 Re£°-51, 0.01<Rep<50 . (4.16)
' where
Y paUg . h
Re = and J, = ——F— pr2/3
P ap b CPapaus @&

For the minimum (O.'O9m7s) and maximum (0.5m/s) throughflow air
. velocities the predicted values of hy are 215 and 500 W/m?.K.
Interfacial area, a, for the porous matérial used can be estimated

from experiments made to check the uniformity of permeability (Section
- &

4.4.3). Assuming laminar throughflow, the value predicted from the
Kezeny-Carman relation (Carman{[1956])
v " [AP €3 \t/z2
/ TV 5 e e : (4.17)
/ is a=20000m?/m?. Thus the predicted values of hj(=h,a) are 4.4x10°

.and 10.2x10°W/m®.K for the minimum and maximum throughflow rates,
>

Nu distributions were calculated twice, once from Eq. 4.15, once

from Eqs. 4.13 and 4.14 using the estimated h; values with the
‘ t

assumption that air enters the substrate at the substrate surface

temperature. These Nu distributions are completely indistinguishable,

|

use of the simplification T =T,=T in the present case is justified.

G‘ "
L]
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The assumption that air fenters the substrate at the exterior
surface temperature of the substrate - is verified as follows.

Considering air flow in the pores of ‘the sensor and heat transfer

[

cylinder to be laminar, an "™adaptation time" of the fluid to the

thermal bodndary condition ‘impgsed by the splid may .be expressed in

' . 3

terms of the Fourier number .

(g

a

. Fo, = 4 —5 .. : " (4.18)

>

o

According to the manufacturer of the porous 'glass, supported ny our

microphotographs, mean pore size is about the same as the mean particle

size, dp'=50ym. Therefore d, is .used as the characteristic length, £,
" \ )
in Eq. 4.18. For a porous cylinder mean temperature about 50°C, a is

2.8x10°5m?/s. At the maximum superficial throughflow velocity,” 0.5
m/s, pore air velocity for ¢=0.3 is 1.7 m/s. Therefore, air travels
1d, in 3x107°°s. The corresponding Fourier number i§ 1.3. At Fou}‘ier

number>l, adaptation to the new thermal boundary condition is compiete.
Actually adaptation may be even faste1\§iﬁce the 'flow at the pore
’ L4

/
entrance may be trans/i;:ional or turbulent, ' not laminar. ,

The discretized fform of Eq. 4.15 is

1 aAt Palg CPa At o aAt
Ti - (AXZ ‘ /’Péps AX ) Ti'l + (sz

N (4.19)"

aldt PaYsCra At ) 0
AxP# p.C,, Bx

+ (1-2

For numerical stability, the coefficient of Tg was set equal “to zero, -

which specifies the relation between Ax and At as . .

\ CAt + ((CAt)? + BaAt)1/2 —
Axl’z - 2 ) v

where N [
- Pally CP’a A - .

. PpCps ' “
Thus the finite difference vequation with throughflow is

-
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1 abt . PaY%Cpa At aht :
T, = (A—x—z t Tte. 5) Ty + (;;;2“] Tinl (4.20)

which, for u,=0, reduces to the no-throughflow equation.

‘After obtaining q! from Eq. 4.10, the local heat transfer coeffi-
. s -
cient at the impingement surface

h"——qg——‘ 4.21
-Tj_Ts (' )

for the nozzle exit temperature, T,;, of the heating or cooling ‘jet

leads finally te the corresponding Nusselt number

>

4 4.3 Uniformity of Throughflow Velocity

Eq 4.20 assumes uniformity of throughflow wvelocity. This
assumption depends on the degree of uniformity of permeabi{{#}' and of
local pressure over the heat tra%er surface. Uniformity of
permeability was checked by measuring throughflow rate and pressure
dro‘p across the cylindrical surface with various fractions of the
surface blocked to throughflow by plastic sheets Th 'li,near .relation
fo} the results, Fig 4.5, indicates that the pe meabil}x:y of the
porous cylinder is reasonably uniform. These results, for whic‘r‘l the
maximim throughflow velocity is almost twice the maximum in heat
transfer experiments, serve additionally to indicate no leaks ir;to the
throughflow exhaust (suction) line.

The variation of throughflow velocity due to local static pressure
variation under impinging jets would be maximum' for the combination:
highest jet Reynolds number - minimum t;hroughflow rate, the case .shown

-4

in Fig 4.6. AP for the multiple jets with Re ,=28500, Mu,=0.0022

max
is twice the average value, while for the single jet with Re; y=69000,
Mu, =0 0018, there is about 70% variation of local static pressure from

the average. At the same ninimum suction pressure, but with more
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typical values of jet Reynolds‘ number, Fig. 4.6 indicatg‘s that the\”l
maximum variatidn in local throughflow is about +13%.. .Therefore,
except for the worst cas;a con;)inations of Re, ‘and Mﬁ;), ]..\ocal ti’irough-
flow rate variation would be less than a few percent. N

A

)

4.4.4 Dispigy of Nusselt Number Distributions

!

The data- acq.uisition/data reduction program is éqqipped\ Iwith
plotting routines which allow on line screeh display of :profiles of
local values of surface temperature, heat transfer rate and Nusselt
number as a function of position on the heat transfer cylinc{er and, as
well, the history of average surface ‘temperature over 50 rotations.
The last option is useful for detect;ng any dramatic changes in surface
temperature during “datan acquisition which could affect accuracy of
results. For the single jet side, the first and last 12.5° (2.7w) of
each 180° (75w) half cylinder impingement surface are omitted from local
Nusselt number plots as conditions in those sections are affected by
proximity to the skj‘nunerwplaﬂtes. The abscissa scale is given as-_y/w,
the nondimeénsional distance from the stagnation point for the single

jet, the nondimensional distance from the stagnation point of the

middle jet for the multiple jets.

.4.5. POROUS SENSOR AS A HEAT FLUX MEASURING INSTRUMENT
With a heat flux sensor for a throughflow heat transfer surface,
fabricaftion of a thin-film surface thermom.etry sensor by deposition of
a éold film on thfa surface of 'a porous substrate is accompanied
unavoidably by some gold deposition on substrate particles below the

exterior surface layer. Examination under a microscope revealed areas
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of gold film at as much as th‘re?, particle diameters R{elow the suxface.

¥
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However the great difficulty, noted earlier, in obtaining an
. - hrad
electrically -continuous “éold film' should be recalled. Thus even at

the exterior surfacé of the substrate, where the surface “of the

5

particles is completely accessible during gold deposition, achi&ing a

thin film without a discontinuity over the 70mm (1400d,) length of the

4

sensor filament is extremely  difficult. It is therefore highly

improbable that a continuous gold film could form in the interior of

’ @ ~

the substrate where particles are shielded from gold deposition by the

,dayer of iaagticl,es at the exterior surface. Such regions of gold film

below t’h‘e s::ri':'ace, electrically isolat;éd in the 1lateral direction,
vfroul“iill'lxa‘v\\e‘- ’neéi}gible effect on the re%%\stence of the filament at the
sensor surface and hence on tbe value of heat flux at the surface
obtained with th;'.s thin-film sensor. - ,‘
It is, moreover, possible to determine the sensitivity of Nu
Profiles to any such averaging effect of gold #1m over more than the
surface layer of suhbstrate particles. Thus a Nu profile ‘may be
recalculatec}l taking the sensor “temperature as the‘aver;ge of the
surface temperature as normally determined and the temperature at one
grid node (~1dp) below the surface. A Nusselt number profile as
normally determined and for the hypothesis of "averaged" surf&ee
temperatures are compared in F::Lg. 4.7. This hypothc;sis represents an
extreme case as it assumes that the gold film is distri’oute;i uniforxilly
on the first aid “second la;'ers of particies.” As _the effect of
éveraging s;en in Fig. 4.7 is not'large for even this extreme case,

tHis test confirms that the effect of having some areas of gold film
)

below the surface layer of substrate particles is indeed insignificant.

-l
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4.6 VALIDATION OF THE HEAT FLUX SENSOR

Any heat flux sensor of a new type' and with novel capabilities

]

requires wvalidation. One feature sought for the sensor developed in

!

the present study was that it should have fast response characteristics
‘in order to be capable of measuring rapid_ly changing transient heat,
flux. This‘ capability could be tested by subjecting the ‘sensor to
validation tests under slot jets of air ‘impinging o:n‘fa moving surface,
usix;g an experimental facility described in Chapter 3. The results of
such a sensor test program are now presented.

A basic test is to establish that a new sensor produces heat
transfer coefficients which are independent of temperature -difference.
This test was made by varying the témperature difference for
impingement heat transfer, Ty-Ty, by a factorﬁ of 2.7:1 for
a single slot jet, and by a fac?éor of 2:1 fo;’ mua.tiple slot jgts. The
results of these tests, expressed as Nusselt number avéraged over 16’
slot widths %or the single jet, Fig. 4.8, and as average- Nusselt
number for the multiple jets, Fig. 4.9, confirm that this heat £flux
sensor provides Nusselt number data which are independent of the

]

temperature driving force.

v

A second validation est was to compare qulished results with

7

local profiles of impinging jet transient heat t;sai'i ,gfi obtained with

the new sensor. Two reference studies were used. Cadek[1968] used a

thin-disk heat flux sensor, known as a Gardon foil.

I

fs sensor, of
diameter 0.9mm, gave a resolution of.0.28 of the slot”  jet nozzle width
for the pz"ofiles of local Nusselt number at a stationary impingement

surface. Due to the difficulty of accurate calibration of the Gardon:

rd
4
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foil, Cadek used it to measure heat transfer profiles relative to the °*
stagnationr heat transfer. The imperméable ‘thin-film heat flux .sensor
of van Heiningen, Douglas and Mujumdér[1985], described »earlier,
differs basically from the new sensor of the present study, which is

porous. Their sensor, proven to be <wvery sensitive and fast

.responding, could be calibrated to give profiles of heat transfer of

higher resolution and accuracy with a moving imp'ingement surface than

those of Cadek with a stationary surface.

The profiles &f local Nusselt number under a single impinging slot
jet obtagneod with the new type of sensor, shown in Figs. 4.10 and 4.11
are for conditions of jet Reyn\olds number, Rey;, and nozzle-to-
impinéement surface spacing, AH/w, matching as closely as possible
those of the two best reference studies’ available. In order to bring
all results to a common Reynolds number, Cadek’s results were adjusted
for this effect using standard procedures, as detailed in Chapter 5.

For these test conditions the Nusselt number under highly turbulent

jets reflect complex flow phenomena at the impingement surface. The

By

central peak corresppnds to a thin but a laminar boundary layer, while
the secondary l@ia correspond to completion of transition to
turbulent boundary layer.

In the region of the central peak the heat transfer measured by
the new sensor agrees with the reference studies at the lower Re,,
Fig. 4.10, bu;: is somewhat higher at the higher Re;, Fig. 4.11. In

the latter case, stagnation region heat transfer for a high stagnation

pressure 1is enhanced with a porous sensor due to trgnsient local
throughflow. This small difference is of no practical significance

because a porous sensor is not be needed for studies at an impermeable
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heat transfer surface. .
The design features necessary to obtain a porous sensor applicable
for throughflow at a heat transfer surface result in a sensor with
slightly less resolution than the previous impermeable sensors, that
of Cadek[1968) for a stationary surface, and that of wvan Heiningen et -
al.[1985] for a moving surface. Thus._xhe new sensor slightly

overestimates the Nusselt number at the off-stagnation minimumn and

~-

correspondingly underestimates the off-stagnation maximum. As these

specific Nu wvalues are not much interest, and as these effects tend to

-

cancel, the new sensor provides sufficiently precise resolution of

this heat transfer profile.
;

The third type of validation was to test the aspects of high

sensitivity and fast response of the new sensor by monitoring heat
transfer at an impingement surface moving rapidly under an impinging

’

jet. The only heat flux sensor with this capability for impermeable

heat transfer surface is that of Aan Heiningen et al.{1985]. Their

single jet results with this/ sensor showed that Nu profiles are
depressed on the side where surface motion is towards the jet nozzle
but are enhanced on " the lea.ving side. The Nu profiles at a rapidly
moving impingement surface obtained with the porous sensor developed in
the present study are essentially identical with their profiles for
comparable conditions. A particularly sensitive characteristic of such
Nu profiles 1s the extent of shift in position of t'he off-s}:agnat;ion
maxima in the direction of the heat t:‘rar;sfer surface motion. Thus Fig.
4.12 compares the shift in ;ositio;'l of the off-stagmation maxima on the
approaching and leaving side of the slot jet nozzle as determined with

the” new sensor with the shifts established by van .Heiningen{1982] with

.
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an impermeable sensor. Heat tran;fer surfaée motion is characterized
by the nondimensional parameter, Mv,, desér;bed by wvan Heiningen et
al [1985], with Mv =0 for a stationary surface. The good agreement for
this sensitive feature of Nusselt number profiles for a jet impinging
on rapidly moving surface provides further wvalidation that the
permeable heat flux sensor developed in the present study has excellené
sensitivity and fast response characteristicse for measuring rapidly
changing transient heat transfer.

The three types of tests described above complete the validation of
the new type of sensor It is not possible to validate directly the
unique feature of this permeable sensor, its ability tg measure rapidly
changing heat flux when thers 1is throughflow at the heat transfer
surface, because no previous sensor had this capability. On Fig. 4.13
is displayed a sample set of profiles of transient local Nusselt number
under an impinging slot jet for a range of rates of th;oughflow at the
heat transfer surface. Throughflow rate 1is characterized by the

nondimensional parameter, Mu_ , discussed in Chapter 5. The maximum

-3

value of the throughflow parameter, Mu,=0.0163, for the results of Fig.
4.13 corresponds to 52% of the/nozzle exit flow leaving the system as
throughflow for a heat transfer surface extent of %16 nozzle widths
from the nozzle centerline. A detailed discyssion of these results,
which 1is beyoné the scope of this chapter, appears in Chapter 5. The
enhancement of local heat fl&x by throughflow for jets impinging on a

moving heat transfer surface is thus documented for the first time with

the porous, thin-film heat flux sensor developed in the present study.
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4.7 -SUMMARY

A permeable, hig;n sensitivity, fast responding thin-film heat flux
sensor was developed which has.'made it possible to measure rapidly
changing heat flux at a surface with 01" without throughflow at the hee;t
transfer surface. This sensor and the associated measurement system
was shown to produce accurate and reliable results for a specific case,
one where rapidly changing heat flux is due to jets impinging on a
moving surface with throughflow However, this new type of heat flux
sensor is not’ restricted to this particular case i)ut is of general
applicability for the me;éurement "of rapidly changing heat flux at
permeable surfaces at which there may be throughflow.

The pregsent study is unique in the sense that this is the first and
only study today whereb}ﬁil impingement heat transfer profiles have

been measured at a moving surface with throughflow, a problem with

great industrial relavence.

¢




CHAPTER 5

HEAT TRANSFER UNDER A CONFINED S1LOT JET IHPINGING‘ON’ A MOVING

A

SURFACE WITH THROUGHFLOW

5.1 INTRODUCTION

Local and average heat transfer were measured for a confined
turbulent slot jet impinging on a permeable moving surface, with and
without throughflow at the impingement surface. Local Nusselt number
was obtained using the unique porous sensor, Chapter 4, designed for
measurement of instantaneous local heat flux at a permeable surface at
which there may be throughflow and which is éubject to rapidly and
widely varying heat transfer. The sensor was mounted in the wall of a
ziotating heat transfer cylinder of material identical to the sensor

R

porous substrate, Because of the industrial importance of impinging jet

LY

flows which are confined, the impingement flows on the external surfa¥e

were confined by a concentric cylindrical hood. A detailed description

of this experimental facility, the SIMTEST III apparatus, is given in-

-’

Chapter 3. The ranges of parameters are given in Table 5.1.
This study, a continuaticn of a 'series in the same laboratory,
relates particularly to two previous investigations. Saad[1981]

provided the first measurement of slot jets impinging on a permeable,

stationary heat transfer surface with throughflow at the impingementq

* surface. Van Heiningen, Douglas and Mujumdar[1985] developed the
firs‘t sensor with which local heat transfer can be measured at an
impermeable impingement surface moving rapidly under a single slot
jet. However, a case of industrial importance is confined impinging

jet heat transfer at a moving permeable surface with throughflow at the

-~
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Table 5.1. Range of parameters
‘ :
\4 (mm9) 20
H/w - 2.5 C
, T,-T, (°C) '9.3-27.3
Re; - ) 16400-57700
uy  (m/s) 17.5-'50.4
a, (m/s) ' 0-0.4 T
vy (m/s) 0.45-9 .
surface. Measurement of--heat transfer for this case.w'as then the

objective of the present study. .Relative to the investigation of Saad,
the present study adds the major complication of the impingément peat

transfer surface being in rapid motion. - Relative to that of wvan
. &

Heiningen et al., the new aspect is measurement of transient heat

+

transfer for an impingement surface at which there is throughflow.

While the unique feature.of the new technique is its applicability

‘with throughflow, key dimenéions_ of the experimenta} facility were
chosen to facilitate validation of this technique with data previously
published for. the limiting case without ' throughflow. For this reason

the dimensions w=20mm, H=50mm, were select:eci to provide a nondimen-

sional nozzle-to-surface spacing, H/w, of- 2.5, - Tbi; spacingﬂ_ciosely.
matches one value used by van Heininéen[1982] "in Ythe SIMTEST I

appardtus in the only other study of transient local heat transfer
. . y . ¢ N -
under an impinging slot jet. 4 : ¢
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Experiments are presented in Sectien 5.2 for the base case of heat

N

transfer without either throughflow or impingement surface motion

effects. In Section 5.3 measurements are given for heat transfer at an

impingement surface with throughflow, but without surface motion

effects., Section 5.4 provides the unique results, i.e. local instan-

-

taneous heat transfer for an impingement surface, with. throughflow,

moving rapidly under a slot jet.

5.2. HEAT TRANSFER WITHOUT THROUGHFLOW OR IMPINGEMENT SURFACE
MOTION EFFECTS

These local and average heat transfer results, summarized in Table

~

5.2, were obtained without throughflow and at a speed of rotation of

the impingement cylinder sufficiently low as to make the e&fect of

surface motion negligible. Thus the mass velocity ratio, Mvﬁ-vsps/u‘j Py

which characterizes the effect of surface motion, was kept less than

0.05, a value below which heat transfer does not differ significantly

from that for a stationary impingement surface. Comparison of these
results with equivalent data for impermeable stationary or nearly

stationary impzngement surfaces provides one validation of the present

experimental procedures.

5.2.1 Local Heat Transfer. . .

Lateral profiles of local heat transfer at five wvalues of Re; are
superimposed on Fig. 5.1. The slight asymmetry of the prefiles shows

that, though negligible, surface motion effect 1is not entirely

eliminated even at these low sn._lrface velocities (<0.6m/s). This slight

pr.ofile asymmetry derives from the fact that on the approach side, i.e.

1
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Table 5.2. Operating conditions and results for single jet heat
' transfer without throughflow or impingement surface
motion effects.

R . . g for Rua N 4
Re, Mv, T, T,-T, Nu, BNu,, NuF x
8 10 12 14 16 2
16400 0.034 82.4 23.9 52.4 -34.9 36.1 36.1 35.8 34.4 32.4 30.3 s
18100 0.033 59.3 12.0 57.7 38.0 39.6 39.5 39.4 38.0 35.8 33.5 =F
20400 0.035 86.2° 27.3 55.2 38.1 40.1 40.0 40.0 38.7 37.0 34.8 X
20900 0.047 70.2 19.9 S58.4 39.9 42.1 42.0 41.9 40.4 38.3 35.6 4
21600 0.029 64.4 18.4 62.0 42.4 45.0 44.8 44.8 43.3 40.9 38.4 .3
24800 0.023 79.1 22.2 65.6 44.9 48.3 48.1 48.0 46.2 43.8 41.0 H
35400 0.029 57.8 12.3 82.3 55.8 62.1 61.7 61.8 59.8 56.8 53.3 Kk
35400 0.020 57.8 12.4. 84.9. 57.9 64.3 63.8 63.8 61.6 58.5 54.8 5
44400 0.023 54.8 10.1 106.6 69.4 78.0 77.4 77.8 75.3 71.5 67.3 *
45100 0.020 52.2 ~ 12.6 103.0 68.1 76.3 75.9 75.9 73.4 69.8 65.7
57700 0.016 43.9 9.3 132.1 83.7 95.2 94.6 94.7 91.6 B87.2 82.0
* NG, ,, indicates off-stagnation maximum

‘u
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where surface motion is towards the nozzle centerline (always the left-

hand side of the profiles), a layer of cooler air is dragged by the

moving surface towards. the heating jet zone. This surface layer of,

4

lower temperature air reduces the 1local heat transfer rate by
decreasing the é&ffective local AT in the wall jet; region on the
approach side. This effect 1is enhanced near the pair of skimmer
plates, located at 18.7w on either side of the nozzle centerline,
because of the small gap which must be 1ef; between these skimmer
plates and the impingement surface. Within the central region of prime
importance for heat transfer, up to 8w from the nozzle centerline, the
profiles are satisfactorily symmetrical, ~w1tnin 10%. ’Van
Heiningen[1982) observed about the same degree of profile asymmetry
with the SIMTEST I Apparatus. ®

Principal features of the five _.urves in Fié. 5.1 are the occur-
rence of off-stagnation minima ard maxima at the lateral locations of
about *2.6w and *7w from the stagnation line. Previous investigators
have identified the. off-s*agnation minima and maxima as reflecting,

w

respectively, the ;anset and the completion of transition from a laminar
to turbulent boundary layer. The minin:a in Nu profiles reflect the end
of the growth of a purely laminar bounc%ary layer from its minimum
thickness at the stagnation point. The increase in heat transfer 1}1
. the region 2.6<y/w<7 is due to the enhanced transport characteristics
of a boundary layer in transition to turbu*ernce. Beyond the off-
stagnation maxima, Nu profiles decline again with growth of the
turbulent bou-ndary layer. . .

Key p/aramet.ers of several comparable studies are given in Table

5.3. Yor about the same H/w spacing, van Heiningen[1982] reported that




the transition point minimum moved slightly ivward, from about 2.9w at

Re;~10000 to 2.3w at Re;=91500. He also ¢bserved a similar slight
movement in location of the secondary maximup over the Re; range 30000-
91500. Present minima and maxima locations}~2.6w and ~7w‘agree Elosely
with the values reported by both van Heinisgen[l982] and, for H/w=2, by
Cadek{1968] (see Figs. 4.10 and 4 11).

In the co&parisons of local heat transfer profiles at Rej-24800 and
57700, Figs. 4.10 and 4.11, the measgrements of van Heiningen[1982] are
for H~2.6w and Re, of 25100 and 57200, i.e. for conditions sufficient-
ly close to those of tﬁé prééent study to permit direct compa;ison.
Cadek[1968] made measurements for nozzle-to-surface spacings, H/w, of 2
and 4, for Reynolds numbers of 20750 and 52300. As the small
‘ difference in spacing between 2w and 2.5w corresponds to very little

effect on Nu, Cadek’'s profiles at 2w arg used for comparison. Because

/"44

the Reynolds number differences correspond to appreciable differences
in Nu, Cadek's profiles were therefore corrected to the same Re; using
his relations’for dependence of local Nusgelt number, i.e. proportional
to Ref-® and Ref;’-88 in the stagnation (y/w<2.5) and wall jet regions
(y/w>2.5) respectivgly. In spite of some differences in geometry,
fable 5.3, generally good agreement exists between the profiles. of
local Nu, Figs. 4.10 and 4.11, for these three sgudies. Some gold
penetration into the permeable sensor of the present study, discussed
in Chapter 4, produces an averaging efféct\ﬁhsulting in the minima and
off-stagnation maxima being not quite as pronounced as those obtained
with the impermeable sensor of van Heiningen et al.[1985]. Comparison

with Cadek’s data iﬁ the far wall jet region is inappropriate as his

jets were not fully confined and impinged on a flat surface. Both
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Table 5.3. Geometrical parameters of comparative studies
Present Cadek{1968] van Heiningen[1982] Saad[1981] =

w (mm) 20. 8.2 o 14.2 6.2 3.3 10 13.3
H/w . s =20 - 2.6 6.0 4 4 4 ,
Surface cylindrical flat cylindrical flat '
D, /w 2 - 34 77 - T
Nozzle type ECE* ECE* . ECE* ECE*
Confinement . yes partially yes yes -

s

96

* Elliptically Contoured Entry
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confihement and surface curvature affect wall jet spreading and théreby
the heat transfer. In any case, the far wall jet region is of
negligible practical importance,

Based on laminar boundary layer -theory, stagnation region heat

transfer is
Nu, = C (Re,)!/? (5 1)
where C is expected to be a function of H/w and nozzle exit flow
conditions but not Re; The moderate increase of Nuo/(ReJ)“‘2 with Re,
in the present study, Fig. ‘5.2, is attributed to enhancement of heat
transfer by a small transient throughflow of impingement air into the
porous sensor, proportional to the stagnation pressure of the jet
However the average value, C=0.445, compares well with the values 0.455
by van Heiningen{1982] and 0.428 obtained by interpolation of Cadek's
results at H/w of 2 and 4 in the appropriate Re; range The slight
increase in C with Re; recorded by Cadek was probably due to some
Reynolds number dependar;ce of his upstream flow conditions
The difference between these experimental wvalues of C and the
theoretical value of 0.31 computed by Miyazaki and Silberman[1972) for
a two-dimensional laminar impinging jet is attributed' to the jets being
turbulent, not laminar, at the nozzle exit: As Gardon and Akfirat

{1965] and Saad{1981] demonstrated, nozzle exit turbulence enhances

stagnation point heat transfer appreciably for H/w less than 8

5.2.2 Average Heat Transfer

Local heat transfer rates provide a sensitive indication of the
basic mechanisms of boundary layer phenomena, b::(xlt for industrial

application it is heat transfer averaged over the impingement surface
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which is important. The exterfxt{ of transfer surface over which heat
transfer 1is averaged is defineli as the width 2S, where S 1is the
distance on eit:hex: side of the nozzle centerline, a definition which
enables direct comparison with published multiple jet results Thus
Nusselt number was averaged for heat transfer surfaces of half-width,
S, by integrating the profiles of local heat transfer from -S/w to
+S/w. For a confined multiple jet system in which slot jet nozzle
openings alternate with symmetrically located "exhaust ports at the
confinement surface,' S is the distance between a jet nozzle centerline
and the neighboriné exhaust port centerline This alternation of
exhaust ports with jet nozzles eliminates the detrimental effect of
crossflow on impingement heat transfer, documented experimentally by
Saad{1981] hand numerically by Ahmad[1987) At 1internozzle spacings,
S/H, sufficiently wide as defined by Sagd, the average heat transfer of
such a multiple jet system cbnverges‘ to that for an array of “single
jets

Fig. 5 3 shows the average heat transfer profiles obtained from the
local profiles of Fig. 5.1, together with results of wvan He'iningen

[1982) for a single jet at H/w=2.6 and those of Saad[l1981] at H/w=4 for

a jet in a widely spaceél array of jets with symmetrical exhaust ports

" between the jets The off-stagnation minima and.maxima in FNu, Fig 5 3,

correspond to the same features as for local Nu, Fig. 5.1, but less

pronounced. Extent of tI;e heat transfer surface, S, in Fig. 5.3 is
expressed nondimensionally as §S/H rather than S/w in order to
facilitate application of the present single jet results to multiple
jet systems. Tht;s on Fié. 5.3, the S/H scale applies for all data, the
S/w scale only for d;ata at a particular H/w, 2.5. Saad[1981] showed

s N\,
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that the combination of nondimensional parameters H/w and S$/H charac-

terizes multiple je‘t system geometry better than the alternate choice
of H/w “with either S/w or its equivalent, w/25, commonly referred to as
fract;’.on open area of nozzles. For the Re; and H/w ranges of 3000-
30000 and 4-24, Saad demonstrated that there exists a critical aspect
ratio, S/H=1.5, beyond which such a multiple jet system is effectively
a series of single jets. Only his data for S/H>1 5 is shown on Fig
5.3.

Fig. 5.3 indicates good agreement, within 10%, between the present
data for NMu and those of van Heiningen at eff.ectively the same H/w
For nozzles of elliptically contoured entry it is well established that
/’/in Nu=f(H/w), Nu passes through a maximum which, in the case of Nu,,
occurs at about H/w=8 Thus the fact that at the same Re, the Nu data
,0f Saad at H/w=4 are higher on Fig 5.3 than those of the present study
is as expected.

This effect of H/w spacing on average heat transfer at Re;~21000
for a surface of half-width S=8w (i.e. nozzle open area, f=6.25%) is
shown in Fig. 5.4 with corresponding S/H values also indicated. All
studies are for single jets except for Saad, and all used jets whi.ch
were confined over. the entire heat transfer surface except Cadek, where

confinement was out to from 6w to 18w from the nozzle centerline, i.e

over the most important region.

For an extent of heat transfer surface fixed relative to nozzle
width'at S=8w, average heat transfer for single jets from eliptically
\
contoured nozzles, Fig. 5.4, increases by 50% with impingement surface

spacing from H/w=2 to 6. This behaviour derives from the development

of turbulence downstream ffom the low level at the exit of such

\
~—J
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nozzles. After passing through a flat maximum wvalue, Nu=60, for ,
spa;:'ings, H/w, in the range 6 to 8, it is well estgblished that FNu
decreases with further increases in nozzle spaciﬁg. if Saad's critical
aspect ratio of S/H=1.5 applied, then at spacings less than~-
=5.3 the average Nusselt nmnl;er at S/w=8 for multiple jets on
“Fig. 5.4 would 'conve‘rge to that for a single jet. However Nu remains
substantiallyl higher for a jet in an array of jets spaced even as
widely as w h S/H=2. As Saad determined the S/H=1.5 limit with data
for ‘w<24, this S§/H limit is in fact unknown for a spacing as close
as the H/w=2.5 value of the present study. As spacings are decreased
below H/w=8, im]:;ingement heat transfer becomes increasingly sensitive
to, jet turbulence at the nozzle exit. For H/w=4, Saad[1981] observed
about 17% increase in stagnation heat transfer when nozzle exit
turbulence was increased-marginally, from 0.65% to 0.8%. For H/w=2 and
Re;=11000, Gardon and Akfirat[1965] reported that when \turbulence at
the nozzle c;,xit was increased from 2.5% to 18%, heat transfer
increased, by 90% at stagnation, and sub;tantially even out to 10w from
stagnation. Differences in results between investigators probably
derive from such great sensitivity' of impingement heat transfer to
nozzle exit turbulence. As 1t offers a great potential for heat

transfer enhancement, this feature of impingement heat transfer at

- small H/w spacing should be investigated fully in future studies.

The correlation of the present results for average heat transfer
wit.h elliptically contoured entry nozzles at H/w=2.5,

NG - 0.0314 Rey "%y (5.2)

,valid for the range 16400<Rej<57700, applies for heat transfer

surfaces of half-width, S, between 3.2H and 6.4H, thereby including

Sty
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4 l;oth off-n;tagnation minima and maximah. fFor the H/w=2.5 data this '
extent of- averaging s'urface 3.2<S/H<6 .4, may-be stated alternately as
8<SAw<16 or 6.25%>f>3.125%. Considera‘.t‘ions' of energy economy normally °
precludé practical interest in i;npingémént heat transfer areas smaller
than the 1lower 1limit of this correlation. The error limits’ on the
empirical co;'xstants, 0.0314, 0.75.6 and 0.22 are, respectively, 0.003,
0.008 and 0.01. EcI 5.2 is a limiting form of subsequent correlationms,
Eqs. 5.7 and 5.11, which incorporate additional effects.

The value of the Red‘ eXponent; 0.756, is close to the 0.8 value for“
fully developed turbulent flow, as would be anticipatgd for a heat:‘
transfer surface of this siz_e. This exponent i7/also close to t};e
range, 0.7 to 0.744, obtained for S/w>7.5, S/H>2.9, by van Heiningen
[1982] for a single slot jet with H/w spacing of 2.6.

It is apparent from Fig. 5.3 and Table 5.2 that, except for small
distances from stagnation, Ru is not wvery sensitive to exte;'lt of heat
transfer area and passes througtl a flat maximum art;und S/w=9, S/H=3.6.
‘Thus the S/H exponent, -0.22 in the present case, could be either—
slightly positive or mnegative depending entirely on the ’—S/H interval
use;l. Thg. correlation for Nu of van Heiningen{1982] for ﬁ/w2.6 over
the range 1.4<S/H< 8.7 in fact predicts a maximum for Nu at about
S/H=4, which is consistent with Fig. 5.3.

* The objective of this preliminary work, validation of the new
technique for the base case of 1.'10 )Ehroughflow, is aéhieved’by the good
agreement obtained with earlier studies. Beyond that objective these’

results also add significantly to the knowledge of impingénetit heat

transfer without throughflow.

/
e
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5.3. IMPINGEMENT HEAT TRANSFER WITH THROUGHFLOW
- ‘The principal' operating condition‘s ané results ‘of experiments
conducted with throughflow and without significant impingement surface
motion effect are summarized in Table 5.4. Throughflow wvelocity is
expressed nor.ldimensionally as Mu,=p,u,/p;u,, the ratio of throughflo;v

mass velocity to jet mass velocity. -

9
5.3.1 Local Heat Trqnsfer

The enhancement of heat transfer due to throughflow considered here
refers only to the increase in convective heat transfer at the
impingément surface. Thus all heat transfer occuring between the
throughfiow air &and the permeable material below the impingement
surface is 1irrelevant to and is entirely separate from the convective
heat transfer at the impingex;lent surface.

Figs. 5.5 to 5.8 display tbe effect of imp.ingement sgrfaca
throughflow on lateral Nu profiles at H/w=2.5 for the Re; range 24600-
57300. The observation that over the entire profile the local heat
transfer coefficient increases- approxir;lately linearly with Mu, is ir;
agreement with the results of Baines and Keffer[1979] and Saad[1981]
for slot nozzles, and Obot.{1982} -fo.r a round nozzle,

A heat balance near the impingement surface, Fig. 5.9, indicates
that enhancément in c;onvective heat transfer due to throughflow is best
expressed in terms -of Stanton t?umber. Here q, and q; denote the heat
transfer flux at, rﬁspectivekf(; a permea'ble surface with throughflow,
and at an imp;rmeable surface. Assuming only fluid in the immediate

neigbourhood \o\f the surface is removed by throughflow and that fluid

lateral velocity is not appreciabiy affected, the difference, q,-q;, is

e
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Tab‘fe—m%atlng conditions and results for single jet heat
sfer w1th throughflow
E A Na
—— W or u
Re, Mv, Mu, T, T,-T, Nu, = Nu,,., .
o 8 10 12 14 16
16400 0.034 0.0 82.4 23.9 52.4 36.1 36.1 35.8 34.4 32.4 30.3
16400 0.034 0.0064 83.2 23.0 68.0 49.7 49.7 49.4 48.1 46.2 44,0
18100 0.033 0.0 59.3 12,0 57.7 39.6 39.5 39.4 138.0 35.8 33.5
17800 0.033 0.0055 59.8 11.3 73.5 54.3 54:2 54.0 52.6 50.5 48.1
17700 0.033 0.0139 61.1°© 11.2 98.0 77.2 77.2 76.5‘0 74.8 72.4 69,7
17700 0.033 0.0139 62.2 11.5 96.0 75.2 75.1 74.4 72.6 70.4 67.9
17100 0.033 0.0205 63.9 11.5 102.0  #%* 85.2 84.1 82/1 79.7 77.2
20400 0.035 0.0 86.? 27.3 55.2 40.1 40.0 40.0 38/7 37.0 34.8
20350 0.035 0.0055 86.3 26.7 66.0 52.4 52.1 52.3 51.3 49.5 47.4
20300 0.034 00114 86.6 26.2 82.0 68.5 68.4 68.2 67.0 65.2 62.9
20900 0.047 0.0 70.2 19.9 58.4 42.1 42.0 41.9 40.4 38.3 35.6
20750 0.047 0.0044 69.9 19.3 €7.0° 50.9 50.6 50.8 49.7 47.8 45.5
20640 0.046 0.0121 71.2 19.4 83.0 69.6 69.5 69.3 67.9 65.7 63.2
20000 0.045 0.0202 73.3 18.9 103.0 91.8 91.8 91.0 89.3 87.0 84.6
24800 0,023 0.0 -79.1 22.2 65.6 48.3 48.1 48.0 46.2 43.8 41.0
24800 0.023 0.0055 79.2 21.5 79.0 61.8 61.5 61L.7 60.5 58.3 55.8
24600 0.022 0.0094 80.0 21.4. 90,0 73.3 73.1 73.0 71.6 69.3 66.7
24450 0.021 0.0163 81l.4 21.5 106.0 89.9 89.4 87.6 85.5 83.1 80.7
35400 0.020 0.0 "57.8 12.4 84,9 64,2 63.8 63.9 61.6 58.5 54.8
35300 0.020 0.0032 58.5 12.1 97.5 76.6 76.0 76.5 74.6 71.7 68.3
35150 0.020 0.0068 59.7 12,1 116.0 94,2 93.4 94.0 92.4 B89.6 86.2
34900 0.020 0.0097 60.7 12.1 129.0 106.4105.9 106.3 104.5 101.6 98.5
34800 ©0.020 0.0121 61.3 12.1 137.0 117.0 116.7 116.5 114.5 111.7 108.5
45100 0.020 0.0 52.2 12.6 103.0 76.3 75.9 75.9:'73.4 69.4 65.7
44900 0.020 '0.0019 53.3 12,6 112.0 84.2 83.4 84.0 B81.8 78.4 _ 74.5
44250 0.020 0.0053 55.4 12.5 128.0 101.0100.1 101.0 99.1 95.9 92.2
57700 0.016 0.0 43.9 9.3 132.1 95,2 94.6 94.7 91.6 87,2 82.0
57500 0.016 0.0043 45.5 9.3 161.0 121.9120.7 121.8 119.6 115.8 111.1
57300 0.016 0.0043 46.8 9.3 161.0 121.0 119.7 120.9 118.8 114.9 110.4
56250 0.016 0.0074 48.9 9.4 170.0 141.0 139.3 1410 139.5 136.2 132.0 -
55700 0.015 0.0081 50.0 9.1 177.0 147.5146.2 147.3 145.1 141.4 137.2
55200 0.015 0.0086 51.0 9.2 180.0 146.4 145.0 146.3 144.4 140.9 136.8

. w

* Nu,, indicates off-stagnation maximum
** does nct display an off-stagnation maximum

)
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proportional to throughflow ve:.locity and to the temperature differe;tce,

Tt"Ta'
QP -4 = plu.cPu(Tt'Tl) . (5.3)

Dividing both sides by p;u,Cp,(T, -T;) gives

(hp-h, ) o psv, (T, :Tz)_‘

PyuyCpe  pyuy (T,-Ty)

or
St,- St; = C Mu, = ASt (5.4)

where the proportionality constant C includes the ratio (T,-T,)/(T,-TJ)
which is determined by near surface flow and heat transfer conditions.

Consistent with the above dnalysis, the increase in convective heat
transfer due to throughflow appears in Fig. 5.10 as the enhancement of
local Stanton number, ASt. For clarity Fig. 5.10 displays only the two
limiting cases from Figs. 5.5-5.8, i.e. highest Mu, at the lowest and
the highest Re; (Mu,=0.0163 at Re;=24600, Mu,=0.0074 at Re,;~57300). It
is shown in Appendix 2 that Stanton number is subject to-slightly
higher experimental uncertainty, +7.5%, than Nusselt number, +5%, as it
includes uncertainty in Re; .' A constant value of Pr, 0.7, 1s used.
Moreove‘r, as the data is differenced to obtain the enhancement, the
error bound for ASt is thereby increased to the order of +15%.

In Fig. 5.10, the terminology "approaching" and "leaving" defines
the direction of surface ,motion relatfve to the nozzle centerlinme.

4

Profiles of local Nu and ASt are represented consistently .with the ’
"approaching" side shown on the left, . As throughflow removes the air’
near the éurface, thﬁoughflow eliminates the cause for the slight.
asymmetry of local Nusselt number profiles, i.e. the boundary’ layeruc-)f

cooler air dragged by surface motion into the heating jet test'sectiorm.

7
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As local Nusselt number profiles thereby become more symmetrical with

’

throughflow, the enhancement of heat transfer due to throughflov;, ;St,
is consistently slightly larger on the 'approaching than the leaving
side.

The trend in these’ particular profiles for a slight maximum around
2.5w and a minimum in the region 4w-6w from st;agnai:ioq is typical of
all ASt profiles. As noted earlier the boundary layer transition, from
laminar to turbulent, begins at about 2.6w and is complete at ébox:tt Tw
from stagnation. Throughflow 1increases velocity and temperature
gradients normal to the impingement surface. In a laminar boundary
layer region, enhancement of heat transfer by throughflow is solely due
to the associated increase in temperature gradient at the surface,
analogous to the increase in coefficient of friction due to increase in
velocity gradient. However where the boundary layer is turbulent,
throughflow both increases the temperatui‘e gradient and decreases
turbulence Intensity near the surface, as documented for round and slot
impinging jets by Obot{1981] and Saad{1981]. Thus in a region of

laminar boundary. layer, the enhancement by throughflow is a maximum

where the boundary layer is thickest, but where the boundary layer is

turbulent these opposing ‘effects of throughflow lead to an increase of -

heat transfer, Fig. 5.10, generally léss than where there is a thick

laminar boundary layer.

5.3.2 Average Heat Transfer

The effect of throughflow on average heat transfer profiles for

Re;=35100 is expressed in terms of NG and ST in Fig. 5.11.  The

3

relative extent of off-stagnation minima and maxima, always less
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pronounced for average than for local heat transfer profiles, decreases

further yet with increasing throughflow; Fig. 5.11, for reasoné'd;scuss-
ed above. 1In the absence of throughflow Fig. 5.3 indicated that out- Jf
side the stagnation region Nu passes tﬁ}ough a flat maximum at about
S/w=9, S/H=3.6, at all Reynolds numbers. Fig. 5.10 and Table 5.4 show
that at all values of throughflow this flat maximum in Ru occurs for an
impingement surface of about the same half-width, S, of 9w or 3.6H.
Thus the highest average heat transfer is obtained for a surface which
extends about 2w beyond the 7w width needed in order to include the
secondary maximum in local Nu. . -

As the enhancement of local heat transfer by throughflow, ASt,
varies only to a limited extent with distance from stagnation, Fig.

5.10, the enhancement of average heat transfer, AST,is almost 1ndepen:
\

e

dent of distance from stagnation, Fig._5.11, ASt varies linearly with

the throughflow parameter, Mu,, independently of Re; and of extent of

i
NS

heat transfer surface, as expressed by

(5.5)

)

ASE = 0.18 My,
for H/w=2.5, in the range * 16400<Re,<57700, 0<Mu,<0.023 for heat
tran;fer surfaces of half-width, S, up to at least 6.4H, l6w. Eq. 5.5

expresses’ the important concept that the throughflow effect on average

. &
convective heat transfer is linearly additive. The completgﬂf”

experimental results of the present study shown on Fig. 5.12 indicates

o

that Eq. 5.5 adequately represents the measurements for this wide range

of throughflow and Reynolds number.

t . N N\
N

For a single unconfined slot jet with u,;=53m/s and H/w=2 at a -

constant u,/u; ratio of -0.0029, Baines and Keffer[1979] measured the-

local and average shear stress, profiles up to Ay/w=32"and similarly

. )
¢ - { >
- !




RSN 1?3?'-?;:821‘5
- T N

I
< 0.008
2- Rej H/w S/w
0.05 A 18400 = [1est1 8 12
§ 317500 Eq) 6.5 2.6 16
gﬂ-w-
)]
) 1<}3

Throughflow Paramster. Mu,

&
| E"%Vf l 0.0] 0.2 0.00

FIGURE 5.12. Effect of throughflow on enhancement of average Stanton number

LTT



RS A S AR T Sl U SN 4 T N e e ¥ G & BRI
IS Sk TR paH _H,_‘,“ adee :‘:\‘. ;\‘Y PRI HL

e 118

found that shear stress increased throughout the entire profilé by

roughly a constant amount due to .throughflow. For a moving -surface

they expressed the inc;ease in aver'age .wall shear stress due to

¥ . -

throughflow as

Tp = Ty = -Kkpu, (v, +V,) .

where V; is the mean free stream velocity.
It is possible, with some assumptions, to predict approxkimately the
> ) . .
effect of throughflow on heat transfer using Baines~ and Keffer's

measurements of the effect of throughflow on shear stress. In the
i “«
N -

present analysis relatively low surface velocities, i.e. v,<<¥,, are
~ considered because* throughflow on a rapidly moving surface has
\additional effects on the boundary layer, Section 5.4.2.2. For v, <<V,

the enhancement of skjin frict;ion due to throughflow, A:C'f'/Z, can be

expressed as

© ATy 'pus'—w?_f_

—y——
-

K - AST. .
2 puy Uy . . 1

e

Baines and Keffer “calculz’ated x=0.3 (iO.ll) from their hot wire

/

anemometry measurements of velocity profiles near the surface. Their
measurements show 9aat, —in the range 2<H/w<10, V, is equal .to at least o
- half the nozzle exit jet velocity. Hence one can obtain AT, /2 - AST =
0.15 Mu,. Although subject to the high uncertainty of the x va;lue, this -
predicted value for\lthe proportionality constant for enhancement of

heat transfer by -throyghflow, 0,15, is remarkably close to that found

N

iﬁ_\hg present study 8., ' . —
For H/w-8, 102Q0<Re,<29100 and with values of Mu, up to 0.01l,
R '
Saad[1981]) meastired 'the enhahcement of heat transfer by throughflow at -

—_ * ! N —
- a stationary surface under a single confined slot jet impinging on a

heat transfer surface of half-width, S, of 2.25H, 18w. The values of '
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Saad’'s average heat transfer represented on Fig. 5.12 were determined

by integrating local heat transfer out to §=1.5H=12w. * However his Nu

o N

profiles, ].‘ike those of the present.study, show that enhancement of
average heat transfer is not a function of width of the\heat transfer
surface. It is highly signif:icanE’ that in spite oé substantial
dicffere'nces between the two studies in terms of experimental techniqu‘es
as well as H/w spacing,' 8 vs ?.5, the agreement evident on Fig. 5.12 at

low Mu, values betweez/\ge present. data and thaﬁ of Saad is remarkably
q

.good. As Saad's techni ue "to measure heat transfer with throughflow

was susceptible to systematic errors which increased with throughflow
rate, only his data at low throughflo'w are considered reliable. Close
agreement; at low throughflow with Saad’s results indicates that over
the- H/whran.ge from 2.5 to 8 the - proportionality constant 0.18 of Eq.
5.5 1is, also indtapendent of H/w. Thus enhancement of average
impingement heat transfer due to throughflow may be estimated from Eq.
5.5 for 2.5<H/w<8', 16000<Re;<58000, O0<Mu,<0.023, for surfaces of any
half-width up to at. least S/H=6.4, S/w=16.

For' the ideal case of flow of a frictionless fluid of uniform
velocity and temperature over a permeable surface of uniform tempera-
ture, enh;mcement of convective heat transfer due to a uniform through-

flow is ASt=Mu,. In a boundary layer flow, however, the enhancement of
heat transfer, ASt, is proportional/ to rather than equal to Mu,. For a
flat plate turbulent boundary layer, Mickley et al.[1954] and Spalding
[1960] independently derived the following relationship for the ratio

of local convective heat transfer at a permeable surface with through-

flow, relative to that at an impermeable surface.

e -
“az,;{.) -
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St 'B » * Mu ' ‘
4 5 (5.6)

where B,

N

At very low throughf_low rates, Mu,<0.004, "Moffat and Kays[1968]
found agreement between Eq. 5.6 and their experimental data for effect
of throughflow on convective heat transfer for tutbulent flow over a

flat po‘rous surface. At highé“r throughflow, howeéver, their measured

3

/Stanton number was ~always lower than the theory. For turbulent

impinging jets, Eq. 5.6 also predicts much greater effect of
throughflow odn heat trénsfe{rf,”'than that1n{éasured ?’by Baines and Ket:fe:r
(19791, Saad[1981], wvan Heiningen[1982] and the ﬁresent work, For
example, according to th;\\ p;:esent? s‘tudy, Eq. 5.5, a St enhancement of
32.5% is expected for Mu,=0.0044at H/w=2.5 and Red-20860. The Mickley
and Spalding theory, Eq. 5.6 \prgdicts‘ a value of almost four times
higher than t'his, 116% . s bgundary layer development under an
impir;ging jet differs substantially from simple Béundary layers it is
not surprising that t:he~ simpl\'ifying assumptions of the Mickley-
Spalding theory lead to poor prediction of heat transfer enhancemenl'c by

- s
o Ed

throughflow. -

Because the throughflow effect on average convective heat transfer‘
is linearly adaii:ive, average ITusselt number with throughflow at the
impingement surface for no -intéiracting.multiple i:mpinging jet ,systems'

! -
as well as single impinging jlats from elliptically contoured entry

nozzles at' H/w = 2.5 can be estimated by ,combi./ning Egs. 5.2 and 5.5 ’

. Nu |
with the relation St = Re Pr ' tfa give /
Naly -0 = 0.0314 Re; "** g% )7°"** 4 0.18 Mu,Re,Pr (5.7)

valid qver the range 16000<Re;<58000, 0<Mu,<0.023 ard S/H from 3.2 to

at least 6.4. For H/w=6, an analytic expression for Ku as a function

of throughflow may likewise be obtained by combination of Eq. 5.5 with
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the. correlation of van Heiningen[1982] for Nu without thr:)ughflow at

H/w=6. For wvalues of H/w intermediate between 2.5 and 6, Fig. 5.4
indicates that linear interpolation for H/w in this range is within the
accuracy of experimental data available. For values of H/w between 6
and 8, Fig. 5.4 indicates that NG is essentially indep;andent of .;!/w.
The importance of these results for industrial application is

ai)parent from the finding that by uding Mu,=0.0121, the maximum value

"tested at Rey;=35000, the average convective txansfer rate may be

approximately doubled for heat transfer surfaces of any half-width, S,

over the broad range O0.8H-6.4H, i.e. 2v-16w. 'These S/w values
correspond to mnozzle areas in the range 3%-25% of the impingemenf:

surface. In this context it  is more informative to convert the
|
!

throughflow parame(t\er, Mu,, to the equivalent wvalues of the ratio,

throughflow rate to jet flow rat;e, Q;~Mu, /f-Mu, (25/w). Thus for heat
; X
transfer surfacpes of half-width, 8, in the range of 2w to 16w, the -use
. l

~of Mu,~0.0121 corresponds to removal by throughflow, Q,, of from 4.8%

to 38.7% of the jet flow. The ability to double the convective heat
transfer rate by removal as throughflow of from 5% to 40% of the jet

flow has considerable practical significance. In order to obtain the

same enhancement of KU -without application of throughflow, jet inlet

4

flow would have to l;e incréased ~250%. Addit'ioQal to this impxessive
b,d-

enhancement of convective heat transfer there is of course the further

~

large enhancement of total heat transfer by the mechanism of heat
transfer in the interior of such a permeable media, an aspect outside

the scope of the present study.
. R >
The present investigation extends substantially the only previous

éxperimental results availablé concerning convective heat transfer '

©
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. under slot jets impinging on surfaces with throughflow, Saad[1981].

Moreover, the good agreement between the present results and those of

Saad at 10;7 rates of throughflow adds confidence to the present ’results

v

which apply for throughflow rates up to twice those of Saad and for a
closer nozzle spacing, H/w, than any he used.

5.4 HEAT TRANSFER AT A MOVING IMPINGEMENT SURFACE

5.4.1 Heat Transfer at a Moving Impingement Surface Without Throughflow
/

7

Operating/ conditions and results given in Table 5.5 apply for
/

impingement/ surface velocities corresponding to quite high values of

the characteristic nondimensional mass velocity . ratio, Mv,-v,p./udpj,
up to 0.34.

5.4,1.1 Local Heat Transfer

For” jet Reynolds numbers in the range 18100-35400 the surface
motion parameter, Mv,, was varied from 0.029 to 0.34 by varying the

heat transfer surface velocity from 0,5 to 9m/s, i.e. from 20 to 362rpm
for the heat transfer cylindef. " The effects of surface motion on local

heat transfer profiles for H/w=2.5, displayed for two Reymolds ‘numbers
on Figs. 5.13 and~5.14, are

1.

Even the highest heat transfer surface velocities, v, =9m/s,
- i N
Mv,=0.34,

cause no significant variation in either the magnitude or\
B

location of the st;gnation heat transfer. ) .

- 2. The’ 1c3catio;1 of the off-stagnation minima and maxima are

displaced by a small but measurable extent in the

direction of
surface motion,

Fig. 4.12 of &éﬁe previous chapter shows that the
displacement in

position of the off-stagnation maxima compares well
oo
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. Table 5.5. Operating conditions and results for single jet heat
_,//{//—— transfer at a moving surface without throughflow
_ _ g for Nu )
Re, Mv, Ty Ty-T, Nu, Nu,,, Numf‘
8 10 .12 14 16
S N . )
18100 0.054 58.4 11.6 57.6 37.8 39.5 39.4 39.2 37.8 35.6 33.3 N
18100 0.119 58.8 11.9 53.8 35.2 36.5 36.5 36.2 34.9 32.8 30.6 '
18100 0.162 58.8 11.8 54.0 35.1 36.4 36.4 36.0 34.6 32.6 30.6
20400 0.035 86.2 27.3 55.2 38.1 40.1 40.0 40.0 38.7 37.0 34.8
. 20400 0.09 85.3 27.0 55.0 37.2 39.4 39.4 38.9 37.4 35.2 32.9 ’
) 20400 0.176 83.7 26.2 -55.8 35.4 37.4 37.4 37.0 35.5 33.5 31.5
20900 0.269 83.4 27.0 54.5 35.2 36.3 36.3 35.5 34.1 32;;//3075//
21200 0.34 79.5 26.9 56.0 34.7 35.5 34.8 33.5 32.1 30 28.7
- 21600 0.0?9 64.4 18.4 62.0 42.4 45.0 44.8 44,8 43.3 /ﬁ6.9 318.4
T 21600 0.102 64.9 18.8 56.0 37.9 40.2 40.1 40.0 385 36.3 34.1
21600 0.143 65.0 18.8 57.0 37.2 39.5 _39.5 9.1 -37.5 35.4 33.2
*21600° 0.199 65.1 19.0 58.0 36.8 38.8 38.8 38.2 36.4 34,3 32.1
21100 0.252 ¢68.8 19.5 55.0 35.9 37 .4 37.4 '36.4 35.0 33.0 31.0
35400 0.029 57.8 12.3 82.3 55.8 62.1 61.7 61.8 59.8 56.8 53.3
35400 0.06 57.7 12.4 81.3 S54.0 60.0 59.7 59.7 57.5 54.6 51.1
35400 0.077 57.7 12.5 78.0 52.4 58.2 57.8 57.8 55.8 52.9 49.5
. 35400 0.102. 57.7 12.5 81.0 ' 52.6 58.5 58.3 58.1 55.8 52.7 49.4
35400 0.145 57.7 12.4 78.3..53.0 58.1 57.8 57.6 55.4 52.1 48.8
35400 0.183 57.6 12.5 79.9 -51.2 56.0 S55.8 55.5 53.2 S0.1 46.9
35400 0.231 57.5 12.4 83.4 51.6 56.0 56.0 54.8 52.3 49.4 46.4
35400 0.285 57.6 12.5 B84.9 51.6 S55.0 54.9 53.6 51.3 48.3 45.6 {':‘3
* Nu,,y Indicates off-stagnation maximum

»*
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with the results of wvan Heiningenf1982] obtained with an impermeable

k]

Sensor.

y

3. With increasing Mw, the Nusselt number at both off-stagnation

=

minima decreases, but at the off-stagnation maxima Nru is not

g

significantly affected. ’ , _—

s

4 The largest effect of surface motion on local heat transfer is

a substantial change in the profile in the wall.jet region beyond the

off-stagnation maximum on the side where surfac4 motion is towards the -

nozzle centerline, shown on the left in all graphs. By contrast, -there
is little effect in the comparable region on the side where surface

motion is away from the nozzle centerline. 4 N
=5

These observations on the effect of Mv, in the absence of through-
flow reproduce those of van Heiningen[1982]. Impingement surface
motion affects boundary layer i)ehaviour, including “d‘estruction of the_
symmetry -~ which otherwise applies ‘to all flow and heat transfer
phenomena around the nozzle centerline. As pressure forces dominate

the flow in the stagnation region there -is less effect of surface

3
.

motion here. Transition to a turbulent boundary layer\*é't;irts at the
off-stagnation minimum, i.e. at the end ovf/ the region of" strong
pressure gradient in the. stagr;ation region, and ‘finishes at the.
secondary maximum. An increase in Mv, from nearly zero to its maximum
value causes this transition to occur at a distance from the nozzle
centerline about: 2w shorter and 2w longer for the approac‘hing-and

A - .
ledving sides, respectively. These shifts result from the
correspondir;g increase and decrease in velocity gradient at th; surface

due to surface motion on, respectively, the approach side, where surface

motion opposes the fluid motion, and the leaving side where aiding

P

®
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surface motion prevails.

Nusselt number for impinging jet heat transfer is defined on the
basis of the temperature difference (TJ -T,) While (T,-T5) character-
izes the AT for the system as a whole, local heat transfer is a
funct_:ion of local AT, a variable impractical to _use. The standard
definition of local Nu thereby takes no account of the local tempera-
ture driving force Thus profiles of local Nu over an impingement
surface are in fact profiles of local heat flux divided by a constant,
the syst;m AT, not the local AT This interpretation of local Nu
profiles as being in reality profiles of local heat flux provides an
understanding of the largest effect of heat transfér surface motion,
i.e. the large reduction in Nu (i.e. in heat flux) on the.appr‘oach
side, between the off-stagnation maximum and the far wall jet region.
The increase in shear rates due t;) opposing surface motion at the heat
transfer surface on the approach side in fact acts tu increase local
heat flux. But local AT, which is maximum at the nozzle centerline,
decreases with distance from the centerline. Thus on the approach
side, surface motion drags fluid from regions of lower local AT, thus
decreasing the local AT relative to that in the absence of surface
motion. On the leaving side, the same mechanism causes the opposite
effect. On the approach side, the effect of ;:his reduction of local AT
is. augmented by the equipment end effect noted in Sections 5.2.1 and
5.3.1, i.e. by the boundary layer of cool air which is dragged by the
moving impingement surface into the heating jet region through the
small gap between this surface and the skifilter plate. In the appr;sach

side wall jet area, these two effects tending 'to reduce local heat flux

evidently pr'édominate over the opposing effect of shear rate increase
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at the surface. On the leaving side, where there is no mechanism
analogous to tl;e approach side end effect, the two opposing tendencies,
i.e. enhancement of heat flux by the local AT effect and decrease by
»
the aiding flow effect on shear rate, evidently ap'pro:_:imately cancel.
According to this wview of near-surface heat transfer mechanisms,
the reductions in off-stagnation Nu minima at the approach and leaving
sides with increasing surface motion occur for different reasons. On
the approach side, the decrease of minimum Nusselt number - with
increasing surface velocity indicates that the effect on heat transfer
coefficient caused by the decrease in local AT by near-wall fluid’
dragged from the region farther out is more important than the opposite
effect of increase\in shear rate associated with surface motion
opposing the wall jet flow. On the leaving side the same two opposing
effects apply. However the boundary layer at{ and near the -stagnation
p.oint is so thin that there is little scope for increase in Nu by fluid
dragged with the surface from the region of higher to lower local AT.
Thus on the leaving side the dominant effect at the off-stagnation

minimum is a reduction in heat transfer as\\sociated with the reduction

in shear stress at the surface for the aiding surface motion.

5.4.1.2. Averapge Heat Transfer

At Re,=20800 the decrease in Nu in going from negligible to high
surface motion, Fig. 5.15, increases with extent of the heat transfer

surface for? which the average ' applies, a trend predictable from the

corresponding trends in local Nu, Figs. 5.13 and 5.14. The positions

of off-stagnation minimum and n;axim:.xm for local Nu on the approach and-

leaving sides are both displaced by about the same amount in the

b
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direction of heat transfer surface motion. Consequently the locations,

4w and 9w, of off-stagnation minimun and maximum of "average- profiles,
Ny, and N4,,,, Table 5.5 and Fig. 5.15, are essentially unaffected by
surface 'velocit;y just as Fig. 5.3 established-:that these locations are
unaffected ,\by Reynolds number, - . .

Average Nusselt number for H/w=2.5 was correlated for heat transfer
surfaces of half-width, S, in the range 3.2H-6.4H, i.e. 8w-16w, in the
form:

Nu = 0.0314 Re’"”®®(laMv, )" *° (%)‘“”, (5.8a)
over the range 16400<Re;<57700 and for Mv, values up to the high value
of 0.34. Eq. 5.8a converges to Eq. 5.2 for the limiting case of a
stationary impingement surface. For heat transfer surfaces smaller than
covered by Eq. 5.8a, in the range 1.2<S/H<3.2, i.e. 3<S/w<8; Fig. 5.15
!

indicates that Nu is effectively independent of S, " i.e. a modified

equation, 5.8b, applies for which there is no §/H term.

0,756 9

Nu = 0.0314 Re,

(L4Mv,)-%"® (5.8b)

For heat transfer surfaces narrower yet, i.e. for § less than 1.2H,

. 3w, the nonlinear dependence of Ru on S/H or S/w is ﬁi‘%??ided by Fig.

5.15. In practige there’ is typically less interest in this range

because at the 1limit S=1.2H~3w, the nozzle area is 16.7% of the

impingement surface, a value uneconomically high for most industrial
wy < pe
{ ’

application. Z

The Fig. 5.16 comparison with the results at the two H/w spacings,
2.6 and 6, wused b.y van Heiningen[1982], who did not present a
correlation of his results, 1is made by g;cpressing Nusselt number in é_

normalized f.orm, NG/NG]V thereby isolating the surface motion

()’
s
effect. The comparison of Fig. 5.16 is for a heat transfer surface of
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1

half-width, S, of 15w, i.e. for nozzle‘ farea equal to 3.3% of the heat

Al

transfer area. Relative to the line representing the Eq. 5.7 factor,

(1+Mv, )"°-89, the extent of scatter of the experimental data of the -

present study is quite good. The somewhat smaller decreases in Nu of
van Heiningen dérive from his finding some enhancement of Nu on the
le;wing side at high.er Mv, values, an effect not found in the present
study. More important, when calcu?Lated in this form the van Heiningen
data indicate nearly the same effect of Mv, on Ru for both his values
of H/w, 2 and 6. T.hus it appears that the Eq. 5.7 and 5.8 factor,

(1+Mv5)—o.89

the absence of data, may be used as the only guide available for valt:es
of H/w beyond’those limits.

For the study of ‘heat transfer without significant effect of
surfac;a motion, Section 5.2.1, the surfaceﬁ n;ot:ion parame‘ter, Mv, , was
kept less than 0.05, mostly, in the range 0.02-0.035. From the above
correlation it 1is now ;apparent that at Mvs'-0.0S, average Nusselt
number differs from that of a stationary impin’gement: surface by

indeed a small amount, <4%.

The decrease in Nu with increasing. Mv, observed here and by wvan

Heiningen[1982] is mainly due "to the reduction of heat transfer on the ’

side where surface motion is towards the nozzle centerline. By

contrast to the re.asults of these two studies. using confined ‘slot jets,
for unconfined multiple jets Iimpinging on a cylinder ‘Fechner[1971]
found that average heat t.ransfer) increased sligimtly with increasing Mv,
in the Mv, range of the present study. As pointed out earlier by van
Heiningen, this may be related tp the effect of entrainment of ambient

e

air -dn the absence of a confinement hood and to interaction of the
4

.
’

, can be used for spacings over the range 2.5<H/w<6, and in
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opposing wall jets from adjacent impinging jets which msecured in his
.equipment.‘ As most industrial ~ application/;' concern confined jet
systems, the effect ino Fechner's study attributable to the lack of
confinement limits  the significance of these results. Y;t another
factor which may have significantly enhanced his heat transfer rates,
especially at higher Mv, wvalues, is high surface roughness of his
cylinder, ~0.73mm.

In another study with a single unconfined slot jet impinging on a
rotating cylinder Baines and Keffer(1979] found no appreciable effect
of surface velocity on average wall shear stress for an averaging
distanse of Ay/w=32 in the range 0.01Mv,<0.2. The maximum 71-°imi‘t of
their investigation, Mv,=0.2, is however much lower than those of {he
studies of van Heiningen, Fechner and the present study.

Subba Raju and Scﬁlﬁndeg[1977] measured 1.5 to 2 times higher

average heat transfer rates when a slot jet impinged on a slowly moving
surface in;tead of a stationary one. In view of the heat transfer
rgsults of van Heiningen[1982] and the present study, which extend to
much higher heat transfer surface velocities,. it seems that: the
fir{dings of Subba Raju and Schlunder at relat:fvely slow surface

velocities; Mv,<0.1, are not credible.

‘Thus for the four preceding studies of jets impinging on a moving

-surface, the findings as to the effect of impingement surface motion

were highly contradictory. Subba Raju and Schlunder reported a 1arge
increase in heat transfe;;‘ with increasing surface velocity. Fech;\er
reported some increase. Baines anci Keffer found no effect of surface
motion on wall shear stress, which implies no effect on heat transfer.

Van Heiningen found a significant reduction in impihgement heat
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transfer with increasing speed of the impingemen surface. The good
agreement “between .the results of the presX:: st d’y and that of van
Heiningen, carried out with totally/differ t ex er1menta1 equipment
and 'heat: flux sensgrs, provides a definite answe at last to this
contentious question. It iIs now clear that heat transfer from jets
decreases substantially me ' t‘r;at for stationary surfaces when
impingement surface speed is increased to the range of some :'meort\ant
industrial app]:ications. For‘exa\n:lple, at the highest Mv, value: of
0.34, the appropriate term from Eg.’\ 5.8 is (14Mv, )-89 = 0.77. This
indicates a 23% reduction in NU relative to that for a stationary
impingement surface. Thus if the amount of heat transfer surface
required for an impingement surface movihg under a typical industrial
confinement hood at a‘vélocit‘y corresponding to Mv,=0.34 were to be
calculated usiﬁg Nu data for a stat;ionary surface, the result would be
an area too small by about 23%, a design error of substantial
magnitude, ' ﬁ

The present study thas also contributed an analytic cc;rrelation, Eq.
5.8, for the effect of impingement. surfate motion on average heat
trahsfer, a correklation o.f a form applicable beyond the specific“ H/w
spacing used. Finally, the agreemenf between the present results and
those of va,n Hgi%ingén for effect of surface motion provides another

- Py

validation of the new heat flux sensor of the present study which, i
v “'f .
the subsequent sectiaon, is applied to a case for which no previous

Lt

L]

experimental results exist.

'5.4,2 Heat Transfer with Throughflow at a Moving Impingement Ssrface

‘3

¢ Measurement of local and average heat transfer [for a jet impinging




on a rapidly moving surface at which there is throughflow has not
previously been reported because no experimental technique ex1sted fo /\

this difficult case.  Development in the present study of a unique

<

porous heat flux sensqr, Chapter 4, enabled invéstigation of “this
industriélly important pljoblé.m. '

In ordetr to cover a wide range of nondimensional parameters of
surface motion and throughflow for a jet with H/w=2.5, the local and

average heat transfer results were determined for a fixed value of Rey,

v

21000, a parameter thoroughly studied in the preced’ing sections. The

ranges of the surface velocity and throughflow parameters, Mv, and Mu,,

L)

are 0.035-0.348, and 0.0-0.02, res;ﬁectively. At the nozzle exit
velocity of 22m/s for this jet of ‘Red-21000, these ranges of Mv, and

‘Mu, c'orrespond roughly to a variation of surface velocity from 0.75m/s

to 8m/s, and throughflow velocity from 0 to O.4m/s. A summary of

\

operating conditions and results is given in Table 5.6.
R

’

l\
5.4.2.1 Local Heat Trans‘fer

The effect of throughflow on ic;cal heat transfer p.rofiles for quite
& high value of the surface motion pgrameter Mv,=0. 27 displayed on
Fig. 5.17 is analogous to the effect of Mu, at very low Mv, shown onwe
Figs. 5.5 to 5.8 The base case of Mu,=0 for a very low Mv, value,
b.035 .is .aé displayed on Fig. 5.17. Thus in the absence of
throughflow, Fig 5 17 shows the shift from the symmetr1ca1 profile for
the Mu,=0, Mv,=0.035 case, to the hlghly nonsymmetrical profile for
Mu,~0, Mv,~0.27. For this high speed of impingement surface, the

- \
remaining profiles of Fig. 5.17 show the effect of incréasing

throughflow at constant, high Mv, .

s
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Table 5.6 Operating conditions and results for single jet heat -

transfer at a moving surface with throughflow
] _ 2 for Nu

Re, Mv, Mu, T, T,-T, Nu, - Bu ¥, -

- .8 10 12 14 16
20900 0.047 0.0 70.2 19.9 58 42.1  42.0 41.8 40.4 38.3 36.0
20750 0.047 0.0044 69.9 19.3 67.0 50.9 50.6 50:8 49.7 47.8 45.5
20650 0.046 0.0121 71.2 19.4 -83.0 69.6 69.5 69.3 67.9 65.7 63.2
20000 0.045 0.0202 73.3 18.9.103.0 91.8 91.8 91.0 89.2 87.0 84.6
21600 0.2 0.0 65.1 19 56 . 38.8 38.8 38.2 36.4 34.3 32.2
21350 0.2, 0.0043 65.3 19 67 49.2 48.9 48.9 47.5 45.4 43.1 -
21250 0.2 0.0102 66.3 17.8 83 64.9 64.8 64.5 63.1 61.1 58.7
21150 0.2 0.0171 67.7 17.4 98 83.6 83.6 82.8 8L.0 78.7 76.4
21100 0.252 0.0 68.8 19.5 55 37.4 37.4 36.4 34.9 33.0 31.0
21050 0.251 0.0040. 69.1 19.1 61.5 46.5 46.4 46.3 44.8 42.8 40.6
21000 0.250 0.0092 €69.6 18.9 81.0 59.5 59.4 59.1 57.7 55.7 53.3:
20400 0.035 0.0 86.2 27.3 55.2 40.1 40.0 40.0 38.7 37.0 34.8
20350 0.035 0.0055 86.3 26.7 ,66.0 52.4 52.1 52.3 51.3-°49.5 47.4
20300 0.03%4 0.0114 86.6 26.2 82.0 68.5 68.4 68.2 67.0 65.2 62.9
20400 0.090 0.0 85.3 27.0 53.0 39.4 39.4 39.0 37.4 35.2 \32.8
20400 0.090 0.0051 85.1 26.1 63.0 -49.0 48.8 48.9 47.8 46.1 “43.9
20400 0.090 0.0111 86.0 26.2 75.0 62.1 62.0 61.9 "' 60.7 59.0 57.0
20200 0.086 0.0188 88.2 25.9 86.0 - ** 754 744 72.5 70.1 67.3
20400 0.176 0.0 83.7 26.2° 53.0 37.4 37.4 37,0 35.5 33.6 31.5
20650 0.175 0.0046 83.4 25.6 65.0 48.7 48.6 48.4 46.9 44.7 42.4
20650 0.174 0.0108 84.1 25.5 80.0 63.4 63.3 63,1 61.7 59.6 57.2
20200 0.172 0.0198 86.5 25.0 94.0 - 81.5 80.6 78.8 76.7 74.5
20850 0.270 0.0 - 83.4 27.0 54.0 36.3 36.3 355 34.0 32.2 30.3
20600 0.270 0.0066 83.8 25.6 67.0 51.7 51.5 51.4-50.2, 48.1 45.8
20600 0.270 0.0104 84.3 25.5 73.0 58.4 58.3 58.2 57.1 55.2 53.1
20500 0.270 0.0186 85.8 25.0 90.0 79.3 79.3 78.5 76.7 74.5 72.3
21250 0.343 0.0 79.5 26.9 S 55.0 - 34.8 33.5 32.1 30.5 28.7
21100 0.342 0.0057 81.4 24.9 67.0 50.7 50,3 50.2 48.7 46.5 44.3
20900 0.344 0.0106 82.8 24.8 80.0 62.2 62.2 61.8 60.3 58.1 56.0
20500 0.348 0.0161 84.1 _24.8 90.0 76.3 76.2 75.5 73.7 71.4 69.2

®
* NQ,,, indicates off-stagnation maximum =
** Does not display an off-stagnation maximum -
/ e
s



IRy
e

” o - A
150 — — :
Mue My Re; =20700
, ———— 00  0.035 H/w=2.5 ’
120 + 0.0 0.27 - .
.0 0.0066 0.27 ;
————— - 0.0104 0.27 ’
e | e 0.0186 0.27 ;

-4 A . -
J ; L R * . S e, : :
Z/ . el T e |
% Lo ,lr‘v\\ P et L : 3
@ 60 N/ PR AN S N e S S :
J ’ B
= &

0

-16 -12 TS -4 0 4 8 12 16
Distance from Nozzle Centerline, y/w

FIGURE 517 Effect of throughflow on profiles of local Nusselt number

for an impingement surface moving at Mv,=0.27




&

TR ST TRIIBUEAYN N 0 e A PRI TR S M A R AT IR T e
. ' - 3y P ole " - RN - * RO ’ e

e
e

)

138
“At high Mv, throughflow increases the distance out to the off-

stagnation minimum and maximum on the approach side, by as much as lw
in each case, while leaving the location of these features unchanged on
the ~leaving side. With high surface velocity, Mv,=0.27, the application
of throughflow shifts the locations of the off-stagnation minima and

maxima of the profiles back towards the symmetrical positions

3

corresponding to the base case of no throughflow and negligible surface

motion, Mv,=0.035. Thus throughflt;w at a speeding surface acts to
neutralize the effects of surface motion. Local heat transfer may be
affected by the boundary layer carried by a moving heat. transfer
surface. Application of throughflow removes bouhﬁary layer fluié,

hence counteracts this .effect of a moving surface. Thus throughflow

acts thr}Agh two mechanisms to delay the boundary layer transition to

tufb/lence that is signalled by the observed changes in position of

these off- stagnation features. Throughflow is known to suppress near-

-~

surface turbulence, and as well, througliflow removes fluid from the

boundary. - layer, thus delaying the onset of the instabilities in the

s}

thickening laminar boundary lz;.yer which ledd to transition. These
shifts in location of the off-stagnation features have the effect of

making more-symmetrical these profiles which, at high Mv, and without

throughflow, are quite asymmetric. The shifts are substantial on thé

approach side, where surface motion transpofts the boundary layer .in

’

the direction from wall jet to impingement region. On the leaving side

‘the. direction of transport starts from the stagnation point, where the

boundary layer is thinnest, hence the surface motion effect on the

leaving side is minimal.

Comparison of the enhancement of local heat transfer by throughflow

)

~

e



A

R
P

® 139
at high Mv,, Fig. 5.18, and at negligible Mv,, Fig. 5.10, shows that

" high surface motion causes a mdre pronounced minimum and maximum in ASt

“

profiles on the approach side while reducing these «fea.tures on the
leaving side. It was ;loted earlier thatJ surface motion, without
throuéhflow acts to decrease Nu at the off-stagnation minima aﬁd, for
the approach’ side, over .the region from the secondary maximm out to
the far wall jet area. From Fig. 5.18 it is seen that the enhancement
of heat transfer by throughflow is generally greatest in these regions.
At the _condit;ion of high Mv; -no throughflow, a mechanism for the large
reduction in local heat flux for the approach side is the fluid dragged
with the moving surface. Removal of such fluidl,by throughflow
elimifates this source of decrease in heat flux. However the higher
turpulenc'e levels produced by the higher shear rates with opposing
motion of - the surfac‘e and the fluid flow on the approach side, -is

suppressed by throughflow. Thus as Mv; increases, the turbulence

dam‘ping effect would diminish to some extent the heat transfer

. enhancement associated with boundary layer removal on the appr;oach

.

side.

For the high Mv,-no throughflow case, the Ileaving side minima of

the Nu profiles, Figs. 5.13-and j.14, reflect the reduction in heat

transfer caused by the increase in the maximum thickness of the laminar

boundary layer at this position. The withdrawal of boundary layer fluid

by throughflow thus provides a large potential for increase in heat

—

transfer in this region. Enhancement of heat transfer rate resulting

from this effect produces a broad maximum centered at ~4w from the

nozzle centerline, Fig. 5.18, as compared to the sharper maximum at

~2.5w on the ASt profiles for negligible Mvg, Fig. 5.10.
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In view of the interpretation giveh above it is of interest to

compare the effect of surface motion g@n) the heat transfer profile for
two cases, with just a very small thé ughflow, Fig. 5.19, and at no
throughflow, Figs. 5.13 and 5 14 The Fig. 5 19 c¢onditions of
Mu,=0.004 and Re;=21000, correspond to throughflow and jet velocities
of« about "0.08m/s and 22m/s. As the present study used values up, to
Mu,=0.Q02, the throughflow of Fig. 5.19 is very 1ov;. It is impressive
-that the presence of a throughflow velocity even as small as Mu -0 004
stabilizes heat transfer over the entire impingement surface, making

heat transfer with even a very small throughflow remarkably independent.
\

of surface motion This behaviour is in sharp ggntrast to the high

sensitivity to surface motion, Figs 513 and 5 14, in the absence of

throughflow. As boundary layer phenomena are central to determining

impingement heat transfer rates, it is not surprising that throughflow,

which so directly affects the boundary layer, plays this dominant role

5.4.2.2 Average Heat Transfer

Fig. 5.20 displays the effect of throughflow on profizes of average
"Nu for the Re; (=20700) and Mv, (=0.27) of Fig. 5.17. These profiles for
an impingement surface moving at high speed& show trends similar to
those for throughflow effect without surface motion, Fig. 5.11.'“. Thus

as enhancement of local heat transfer b}; throughflow is greatest at the

-
@

off-stagnation minimum, this minimum disappears with increasing
throughflow. The values /;)f the offystagnation N'ﬁn:u listed in Table
5.6 are seen to correspond to th[a very flat maxima displayed by the
profiles over the region near 9w, Fig. 5.20.

On Fig. 5.20 it is seen that the enhancement by throughflow of
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integrated mean heat transfer rate at an impingement surface moving at -
high speed is nearly independent of the extent of transfer surface, S.

—

This finding parallels exactly‘the throughflow eﬁxaﬁcgment behaviour ;l.n

the absence of surface motion effect;s, as illustrated by Fig. ‘5.11.

Thus the conclusion from Fig. 5.11, i.e. that the throughflow effect

on Nu for a stationary surface is.linearly additive to that without

through'flow, is seen by Fig. 5.20 to apply equally for an impingement
surface moving at high speedi
This heat transfer enhancement, expressed as ASE, appears on Fig,
5.21 as a function of Mu;, for the entire range of surface. moti-on
parameter Mv_. Fig. 5.12 established that, 'in the absence of surface
motion effects, the linear proportionality of ASTt with Mu, is ‘the same
at all Reynolds number. Fig. 5.21 establishes that for impingemeﬁt
surfaces moving at up to quite high speeds, the linear.proportionality
o, of AST with Mu, is the same at all values of Mv,. The linear relation,

Fig. 5.21, for the effect of throughflow on average heat ktransfer for

any surface velocity up to maximum‘value used, Mv,=0.35, is -’

. AST - 0.17 MvL‘xB ) (3.9)
for H/w=2.5 and Re;=21000, over the range 0<Mu,<0.02, end independent
of extent of the impingement heat -transfer area over the experimenta]:
range of S up to 6.4H, léw.

Fig. 5.12 establishes that AST is independent of Re; over the range
1600b-58000, and is represented l?y ‘Eq. 5.5. Fig. 5.21 establishes that
AST is inde;.)endent of Mv, up to the maximum value tested, Mv,=0.35, and
is represented by Eq. 5.9. As there 1is no significant difference

between the slopes of Egs. 5.5 and 5<9, the enhancement o/f heat
{ N .

transfer by throughflow applicable over the entire range of Re;, Mv,
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and S/H tested may thetefore be expressed by the single relation.

0 . | . ASE = 0.175 My, (5.10)

‘Average Nusselt number under a confined slot jet at a, spacing of ~

P

H/v;=2.5 and subject to the combined effects of surface motion for Mv,
up to 0.35 and throughflow for Mu, up to 0.02, for 16000<Re;<58000 and
with an extent of heat transfer surface in the range 3.2<S/H<6.4 (or

8<S/w<16) can therefore be predicted by combining Eqs. 5.8 and 5’.10, —
@

0.89 ,S -0.22 o 19c Mi,Re,Pr | (5.11)

(ﬁ)

0.7686

Nu = 0.0314 Re (L+Mv, )~
The signifilcance of this correlation incorporating)al-l_effects on
average heat transfer for confined slot jets can be illustrated by a
sample case, tor the limiting ve;lues of Mu, and Mv,, OF-O.O?. and'0-0.35
respectively, for which Eq. 5.11 is valid. For a jet with Re;=20000
impinging or; a surface 18w wide, i.e. whiclwu—extends’Qw'to each side of
- the jet nozzle centerline  thereby giving a nozzﬁle open of 5.6%, the(i\ )

}

values of Nu predicted by Eq. 5.10 are,
Lo

s

Mu, MV; Na for S=9w
0 Ol- 42,2
0 0.35 32.5
0.02 0.35 §8b.2
0.02 0 89.8

» ‘

Thus when throughflow is applied _at the stationary heat transfer

surface to achieve Mu,=0.02, which corresponds to removal- through the
impingement surface of 36% of jet inflow, hé;t transf.er is enhanced .by
about 110% relative to the mno throughflow case, When thé impingement -
surface without throughflow moves at a high wvelocity such that -
Mv,=0,35, the average heat transfer is 23% less than for a stationary

surface. However if the same throughflow, Mu,=0.02, f.e. 36%  of the
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jet flow, is applied for the case of the -high speed (Mv,=~0.35) heat

transfer surface, then the heat transfer enhancement due to throughflow

is 150%. The higher relative enhancement of average heat transfer by
throughflow when surface motion is present, established by the result:s
of this study, is particularly promising for industrial applications
which combine impingem;ant heat transfer with throughflow at a heat
transfer surfa;:e moving at relativ;aly high speed.
B
5.5 CONCLUSIONS

Both local and average heat transfer under- a confined slot jet
impinging on a moving surface with or without throughflow at the
surface was determined for a jet spacing of H/w=2.5 and over the ranges
of 16000<Re,<58000, 0.0<'Mus<0.02 and 0.02<Mv,_<0.35.

The reliabilitfof the present experimental .gethods was tested
through use of opera}:ing conditions which have been studied previously
to some extent. As the experimental facility provided the capability
of operating with or without either throughflow or impingement surface
motion effects, three combinations were wused in the wverification
experiments, i.e. operation with neither of these effects, and with
each effect in the absence of the other. In all cases good agreement
with previous results was obtained, thus confirming the reliabilit"_yn of
the experimental techniques. Moreover these mnew results extend
substantially the published informatidr‘l‘ concerning these cases.

-
In addition to local heat transfer.profiles, complete profiles of

average heat transfer were obtained with and without surface motion -

effects, and Vith and without throgghflow. Correlations of analyt}cal

form for average heat transfer were determined for heat transfer

&

i
h
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surfaces of half-width, 8, in the range represented by 1.2<S/H<_g.4 (i.e

3<5/w<16). The corre,',;ponding"range“ of nozzle open area is 16.7% down

to 3.1%. Although in practice heat transfer surfaces smaller than this

P

would probably be avoided as uneconomical, average heat transfer over

) smaller surfaces may be determined from the graphical relations.

provided. The confined single jet correlation obtained in this study
may be used also for a confined multiple jet éystem with individual
jets spaced sufficiently apart that their Interaction does not
significantly affect i'geat transfer. According to Saad[1981], that
requirement is satisfied for S/H=1.5. ‘

For impingement heat transfer without surface motion effects, the
effect of throughflow on convective heat transfer is linearly additive

RN

to the heat transfer without throughflow. 'This proportionality for
avélrage heat transfer 1is Independent of both Reynolds number' and ‘slze
of the heat transfer surface. :I'he proportionality of convective hdat —— __
transfer to the nondimensional throughflow parameter .is much less than
the Mitkley-Spalding prediction. The reasons 'for this discrepancy are -
identified. -

-

The present study contributes a method of using measurement of the

effect of throughfl;ov'r on shear stress at an impingement surface’ in
order to predict the' effect of throughflow on 1mp1ngemept .heat
transfer. Rather surprisingly, this p'redictiobn“is within 20% of that ,"uu
measured experimentally. .

The present experimental results for effect of throughflow without
surface motion effects extend to throughflow rates about twé times af |
high the information available from the only previous such

~

investigation, Saad[1981].
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- For a confined slot jet 'impinging c;n a surface without throughflow,
tie addition of surface .Velgcity was found to decrease average heat
transfer, a re’sul;: whichq corroborates the finding of wvan heiningen
'[1982]. Thus the present results substantiate that the heat transfer
measurements of Fechner[1971] and Subl;a Raju and Schlund;ar[1977] and
the wall sl:xear stress measurements of Baines and Keffer{[1979] provide
misleading guides as to the effe¢t of speed of a moving impingement
surface on heat transfer rate. The correlation for effect of surface
motion on &:rerazge heat transfer,. Eq. 5.8, shows that designing the
heat transfer area for a rapidly mov‘ing impingement surface (Mv,=0.34)

using data available previously for stationary impi’n%ement surfaces

would lead to underestimating the required area by 23%. One major

industrial process with a moving impingement surface, the Yankee dryer
for iirying paper, is operated in this range of Mv,.

" The most important contribution of this study is the measurement of
convec.tive heat transfer enﬁjancement due to throughflow* at a fast

moving impingement surfaceé. The measurement of profiles of local heat

transfer with very high spatial resolution serve to identify flow and

heat transfer effects in the boundary layer that are associated with
[ )
&

throughflow, surface velocity and the combination of these conditions.

As the main interest from an e;pplication point of view Is iIn average
WA heat transfer, this was determir?ﬁs _in . the form of an a,nalirtic
‘correlation, Eq.* 5.11. . The results_\\esthblis‘h that .tht; enhancemént of
average heat transfef, expressed as ASE, is linearly additive t;o 'the
heat transfer without throughflow, and that this proportionality is a

function only of throughfi’bw rartio,. Mu, and, over substantial limits,

is independent of My, , Re; and extent of the heat transfer area. Close
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agreement with results at low Mu, values of Saad[1981] rfqr a stationary

impingement surface at H/w=8 indicates that this correlation for ‘
throughflow effect should apply, also for Hyw spacings over the range

2.5 to 8, which covers the extent of major industrial interest.
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CHAPTER 6 | \

HEAT TRANSFER UNDER MULTIPLE SLOT JETS IMPINGING ON A MOVING SURFACE
WITH THROUGHFLOW

6.1 INTRODUCTION

This e,xperimental investigation relates to the industrial
importance of systems of impinging multiple jets for achieving high
rates of heat transfer at rapidly moving surfaces. In practice, moving
impingement heat transfer surfaces may also be permeable, as in the ®
drying of paper. The case of a permeable impingement surface provides
the possibility of inducing lt:hroughflow at the sx‘.\r;‘ce in order t:oo
further enhance l}eat ‘transfer rates. - Industrial impingement heat
transfer systems involve multiple jets, and these generally cannot be
unconfined. Thermal efficiency requirements normally dictate the use
of .a confinement hood which retains the impingement flow and which
permits heat recovery or reuse of the spent flow. The present study is
the first td provide heat transfer rates for a confined system 9f
multiple slor't jets impinging on a permeable moving surface at which
there can be throughflow. e

In the use “of multiple jets, one basic design feature is the

location of the ducting to exhaust the spent flow from the impingement

-system. In the arrangement chosen here, the spent flow exhausts at the

confil.r_lement hood through slot ports which are located symmetrically
between the ,slot jets and at a jet centerline-to-exhaust centerline
spacing, S, This location of exhaust ports eliminates t:l;e detrimental
effect of crossflow on impingement heat transfer, Saad[1981],

Ahmad[1987]. -Such a multiple slot jet system consists of repeating
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- ‘
flow cell units, each of width § and depth H, the confinement surface-

to-impingement surfécg_ spacing. As three variables §, H and the jet
nozzle width, w, define the geometry of this confined multiple jet
system, two independent nondimensional ratios define geometrically
similar jet systems. One universally used ratio is the nozzle-to-
impingement surface spacing, H/w. In his investigation of confined
impingement system with a stationary heat transfer surface andrwith
slot jets alternating with slot exhausts, Saad[1981] demonstrated that
the appropriate choice for the second‘nondimensional ratio_ is S/H, the
aspect ratio of the repeating flow cell units in such systems. He
found that for. S/H>1.5, multiple slot jets become equivalent to an
assembly of no;x-interacting single jets while for aspect ratios below a
critical value of S/H=0.7, the adjacent impinging jet amd exhaust flows
are sufficiently close that the flow and heat transfe‘r characteristics
are affected over the entire impingement surface.

Based on data for a wide range of jet Reynolds num&er, Re;, (3000-
30000) and geometrical parameters Saad obtained aﬂ general correlation
for average Nusselt number, Nu, which indicated that jet max imum value
vgopl@"be obtained for a multiple jet system with geometrical parameters
H/w=5, S§/H=0.5. Howe:rer these are only predicted conditions for
maxi;num Ru because this H/w-S/H combination was not included in the
experimental study of Saad for a stationary impingement surqfvace, noxr
indeed of any other investigator. 1In view of the above noted aspect
ratio critical wvalue, S/H=0.7, thﬁe predicted condition for maximum Ru,
i.e. S/H=0.5, evidently corresponds to a multiple jet system in which

the entering jets and leaving spent flows interact significantly.

The present study was thus undertaken to examine the -effect of
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throughflow at a surfa;:e moving at high speed under confined .multip'le-

impinging jets. The particular system used was chosen to provide the .
first? experimental measurements of heat transfer at values of the
géometr‘ical 'parameters H/w and S/H for maximum impingement heat
transfer rate. The range of operating variables was selected so that

the results would be relevant for an important industrial application,

the drying of paper. Local heat transfer rates under the multiple jets
were measured with the unique heat flux sensor, Chapter 4, for a moving
surface at which there may be throughflow. The principal fixed

dimensions were H=50mmm, S=25mm, w=10mm, and the range of wvarious

parameters is given in Table 6.1.

Table 6.1 Range of parameters

w  (mm) 10
H/w "5
S/H 0.5
- T, Ty (& 9 to 23
i Re, 8100 to 25800
uy (m/s) - 13.8 to 40
u, (m/s) 0 to 0.4
\A (m/s) Q.45 to 8

Heat transfer under multiple jets but without either throﬁghflow or
effects of surface motion is discussed in Section 6.2; the effect of

throughflow without surface motion effects' in Section 6.3; and the

‘fi, Lo /
o - \
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effect of surface motion with and without throughflow in Section 6.4,
o - |
6.2 HEAT TRANSFER WITHOUT THROUGHFLOW- OR IMPINGEMENT T
SURFACE MOTION EFFECTS

These experiments without throughflow were carried out at
sufficiently low values of the surface motion parameter, Mv, (<0.05),
to make ’the effect of surface motion on heat transfer negligible.
Table 6.2 summarizes operating conditions and\Heat transfer results.

The profiles of local heat transfer, Fig. 6.1, gorrespond to three
jets located at positions, y, of -5w, 0 and 5w: or -1H, 0 and 1H,
relative to the centerline of the middle jet, with the exhaust ports~t
located symmetrically at -7.5w, -2.5w, 2.5v and 7.5w, or -1.5H, O.5H,
0.5H and 1.5H. The off-stagnation minima and maxima seen in 1local
profiles of single impinging jets over this range of Re; with H/w=5 do
not occur for jets as closely spaced as in the present case with
S=2.5w=0_5H. For a stationary impingement surface, Saad[1981) sﬁowed
tﬂat in flow cells of aspect ratio as narrow as S/H=0.5, interaction
between jets and adjacent exhaust flows acts to depress jet centerline
Nu by -~10% and to enhance exhaust centerline Nu by ~25§ relative to
profiles of Nu for a single jet. Fig. 6.1 demonstrates -these two

A
effects by reference to the Nu profile of Saad{1981] at H/wihfgy.e. at *J

Y

a nozzle-to-surface spacing which closely corresponds -to H/w=5, .
Because of these two effects the Fig. 6.1 profiles are more uniform

than for the equivalent single jet. Thus a system of multiple jets as

q%osely spaced as that of the present study yields wvalues of average

-~

and stagnation Nu number within 10%, Table 6.2.

-

Average Nu number, the main interest of the design engiﬁeer, is

AY
L) .
o



Table 6.2.

L]

6perating conditions and results for multiple jet heat

transfer without throughflow or impingement surface

motion effects

Re, M, T T, - T, Nu, Nu
8100  ©.038 39.7 18.8 48 48
“ 8200 0.039 37.1 10.2 45 T 4104
10350 0.038 36 9 22.3 57 51.5,
‘ 12000 0.026 38.3 18.5 60 55.8
16200 0.024 34.6 10.8 75 68.7
20000 0.027, 35.3 9.4 83 76.9
20600 0.023 27.8 14.8 84 77 7
25800 0.019 25.3 9.3 97 90.4
&

Y3
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obtained by integrating the local heat transfer distribution for the

middle jet over the heat tra;sfer st.irf.ace of width 28, i.e. from‘-2.5w
to 2.5w, from -6.51—1 to 0.5H. Thus each exﬁerimental profile of local
heat transfer yields one value of average Nusselt number. S;aad[1981]
demonstrated that the center slot jet of a thr.ee-jet system is
representative of a jet in multiple jet array.

In Fig. ‘6.2, the results for average heat transfer at H/w=5,
S/H=0.5 .';15 a function of Re;. are ;iisplayed with the results of
correlations proposed by Saad[1981), Martin and Schi\;lnder[1973], Schuh )
and Pettersson[1986] and Gardon and Akfirat{1966]. The range of

validity of the geometrical and flow parameters of these correlations

is shown in Table 2.2. Saad’'s correlation is for H/w28 but by

" reference to his data for H/w=4 he concluded that a 5% increase in N

above that for .H/w=8 would constitute a satisfactory estimate of Nu at
H/w=5. The Fig. 6.2 line for Saad corresponds to this recommendation.

Gardon and Akfirat's correlation is limited to a percent open area of
.

nozzles, £=<6.25% and to H/w28. The values of the present study, H/w=5,
S/H=0.5 or £=20% aré outside these 1limits. Since Nu is not much
affected by H/w over the range 4<H/w<8, Ru at }i/w-S, S/H=0.5 should be
approximated by Nu at H/w=8, S’)H-O.5, for which f=12.5%. Thus the-1line
for Gardon and Akfirat[1966] on Fig. »6'2 corresponds to their

correlation evaluated at H/w=8, f~=12.5%. As the gorrelations of Schuh

and Pettersson[1966] and Martin and Schl{zndeplll973] apply for the

conditions of the pﬁesent study, i.e. for H/w=5, S/H=0.5, f=20%, these

i

correlations can be applied directly. \1 . i

\ s

Schuh and Pettersson[1966] and Gardon and Akﬁirat[1966] _studied

~

unconfined multiple ‘jets while Saad[1981], Martin Qp{smmnderugn]

e
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and the presernt study used confined jets. The experimental system of

’

Martin and Schlunder introduced a deleterious crossflow effect from
e
their design of exhausting the ‘?pen—tjair in the transverse direction at
two ends of the slot jets. Thus it is as expected that, as indicated
by Fig. 6.2, their correlation gives the lowest heat transfer rates.
As this type of crossflow exhaust also causes a second disadvantage )
i.e. no:'luniformii:y of heat transfer %h the cross machine directior{,
this, arrangement is unacceptable foif those industrial applications
where uniformity of the dried product is essential, for example paper
drying. The other studies exhausted t:h;e spent air between the jets,
without crossflow, in the direction normal to the impingement surface.
Heat transfer data from uncorfined jets generally provide an unreliable
basis for designing confinéd imping;amenc systems because unconfineéi jet
heat transfer is subie/t to several effec;:s specific to the equipment

used, i.e. the relationship ‘between three temperatures- nozzle exit,

impingement surface, amgient- as- well as equipment dimensions near the
nozzle exit that influence t\he amount of ambient air enftgi}x—égﬁt& the
jets. ‘However the closer the internozzle spacing, §, in a multiple jet
system, thé 1e§s is the deviation of unconfined jet results from the
performance characteristics of a confined jet system. With a flow cell

aspect ratio, S/H, as small as in the present case, impingement heat

transfer without confinement should differ less than usual from, that

for confined jets. Thus for the case ..of very closely spaced jets, Fig.

6.2, the um;onfined—jet results are never more than 10% lower than
results with a confinement hood. I}'x most industrial appiicat'ionsu ,
including paper drying with impingement sjstems\, use of confined jets
is essential for containment and recovery of spent air ;:o a‘chieve good

9
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thermal efficiéncy. . . -
The following correlation gpplies for the results of the present
study at H/w=5, S/H=0.5 in the absence of surface motion effects
~ 0.0938 Re’**"* | (6.1)
for 81002Red<25800. This equation is the limiting form for Mv,=0 of
the:‘lsubsequent correlation, Eq. '6{: which includésf)the surface motien

A

effect. The Re; ,exponent,‘ 0.679, is in .the middle of the range of all

~%

other studies, i.e. from 0.598 (Schuh and Pet;ge'rsson[1966]) to 0.8
» < .
(Saad[1981]), Table 2.2, %

From his .correlations . Saad{1981] predicted that average heat
transfer rate would be a maximum at H/w=5 and S/iI-O.S, but it is

-

important to note that he made no measurement of heat transfer with
this combination of H/w e;nd S/H. ' For narrow flov; cells, of as:pect
ratio-, ;!S/H, in ;:he ranée 0.375-0.75 Saad's experiments were all for
much lai'ger spa_ciﬁgs, in the range hsﬂ/ws?a At H/w=4, the narrowesvt‘:‘
aspect ratio used by Saad was S/H-l.S; and multiple jets spaced this
far apart act effectively as single jets. For Red-l.OSOO Fig. 6.3
compares‘ the Nu wvalue from the present study with Saad’'s results.‘ The
observation of 'éaad' that the maximt.:;? in RQ@ occurs betweer: spa.cings,
H/w, of 4 and 8 1is substantiated by the measurement of present study at
H/w-S. The"line for N_ at H/w-5 ?resumably parallels the lines on Fig
6.3 for other values of the H/w spacing. - In conclusion, for a system -
) of multiple confined slot‘ jets interspaced symmetrically \wit;.h slot‘
exhaust ports the present study. provid,es{ _the fir%t exper‘imental measure-
ment of NU for H/wm5, S/H-O 5, and this measurement, .made over a rangé'

of Rej, is consistent with the prediction by Saad that the highest i

would be obtained for a system with tl7e Spacings H/w-S S/H=0. 5

.
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6.3 HEAT TRANSFER WITH THROUGHFLOW
The effect o% throughflow on local aitld average heat transfer under
single slo‘t‘: jets has been studied bs ,Saad[19‘81] for the oase of a
stational:y heat transfer surface, and with and without the effects of '
impingemeht s%f'ace motion in Chapter 5 of the present .study. Saad
varied t;hrougkgly}velocity from O to 0.3m/s in the Re; range of 1026.()-
29100 for a heat transfer surface of half wiéth, S, of, 2.251{, ]T8W
In the present case, the effect of through_flow on heat t;ransafer
under multii)le jets was studied by varying the throughflow parameter,
. s over. the range 0 to 0.0235 for values of Re; of from 8100 to
25800. These limits of the nondimengional parameters correspond to’
throughflow v-eloc,iti\es from 0 to 0:35m/s and nozzle exit velci'cities
from 15.6m/s to 47.7m/§ At the ‘maximum value of the throughflow

parameter, Mu,=0,0235, only sbout 128 of the jet flow is removed

/
through the heat transfer surface. Operating conditions and results
‘ n 3

[y

are summarized in Table 6.3.

' For each value of the'g:hr'oughflow parameter, Mu,, every ;’:rofil:a of

X

local Nusselt numbex under mﬁltiple jets, when compared to profiles
determirled with no throughflow, - were found to increase by a uniform

amount over the entire impingement surface. Sets of profiles of local
7

Nusselt .number at warious values of My, ,are not shown because visually
-

they are indlstinguishable from sets of local Nu profiles at various

Red, _Fig. 6.1. This effect of throughflow on local profiles of

multiple jets is consistent with the throughflow effect: for single jets
gs reported by Saad and by the present (study, Section 5.3. 1
The enhancement of heat transfer by»th:\:oughflow. is most appropri-,

ately expressed in terms of Stanton number for' reasons .documented for

;
— s

’
6
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Table 6.3 Operating conditions and results for-multiple jet heat
+ transfer with throughflow

. Rey: M, Mu, T, T, -T, Nu,’ Nu
8100 0.038 0.0 39.7 18.8 48~ 42.8
8100 0.038 0.0071 39,7 20.5 54 49.0
8200 0.039 0.0 37.1 ©10.2 45 41.4
8180 0.039 0.0063 37.6 11.0 50 46.9

" 8130 0.038 0.0159 38.5 11.4 60 57.2
8120 0.038 0.0159 39.1 11.6 57 55.3
7900 0.037 0.0235 40.6 11.9 65 63.1
10350 0.038 0\0 36.9 22.3 57 51.5
10350 0.039 010060 36.8 22.8 66 59.4°
10320 0.037 0.p125 36.8 22.8 73 " 68.1
12000 0.026 0. 38.3 18.5 60 55.8
12000 0.026 0.0063 38.4 19.3 | 67 ° 63.1
11700 *.  0.026 0.0109 38.7 19.9 69 65.9
11900 0.024 0.0184 39.8 20.1 78 73.8
16200 0.024 0.0 34.6 10.8 75 68.7
16050 0.024 0.0038 35.0 11.4 80 74.8
16000 0.023 0.0079 35.9 11.8 89 82.0
15750 0.025 0.0114 36.6 12.0 95 87.7
15950 0.024 “.014 37,0 12.1 96 91.0
20000 - 0.027 0.0 35.3 ° 9.4 83 76.9
19930 '0.027 0.0027 35.8 10.0 91 81.9
19700 0.027 0.0068 37.4 10.3 97 90.4

~ 19600 0.026 0.0099 39.0 10.5 . 105 98.0
19500 . 0.026 0.0116 39.9 10.6 106 . 99,5
20600 0.023 0.0 27.8 11.8 84 77.7
20550 0.023 0.0022 28.5 12.2 89 - . 81.6
20380 0.023 0.0062 36.1 12.8 94 87.5
25820 0.019 0.0 25.3 ‘9.3 97 90.4
25700 0.019 0.0051 26.3 9.9 110 105.1

. 25550 0.019 0.0051 27.5 10.6/4, 108 102.2
25400 0.018 ~0.0086 . 29.1 10.4 1100 108.3
25000 0.018 0.0095 30.7" 10.2 114 > 110.0

' 24860 0.018 - 0.0101 31.7 10.1 115 . 112.3

-
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single jets in Section 5.3.1. Fig 6.4 shows that for multiple jet§,
~ - .

g N N
the enhancement of average Stanton nu}_‘ﬁber due to throughflow is’a
linear function of the throughflow parameter, Mu,,
o —
(6.2) ’

1

ASE =0.16 Mu, 3
Moreov.er, the 1i:near rélationship betwegn AST and Mu, is- independe.n‘tw—'
of Re; for a multiple confinzd slot jet system at H/w=5, S/H=0.5, just

; AR
as was found in Section 5.3.1 to be the case fox: a sin'gle_—slot jet.
Compariso? of Fig. 6.4 and —Eq. 6.2 for this mu}.tipjl.e confined jet o
systém with Fig. 5.12 and Eq. 5.10 for a si’ngie gonfined jet at H/w=2.5
and with i’neat transfer surfacestof: half-width, §, up to 6.4H, 16w,
shows that essentially the same pi"oportiona‘l\iéy factor, ASf/I@g,,
applies for the single and multiple jet cases. The line on F'ig. 6.4 -
re{oresenting the single -jet results of Saad for Mu,<0.012 agrees at
lower \ialues. of Mu, and d’ive‘tgﬁés at higher Mu, for fegsons given in .
Section 5.3.2. It is striking that the proportionality'between average g
convective heat transfer enhancement and the throughflow par&juneter‘,

Mu is essentially the same for a single jet and for very c1;>s.e1y

-

E@aced multiple jets, over a wide range of Re; and width of heat trans-

fer surface, and for nozzle spacings, H/w, over the range 2.5 to 8,
11

As enhancement of heat transfer due to throughflow is- a linear’ .

function of throughflow velocity, u

which must be removed through' the surface, 'Q,—Mu./f, ‘to produce , &

, the fraction of the jet flow rate

'

particular amount of heat transfer enhancement, ZA3E, 1is inversely

proportion:al to the fraction open nozzle area, f. Hence the present
! . . ' y

'arrangement of closely spaced multiple jets, S/H=0.5, S/w=2.5, £=0.2, o

chosen for the. objective of -achieving the highest average heat transfer

rate, has also the advantage of producing a high ratio of heat transfer

.
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enhancement to the. fraction of jet flow removed as throughflow, Q,. For
example, for }}e_j =25800 with as 11{:t/1e as 12% of Q, average heatq trans-
fetr.enhances 75% as compared to a 16% enhancement in a widely spaced
jet system\ with S=6.4H, calculated using Eq. 5.11 for a single jet at
H/w=2.5. ° '

As the throi;ghflow effect on convective -heat transfer is linearly

additive, a;Ierage Nusselt number in the presence of throughflow for a

multiple confined slot jet systerﬁ at H/w=5, _S/H=0.5, obtained by
L)

combining Eq. 6.1 and 6.2 with the relation St-ﬁ—e—N%E, is,
" Nu~ 0.0938 Re;"°"°+ 0.16 Mu, Re; Pr (6.3),

-

for 8100<Re,;<25800 and 0.0<Mu,<0.0235. Excellent agreement between

y
this correlation and the experimental measurements over the entire
o~

experimental range of Re; 1is demonstrated with Fig. 6.5. Further
discussion of the effect of throughflow is deferred to the following
section where the combined effects of throughflow and surface motion

kY ¢

are treated. . .

e
\%t

6.4 HEAT TRANSFER AT A MOVING IMPINGEMENT SURFACE

6.4.1. Without Throughflow - ;

. Operating conditions and heat transfer results for the effect of

impingement surface velocity on multiple jet heat transfer are given in

-Table 6.4. Surface veloeity was varied to achieve values of the

nondimensional surface motion parameter, Mv,, in the range 0.019-0.38,

vhich corresponds to surface velocities from O to 8m/s for

'

With the close internczzle spacing S/H=0.5, chosen for the present

study, profiles of local Nu reveal'lno important 'informg,t‘n?n concerning.

it b '

~
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Table 6.4 Operating conditions andresults for multfple Jjet heat
transfer at a moving surfage without throughflow

£ oma
ot

y -

Re‘j M, TJ T, -TJ Nu, Nu
8200 0.039 371 10.2 45 41.4
8100 0.038 . 39.7 18.8 48 - 42.8
8200 . 0.063 36.7 10.1 44 40.3
8200 0.139 36.9 10.0 40 38.1
8200 0.189 - 36.9 10.2 40 37.1

10200 0.033° 29.5 _  16.5 53 . 48.4
10350 0.038 36.9 22.0 57 51.5
10050 0.053 33.2 17.1 52 47.2
10360 0.099 36.4 21.9 53 47.3
10200 ° 0.117 29.7 16.3 %7 43.8
10200 0.164 29.8 16.3 46 42,6
10500 0.192 35.6 21.9 48 43.1
10200 0.229 29.9 16.2 - 46 41.8
10100 0.286 32.6 16.8 43 41.0
10600 0.295 34.9 21.5 48 43.2
10700 0.380 32.8 1918 52 43.0
16200 0.024 34.6 10.8 75 68.7
16200 0.033 34.7 -10.7 75 67.2,
16200 0.069 34.6 10.7 69 63.2
16200 -  0.089 34.6 10.6 67 63.2
16200 0.118 34.6 10.7 68 60.9
16200 0.168 34.6 10.7 66 60.2
16200 0.211 3.6 10.6 65 - 58.2
16200 0.267 34.6 105 63 - 58.2
16200 0.329 34.6 10.8 65 / 57.07

)

==

SRS PR R T e e B W L Sl LA s oS Fel of Lb R A3 o 2l T A 24
TR B AT 5 Gy, NPT SRR iy £REE
. v 3 <A Bt}

.

168

TS

(Pt
;

i

Sy



|

169

heat transfer mechanisms at the impingement surface, hence simply
provide the basis of determining the measurement of prime interest,
average heat transfer

Average Nusselt nu'mber, détermined for H/w=5, S/H=0.5 by integ-
ration of the experimentally determined profiles of locai Nusselt

number, was correlated in the form.

Ni = 0 0938 Re; °'° (laMv,) ° °° (6.4)

over the range of 8200<Re;<25800 and Mv, values up to 0.38. Eq. 6.4
converges to Eq 6.1 for the limiting case of a stationary impingement

surface. Fig 6 6 displays the excellent agreement between the above

corfelation and the experiments ,
Surface motion affects local Nu profilega:rough two methanisms,

its effect on wall shear stress and on local AT Wall shear stress is
increased on the side where the surface motion is towards the nozzle
centerline and thereby opposes the jet flow The opposite effect exists
on the other side where surface motion and the jet flow are in the same
direction Correspondingly, the local Nusselt number on a moving
impingement surface is expected to increase at the approach side,
decrease at the leaving side.

The moving impingement surface alters local AT by dragging a fluid
layer of different temperature in the direction of surface motion. The
change in local AT by surface motion reduces heat transfer rate on the
apprqgach side and enhances it on the 1leaving side. Thus on the
approach side of the nozzle centerline, local Nusselt number tends to
increase because of the wall shear stress effect and decrease because
of the change in local AT, while these‘ opposing effects each

act in the opposite way on the leaving side. The experimentally
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determined overall effect of surface motion .on average Nusselgﬁ nimber,
Eq. 6.4, is, as: for the case of the single jet, to decrease Nu. Thus
the mechanisms noted are not linear apd, alth;ugh opposite on the two
sides of the nozzle cent'erline, the effects do mnot cancel. ’ '

The average Nusselt number data for tI;e single jet, Chapter 5,- ‘was
correlated for a heat transfer surface half width of from 3.2H to 6.4H,
i.e. in the wall jet Yegion including the of%-stagnation minima and
maxima of the local profiles. For the present multiple jet system the
half width of the heat transfer surface is only 0.5H, 2.5w, i.é. within
the stagnation regio‘n of a corresponding single jet. As pressure
forces dominate the flow in the stagnation ‘region of a single jet at
small H/w spacings, the effect of surface motion on Nusselt number 1is
less in this region‘ than its effect on Nu in the wall‘jet region, Fig.
515. Thus the exponent of'the 1/(1+Mv,) term, Eq. 6.4, for theJ
present mul-tiple jet system , 0.69, is as expected smaller than that,
0.89, for the single jet, Eqs. 5.8a and 5.8b.

Haslar and Krizek([1984] meuasured average mass transfer rates from
an impermeable rotating cylinder under multiple unconfined slot jets at
H/w=8 5, S/H=0 6 for Re; values in the rang_eleOO-BBOO and Mv, values
up to 0.4. For these low values of Re; they reported that the average
mass transfer rate at a slowly moving surface was substantially higher
than that \a\t/a/stationary surface. After this sudden enhancement in '
average mass transfer for a very low Mv,, they observed a much smaller
increase in mass transfer with further increase in surface velocity.

In light of the extensive results of the present study.on the effect of
surface motion on impingement heat transfer Haslar and Krizek’s

Y

findings in the narrow Re; range of their study are not realistic and

o | -



‘ . mass transfer experiment.

\ For the study of heat transfer without appreciable effect of
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may be presumed to derive from some equipment specific aspect of their

\
su{face motion, Section 6.1, the surface motion parameter, Mv,, was

kept less than 0.05. = Indeed at Mv,=0 05, Eq 6.4 gives a Nu value

which is only marginally less, 3%, t:l'mn that for a stationary héat
transfer surface. On the other hand, one important industrial
application of multiple jet impingement systems, the Yankee dryer,
operates with quite high values of Mv,, about 0 3. Eq 6.4 indicates
that in the design of a multiple jet system for the case of Mv,=0.3,
use of heat transfer data obtained with a stationary impingement

surface would lead underestimating the heat transfer area required by

about 17%, not a negligible amount in the design of expensive

/
equipment. ‘

6.4.2. With Throughflow

Results are now presented for the most exacting aspect of the
present study, the measurement of local and average heat transfer at a
permeable surface at which throughflow is varied over a wide range and
which is moving at up to quite high speed under multiple impinging
jets. The effect of throu-gh'flow on impingement :heat transfer for ;
broad range of surface velocities was studied for a constant Re,, about
10000, by determining profiles of local heat transfer for 27
combinations of the throughflow parameter, Mu,, from O to 0.022 and the
su).;face motion parameter, Mv,, from 0.038 to 0.38. If the permeable

impingement surface were a sheet of moist paper, then these conditions

would describe a combined impingement and through dryer for paper.

s
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Although that is not a process used in the paper industry, results have .

»

been reporﬁed by Burgess et al.[1972a, V) for experiments with a

1

~

prototype of a combined impingement and through dryer, called, the

, Ny

"Papridryer", operated at conditions which are 1listed below for ~

comparison with those of' the present’ study.

Present investigation Papridryer

u,, m/s 0-0.35 , 0.046-0.269
u,, m/s 18 | 12.7-97 .
v,, m/s 0.7-8 2-3.6 .
Re, 8200-25800 _ 1000-3000!

Mu, 0-0.0235 0.0005-0.0054 -

Mv, 0.038-0.38 0.035-0.48 ,

Q. 0-12 2.7-3

Operating conditions and heat transfer results are summarized in Table
6.5.

With multiple jets as closely spaced as in the present study, i.e.
of flow cell aspect ratio S/H=0.5, the profiles of 1local ﬂl';eét transfer
provide no indicatien of flow and heat transfer conditions alc_mg the
impingement surface. In the presence of su;:face motion these profiles
become simply the nonsymmetrical equivalents of the profiles shown on
Fig. 6.1. Thus in this part of t};e study the local heat transfer
profiles simply provide the basis of determining the aspect of prime
interest, average heat transfer, by me;ins of the integratior; I;rocedure

described, earlier.

The average héaf transfer results with throughflow, agein expressed as

v
[y

AN

J—
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Table 6.5. Operating conditipons and results for multiple jet heat
transfer at a moving surface with throughflow

Re, M, . Mug T, T, - T, Nu, Nu
10350 0.038 0.0 36.9 22.3 57 51.5
-10350 0.038 0.,0060 36.8 22.8 66 59.4
10320 0.038 0.0125 36.8 22.8 73 68.1
10050 0.053 -, 0.0 33.2 17.1 52 47.2
9940 0.054 0.0050 33,0 17.6 55 51.1
9920 0.052 0.0138 33.4 18.5 68 60.0
9860 0.050 0.0224 34.7 19.7 75 72.3
10360 0.099 0.0 36.4 21.9 53 47.3
10360 0.100  0.0056 36.3 22.7 55 52.4
10350 0.099  0.0122 36.8 23.0 65 60.7
10480 0.192 0.0 35.6 21.9 48 43.1
10480 0.192  0.0050 35.5 22.3 57 51.6
10380 0.193  0.0120 36.0 22.5 62 59.0
, 10320 0.188  0.0217 36.4 2.1 71 66.4
10200 0.229 0.0 29.9 16.2 46 41.8
10180 0.229  0.0049 30.2 17.1 51 46.7 :
‘ 10140 0.228  0.0116 31.0 17.5 60 54.3
o 10075 0.227  0.0195 32.4 17.9 64 62.5
.. 10075 0.286 0.0 32.6 16.8 43 41.0
) 10080 0.286  0.0046 32.4 17.5 48 45.6
10070 0.285  0.0104 32.7 18.0 55 51.6
N 10570 §.296 0.0 34.9 21.5 48 43.2
o 10400 0.299  0.0073 35.2 23.0 54 50.4
10380 0.299  0.0115 35.6 23.1 56 53.0
10350 0.294  0.0206 36.8 23.9 70 64.9
| 10660 0.380 0.0 32.8 19.8 52 43.0 .
‘ 10380 0.383 0.0178 ¢ 35.8 23.6 66 62.1
g
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- .
Stanton number, are differenced at each of the 8 levels of Mv, used in

order to obtain the averaée Stanton number enhancement, ASE, due to
throughflow at the moving im;..)ingen_lent‘: surface;. The:se results, displayéd
on Fig. ‘6.7,. show that fq;: .muIL‘;:iple jets the 1linear relation b?t,:yelen
ASE, and Mu, found f"or operation ‘without surface motion efvféct_s"f appvlies
also for impingement surfaces moving at speeds up to that c;rresponding
to Mv,=0.38. Thus the proportionality factor, ASE/Mu,, is shown to be
independent of M\'rs (Fig. 6.7) as well as ‘of Re; (Fig. 6.4). Het}ce a
single equation, Eg. 6.2, correlates a11’ the experimental data for
enhancement of corivective heat t:r‘ansfer by throughflow independent of
L )

Re; and Mv,, in the range of variables 8200<Re;<25800, 0.038<Mv,<0.38
and O<Mu,<0.022. Although the data on which Eq. 6.2 is based were
determined for multiple jets at H/w~5, it waﬁs noted in Section 6.3 that
Eq. 6.2 also applies for the single jet:of Chapter 5 ‘at H/w=2.5 and
for Saad’'s single jef data at H/w=8.

As throughflow provides a linearly additive effect on convective
heat transfer, the comﬁrehensive relation

Nu = )‘:'(ReJ , Mv,, Mu,, Pr)

for average Nusselt number due to multiple jets at H/w=5, S/l-i-O.S
impinging on a moving heat transfer surface wl;nere there is throughflow

-

may be given as

0.6879 9

NG = 0:0938 Rej """ (1+Mv,) °"®* + 0.16 Re, Pr My, (6.5)

valid for 8200<Re;<25800, O<Mv,<0.38 and O<Mu,<0.0235. The excellent

agreement between the experiments with throughflow at a high speed

impingement surface and |Nusse1t number calculated Ev\:m Eq. 6.5 at

BMy,=0.3 is displayed in Fig. 6.8.

The effect of throughflow on convective heat transfer, has® now been

/




N

I ) ’
d
o Mv
z e y
c o 0.038 Eq. 8.2 o
G0.004F . A 0.063
- o 0.100 A .
5 x 0.180 .,,
2 + 0.230 /
mﬂ 00 ¢ 0.200 £
g’. - R ‘0.380 . ./
3]
L
o 20
0.0} A
- £
0 YN
To.0 | :} “
: /° D
gﬂ.m 1 1 1. 1 -1
£ 000 0.06_ 000 0065 0.00 _ 005  0.00
L Throughflow Parcmeter. Mug

FIGURE 6.7.
at a moving impingement surface

b

Effect of throughflow on enhancement of average Stanton pumber

-3



£

100
0 Exper Imental "oy m10200 ' ;
xper Imental - _ .
Eq. 8.5 . MV8 0.3 :‘

S SRS T

/Si

.
=
H

o
s
S
P

4

3,

«, ¢ F
w2 -
RN M, avha g

Average Nusselt Number, Nu
C\

"
s
.

-

1 s

¥ — 0.0] o . 0.00 '
- Throughflow Parameter. Mu_ ~

-

FIGURE 6.8. Effect of throughflow on average Nusselt number at a
moving impingement surface: Correlation and experiments

.

LLT

i ;,",: 4 }L”_\‘:\:. oSy ~
R e e A e et

'
v

e Vo

O



L S .+ . 178

documented for single and for multiple confined‘ !jets impinging on heat
transfer surfaces moving at speéds from near stationary up to quite
high velocities. In all cased throughflow is found to provide a
linearly additive enhancerhent of convective heat transfer, with :the

amount of enhancement being un‘i'.form over the entire impingement surface

‘from the stagnation point out, The amount of the throughflow

enhancement, expressed most appropriately in terms of Stantion number,
is found to wvary directly with the throughflow parameter Mu,. The
propor‘tionality, ASE/Mu,, is found o be independent not only of jet
Reynolds number, ,Red' but also of Mv,, the parameter which descr‘ibes
impingement surface speed. Moreover the proportionality factor,
AS';_:/Mu,, is fognd to be 0.16 for closely spaced multiple jets at ﬁ/w-s,
S/H=0.5, while for single jets the aproportionality of 0.175 found in
the present study at H/w=2 5 applies also for the low throughflow rate
results of 8Saad[198l] at H/w=8, These findings indicate that the
enhancement of average convective heat transfer by throughflow for all
confined impixﬁ;ing jets, from single jets to closely spaced multiple
jlets, can be adequately expressed hy

AST = 0.17 Mu, . (6.6)
at 6spacings from 2.5 to 8 in the Re; range of 8000-58000 and with

impingement surfaces that can be either stationary or moving under the

.jets at high speed, up to Mv,=0.38.

In the absence of such information previously the projection of
convective heat transf’er rates for combined impingement and tl;roughflow
di-ying of paper had to be based on unsubstantiated assumptions. The
effect of high speed impingement surface on impingement heat transfer

was neglected entirely by the earlier studies (Crotogino ‘and Allenger

S
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* [1979] and Randall[l1984]). As shown 1in this study, when Mv.-valués are

in the range attained in paper machines - this 1s not a negligible
effect. For example a reductiéx of 17% %in impingement heat tr:msfer is
found at Mv,=0.3, a value applicable to Yankee dryer.

N;oreover, the Crotogino and Allenger{1979] mode{l of combined
impingement and through drying assumes that, with part of the jet flow
withdrawn as: throughflow, the rate of convective heat transfer by the
multiple confined impinging Jjets would decrease linearly with the
fraction of jet flow which becomes throughflow, Fig. 6.9. A comparison
of this assumption with the experimental data now avallable may be made
for the present multiple jet system with Mu,~0.0235, for which the
fraction of jet flow removed as throughflow, Q,, 1s 12%. The linear
proportionality assumption of - Ctrotogino and Allenger, which implies. the
temperature of the exhaust is iIndependent of Q,, indicates that the
average convective heat. transfer rate by impingement would be redtfced
by 128 relative to the case of no throughflow. The present study
establishes that in fact the trend is just the opposite, and that with-
drawal of 12% of the jet flow as throughflow would actually enhance

average convective impingement heat transfer by from 53% to 76% in the

Re; range tested. Thus relative to the present finding on the effect

-

of throughflow on convective impingement heat transfer, Crotogino and..

Allenger’s model underestlmates the impingement beat transfer contribu-
tion to dryir{g by 65% to 88% for this range of jet Reynolds number.

Imn another model of _combined impingement and throughflow drying of
paper, Randall[1984] assumes that impingement and throughflow transport

phenomena take place in sequence, i.e. first impinging air is giving up

its heat to paper then throughflow air. This model predicts neither

AT
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reduction nor enhancement of impingement heat transfer rate by
ﬁ throughflow, i.e. it is constant for fixed nozzle exit conditions.
Thus relative to the present finding on the effect of throughflow on

convective impingement heat transfer Randall’'s mode], underestimates the

- . -
.

impingement heat transfer contribution to drying by 53% to 76% in the

Re; range tested, Fig. 6.9.

6.5 CONCLUSIONS

Industrial heat transfer app,lic;ations of impinging’jets typically

involve systems of multiple jets, and these are usixally housed under a

confinement hood for containment of the spent flow to obtain good

;7 . thermal efficiency. Moreover, in important commercial processes the
impingement surface moves at relatively, high speeds under the array of
multiple jets. Only a few investigations (;f multiple jet heat tra;tsfer
to stationary impingement surfaces have been reported. The
significance of several of these studies 1is limited either by the use
of unconfined jets, for which entraimment effects on the heat transfer
- are mnot easily identifiable, or by the use of an exhaust flow
arrangement producing crossflow of the spent air under the jets, which*

is strongly deleterious to heat transfer.  The present study was

carried out to avoid these shortcomings which make the results of

several earlier investigations of limited industrial significance.

In the most extensive previous stud;r"ﬁ’ff confined multiple slot jet
. e

| heat transfer on stationary impingement surfacesq/{:;:i[l%l] obtained a

. correlation with which he predicted that with such a system, dlasiqgned

to avoid crossflow of the spent flow, the value of average Nusselt’

0 number would pass through a 'maximum for a mnozzle-to- impingement

{

~
%
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surface spacing, H/w, of 5, and for a nozzle centerline-to-exhaust

cent'erline spacing, S/H, of O 5 Saad's experimental measurements did
not however include this combination of geometric'al parameters The
present stué"y, the first to provide a direct experimental measurement
for the H/w=5, S/H=0 5 condition, documents Nu over a wide range of jet
Reynoldé number, 8200<Re,<25800, for this condition of maximum heat

@
transfer rate

The second conclusion from this study is that the disagreement
concerning the effect of impingement surface motion on convective heat
transfer from impinging jets has been resolved Subba Raju and
Schlunder(1977] reported that-convective heat transfer rates for single
slot jets”Icreased by a factor of 1 5 to 2 with increasing speed of an
impingement surface Fechner[1971] and Haslar and Krizek [1984]
reported some increase in convective mass transfer rates with
increasing speed of an impingement surface under multiple slot jets
Baines and Keffer[1979] found no effect of surface motion on average

*

wall shear stress under a sing slot jet. Van Heiningen{1982] found

-

!
that Nusselt numbér decreases wi increasing speed of the heat

ined slot jet. The present
@ > i
study, carried out in such a way as to avoid factors which contribute

transfer surface moving under a single con

uncertainity to some of the earlier studies, has confirmed and extended
van Heiningen’'s finding that convective transport coefficients decrease
significantly as impingement surface motion increases.

The present study provides the first documentation of the decrease
of Nusselt number with impingement surface velocity for the
industrially important case of confined multiple impinging slot jets.

This effect 1is not negligible for the 'range of surface motion
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parameter, Mv,, used in industry. For example, for the conditions of

one important industrial application, the Yankee dryer for drying
paper, an impingement surface moving at the velocity found in a modern
high speed paper machine would reduce convective heat transfer
coefficients of a multiple impinging jet system by a substantial
amount, 17%

~The effect of throughflow on convective heat transfer f":'or jet
systems impinging on moving surfaces has previously not 'been open ‘to
experimental study for lack of a heat flux sensor applicable to this
difficult combination of conditions With the unique heat flux sensor
developed as part of the present study, such measurements are reported
here for the first time The effect of surface throughflow on
impingement heat transfer is shown to be 1linearly additive for the
confined multiple jet system of closely spaced jets, S/H=0.5, H/w=5, as
was established in the earlier part of this study for a single jet at
H/w=2.5 for heat transfer widths up to S/H=6.4 The fact that AStT
relates, to Mu, with nearly the same proportionality constant for
multiple jets and a single jet indicates a conclusion of considerable
scope, namely, that this constant, 0 17, appears to be applicable over
a much broader range of parameters than was tested in the present
investigation

With the present findings &n the effects of surface motion and
throughflow on impingement heat transfer the assumptions of the two
earlier models, Crotogino and Allenger{1979] and Randall[1984], of a
combined impingement and throughflow dryer were reexamined. Both
models neglect the effect of surface motion which is shown to decrease

impingement heat transfer by 17% at Mv,=0.3, a value comparable to that




of Yankee dryer.

Crotogino and Allenger{1979] assumes that impingement heat transfer
decreases iinearly with increasing Q, fraction of jet flow removed as.
throughflow, whereas Randall[1984] assumes no effect of throughflow on
impingement heat transfer. Comparison with the present results
indicates that the first model underestimates impingement heat transfer
rate by 65% to 88% and the second model by 53% to 76%, indeed very
substantial amounts, in the Re, range tested

A'comprehensive analytical correlation, Eq 6 5, has been obtained
with which average convective heat transfer rate may be predicted for
the rang; of parameters 8200<Re <25800, O0<Mu,<0 0235 and 0.019<Mv,<O 38
for a multiple jer system with H/w=5 and S/H=0.5. 1In this expression
the proportionality constant for the effect of throughflow, 0 17, and
the (1+Mv§)-0 ! factor for the effect of surface motion are applicable
in a much wider Re;, 'H/w and S/H range i e , 8200-58000, 2 5-8 and 0.5-

64 respectively. -



CHAPTER 7 “
NUMERICAL STUDY OF TURBULENT SLOT JETS IMPINGING ON A SURFACE

WITH THROUGHFLOW

7.1 INTRODUCTION

Design of an impinging jet system for a given thermal application
requires specification of a rather large number of geometric and flow
parameters e.g. jet type (round/slot), jet configuration, nozzle-to-
impingement surface spacing, nozzle-to-nozzle spacing, jet Reynolds
number Depending on theJ application there may be additional important
effects such as surface motion, nozzle design, mass transfer at the
impingement surface, induced or imposed cross flow, large temperature
differences between the jet and the impingement surface. With this
impressive number of design parameters an advantageous strategy is the
use of complementary numerical and experimental studies of transport
processes under impinging jets.

For laminar impinging jets, the good consistency between various
numerical predictions, and between predictions and available data was
recorded in a recent review of numeric.al studies, Polat et al.[1988].
This is not so with predictions for the more, difficuit case of turbu-

el
lent impinging jets Iterative solution of the exact transport equa-

P

tions for turbulent flows is currently limited by computer capacity

since the small scale of turbulence requires an unrealistically large
number of grids in the flow domain. This introduces the mnecessary

\
alternative of using a turbulencé model to predict the turbulence

quanti:ies, that appear in the time averaged .transport equations for

turbulent flows. As for turbulence models, all have shortcomings.
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For the complex flow structure under impinging jets, the earlier
use of omne-equation models of tur‘;ulgnce has been replaced by higher
order turbulence models which solve transpbrt equations for wvarious
turbulence quantities, i e. turbulent kinetic energy, turbulent kinetic
angf\gy dissipation or individual Reynolds stresses Table 2.3 summa-
rizes numerical studies on plane and axisymmetric impinging -jets. All
recent work uses the high Reynolds number version of the k-¢ turbulence

model except for Agarwal and Bower[1982], who used the corresponding

low-Re version to predict flow characteristics of a vcompressible

il
.

ir;npinging jet. As flow in the impingement region is pressure driven,
mean flow characteristics are generally predicted well regardless of
the turbulence model. By contrast, fﬁ’ heat and mass transfer rates
under impinging jets, an aspect of great engineering interest, there is
great ve:riation between results of wvarious studies as well as between
predictions and experimental measurements. A contributing factor is
that a separate model must be.usedrto treat the near-wall boundary when
a high-Re turbulence model is employed. Discrepancies may drive from
either tl.ne turbulence model or the near-wall model. Comparison of
results is hindered by the variety o'f specifications of Nconditions at
the several boundaries. Finally, there remain the sources of error
related to the particular numerical solution technique used.

Van de Meer[19§7] nov suggests that the assump;tions to model the
turbulence generation term in the k eguation are not wvalid in an
impingement reéion, hence k-& type models should not be used for
imbipgement flows. He proposed an anisotrop‘ic niodel with two features,

i.e. the nondiagonal terms of the Reynolds stress tensor are estimated

from the Boussinesq hypothesis by solving transport equations for k and

¢
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¢, and the anisotropy term, g-—t;ri-v", is calculated bi' solving an
additional equation for this term. Hdwever this model did not improve

the heat transfér distribution under an impinging jet relative to that

-

predicted with conventional k-& models.

A test by Looney and Wallsl'}[1982] of the algebraic stress models of
Rodi[1972] and Ljuboja and Rodi[1979] indicated that predicted heat
transfer in the impingement region ‘was inferior to that_wi:th the k-¢

model. A more complex turbulence model thus does not necessarily

improve predictions. The k-&¢ model retains a reasonable combination of
eceonomy :;md accuracy even for the complex configuration of impingement
flow.

For single and multiple confined turbulent pl'arle jets, the present
study predicts heat transfer rates along the impingement surface by
solution of the two-dimensional Navier-Stok.es, energy and turbulence
model equations using an upwind finite difference scheme. The turbu-
lence model used was the high-Re version of the k-¢ m;del. 0f various
near-wall models tested, a modified version of the two-layer méc{ei of
Chieng and Laundér.[1980] gave the best overall _agree.men.t betv;een
predictions and experimental data at low values of nozzle-to- surface
spacing, H/w, where prediction is most difficult. i .

The mathematical formulation, boundary conditions, grid 1layout,
grid independency tests, and numerical scheme are outlined prior to
presentation of results for single and multiple jet cases.

7.2 MATHEMATICAL FORMULATION OF THE PROBLEM

A general form for the governing equations including the equation

of continuity is: \




188

®
d(pud) , a(pv®) _ 8 ,. 8% 8 3%
ax  ay _ax(‘x’ax)+ay (Te ay)+s‘1’ (7.1

where & represents the wvariables u, v, h, k und . 551‘4, is the transfer
coefficient associated with ¢, and Sg the corresponding source term.
In order to express the governing equation of a particular variable in
the above generalize;i form, the terms other than those in the form of
"convection” and "diféusion" terms are collected ;n the source term,
Sg. The terms I's and Sp are shown in Table 7.1.- As turbulent

PREY

viscosity, pr, is determined by flow conditions, it must be modeled in
terms of measurable flow quantities. This is done using the two equa-
tion k-¢ turbulence model of Jones and Launder{1973].
In the k-¢ model pr is related to the turbulence terms k and ¢ as
pp = Cyop k2 /¢ (7.2)

The transport equations for turbulent kinetic energy, k, and its

‘dissipation rate, £, are summarized in Table 7.1.

7.2.1 Boundary' Conditions

The two flow configurations, Figs. 7.1 and 7.2, are:

(i) a single i‘;pnfined p‘lgne turbulent jet impinging normally on a
stationary surface and exhausting symmetrically in the direction normal
to the plane of i{ne jet, .and

(2) a jet in an array of multiple 'confi'ned impinging slot jlzt‘:s,
with exhaust ports in the confinement surface and located symmetrically

, .

between adj acent jets.

The boundary conditions are as %ollqws‘.

At




Table 7.1 Summary of equations solvek

vy

Equation b 'y Sy
!
3 .
- 5
Continuity 1 0 0
a, 3 duy, @ av
. X-momentum u I “Ix + % ((pL+ ”T?ax ) + 3y ((pL+ ”T)ax ]
3 3 du a v
y-momentum vy +pp o+ go (Gt engn ) 4 gs (Gur egs )
By B
Energy h o + or 0
Turbulent ) (2"
Energy k Pt oy G - pe
Turbulence By pPE pe?
Energy € By + o, C, X G+ C, X
Dissipation N
where

cmur L[+ 8) v 2 (8% &0 )

€y=0.09 ; G,=1.43 ; G;=1.92 ;°0,=1.0 ; 0,=1.3  07=0.9
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Nozzle exit:

-

Uniform profiles fpr the jet at the' nozzle exit are specified for

.
both velocity, uy, and nondimensional’ temperature, hy=l. The boundary

conditions for v, k, and ¢ are:

¥

u? ; ey = Gy k§/2/(0.03 3 )

At the Impingement and Confinement Surfaces::

The high-Re version of the k-« model of turbulence implies

negligible effect of wvisgosity on the energy containing motions, and

I

negligible effect of the mean strain field on the dissipative 'ones.
While these assumptions are valid in most of the flow d?main, in the
immeéiate vicinity of the impingement and confinement surfacesldirect

viscous effects are influential due to the no-slip condition. Thi’s . ’

N

very thin viscosity-affected flow region near the wall must be handled
seﬁarately due to the requirements of the turbuleénce model used. Hence -

the actual boundary econditions for the variables are specified at the

1

nodes closest to the wall.

Various near-wall models were tested, both those categorized as one-

layer (Models 1 and 2) and twollayer (Models 3 and 4). One-layer

models assume uniform shear stress- and turbulent kinetic oanergy

distributions near the wall. Two-layer models assume that turbulent
' oot L ”
kinetic energy varies in a parabolic manner within the wviscous

sublayer, then increases linearly with distance. In two-layer models

* the turbulent shear stress, zero within the viscous sublayer, undergoes
) . . .

v
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an abrupt increase at the edge of the sublayer and varies linearly over
the remainder of the cell. The model equations are summarized in Table
7.2, with detailed derivations 1in Appendix 3. When there |is
throughflow at the impingement surface, the bilogarithmic expression
used to predict the shear stress at the wall is:

=l k1/2[1 E+___.._‘:5___,..£2 +) 7 3
rw—xcﬂ pvP P / (£n(Ex™) 4&CZ"k§’2 n?2(x™) ( )
where
1/4 1/2
CH, P %Xp kP

xt = i E=9; k=20.4
My

The following conditions were specified at the confinement and
impingement surfaces, respectively:

u=20 or‘us; v=0; hygy=1; hppy=0; k=¢=0

Wolfshtein[1967] used a near-wall model in the form of Model 1 in
his predictions of impinging jet flow and heat transfer whereas wvan
Heiningen[1982], Huang e%mal.[1982], Looney and Walsh([1984] and Polat
et al.[1985] used Model 2. Amano and Sugiyama{1985] tried various near-
wall models, including Models 2 and* 3, and a near-wall model they
developed in which the generation and dissipation terms for ¢ are
calculated by integrating appropriate equations in the viscous sublayer
and turbulent layer. They found the latter model superior to Model 3

~

where e 1is calculated at near-wall grid nodes agsumiﬁg equilibrium

¢

between k and ¢.

Outfiow:

Single impinging jet:

To apply these outflow. boundary eonditions, it had'previously been
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Table 7.2 Summary of equations of near-wall models

k equation: Model 1

Generation; GP,w = 7w Ve AYng . -
k equation: Model 2
Generation;

GP v 2 7, (u -u ) Axw + 7y Ve Y,

Av 2
T ( ( by l ) v ( ( | ) !P) ] ] AxWe Ayns
k equation: .  Common to Models 1 and 2
Dissipation; C, p2 k2 v,
= —-L-—-—E-—-
(pc)P,w To Ayns
_ av )
where Tw = Br 3
k equation: . , Common to Models 3 and 4
Generation;
S 7. (Ve-Vy) To(Te = 7,) Xy Xy
GP,w~ 1 Xg pncﬁ/‘k¢/2x 1 - Xe )+ (T a- Xe )+

1 Xy .27 Au
2 (Ternd (1 - 53 )Z;P + 2 (G |> I) }ARWEAY
Dissipation;
Izcl/rk‘]/? Cz/A 2 ,
£r18/72_1872 1/2_%1/2 .
(pc) l 11.5 %y *x Xe ( 3(ke kv7) + zé(ke ky’®) + bf# AxWe Ayns

where ; C ) (au av - 11.5 v I kp - kE x
w T d v j ! - B -
CL/ 4K}/ P xp - xp P
'(ké’z - a1/2)(k‘1r/2 + al’2) ,
and where J if a0 a%/? tn [(ké” T al/Z)(ki’% + al’/?) ]

b = a-O 0 N .
1 Kkl/2 ki/2
. if a<0 2(-a)3/2 [ tan"! ?T;7T7? - tan~! YTZ;TTE ]
. , 1/4 1/2 E C;,‘p *p k1,2
Model 3 W= & Cy pvpkv / &n ( o )
1/4 172
1/4 1/2 E Cu # *p kP &
Model 1,2 and 4 Tw= & Cy / &n ( )
)
Common to all models )
£-equation: c3/4 377
e = L—_P
Energy equation: P = *p
-4y T /PV3

St = ; P=9[ (0 /o)~ 1)(oy fop) 274

(hyp-h)pvp o5 [1+B(r,/pv3) /2]
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considered necessary to place the outflow boundary-at a sufficient

distance "from the jet axis to avoid inflow across part of this
boundary." However numerical tests show that with the present
algorithm, even with some inflow on the confinement surface side of
tfxis boundary, the heat ‘transfer distribution at the impingement
surface does not change appreciably proyided tha.t continuity over the
whole computational domain is preserved. For the sake of computational

economy then, with nozzle-to-surface spacings larger than 2 6 the

outflow boundary could then be located to allow inflow over part of

this boundary.

Multiple impinging jets.
At the exhaust ports in the confinement surface
a uniform velocity calculated from the overall mass

and u = U, ..,

balance. Width of the exhaust port is twice the nozzle width.

7.2.2 Grid Layout

A rectangular coordinate system is used to discretize the flow
field. In order t(; achieve efficiency in terms of computational time
as well as acéu;acy in regions of steep end mild gradients, a
combination of uniform and non-uniform grid size appropriate to the
flow field is used. In the y-direction, from the jet symmetry line to
the nozzle corner a uniform grid spacing is used so that the nozzle
wall coincides with a control volume boundary. Downstream of the
nozzle, an expanding y-direction grid layout (factor 1.05-1.1) was

adopted. In the x-direction, i.e., from confinement to impingement

~

N
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surface, the grid layout is uniform.

7.2.3 Grid Independence of Nusselt Number Profile

The following observations result from extensive tests with the

number and distribution of grids, performed to obtain grid independent
results. &

1 High aspect ratio meshes (as high as 35) in the wall jet region
did not create computational difficulties and did ;ot affect the
- accuracy of predicted Nu distributions.

2 The nondimensional distance, x%, from the impingement surface
to the first grid line is an important parameter. As a high Reynolds
number turpulence model is wused, the first grid Lline must be
sufficiently far from the wall to be within the fully turbulent regime,
while the intermediaté flow is handled by a near-wall model. When the

“
nondimensional distance of the grid next to the wall was between 80 and
200, the shear stress and Nusself number profiles at the surface were

found to be grid independent, as defined by a maximum deviation of 5%

at the off-stagnation maximum of the Nusselt profile. (Centerline

\_,ﬁ.&—‘,

velocity decay and surface pressure profiles are less dependent on this
near-wall gria spacing. .

3. Grids located in the jet nozzle parallel to the centerline must
be quite dense, at least 5 grid lines in tlie half jet nozzle width,. to
achieve grid independent results. f

4. At the highest value of jet Reynolds number tested, Re;=44300,
decreasing the total number of grid ‘nodes from 1060 (25x40) to 600

(20%30) caused a maximum difference of only 3% in local Nusselt number.
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*7.2.4 Finite Difference Solution

0f the two comrgon alternatives for solution of finite léiffer‘ence
equations, the wupwind and hybrid schemes, the former yields better
computational ecom®my and stability, faster convergence A numerical
error, “"false diffusion", may hox:vever occur at locations of the solu-

tion domain where the streamlines are not perpendicular to the grid

lines As the error due to false diffusion is then maximum for a 45°
angle between streamlines and grid lines, any such error would be
maximal in the stagnation region where the flow turns sharply Both

the hybrid and wupwind schemes were therefore employed to solve an
identical single impinging jet case As the difference between the two
Nusselt number profiles was everywhere less than 2%, negligible error
of the false diffusion type was thereby demonstrated Higher
underrelaxation must however be applied with the hybrid scheme, which
slows the convergence rate \considerably Patankar[1980] states that
false diffusion may not be a problem if sufficiently small érid size is
used and 1if the actual diffusion term is much larger than‘the false
diffusion term In the stagnation region small grid meshes were used
to accomodate the steep velocity gradients Moreover, turbulent
diffusion coefficients are at least one order of magnitude higher than
the laminar coefficients Thus in this case various factors probably
contribute to making the false diffusion error negligible. Numerical
procedure details are given in Appendix 3.
7.3 EFFECT OF.NE‘.AR-WA}‘L MODELLING ON NUSSELT NUMBER
In Fig 7.3 the distributions of local Nu for Re,=30000 and

H/w=2 6, predicted using the four near-wall models listed in Table 7 2,
/ .
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are dispﬁ'ﬂ%d together with experimental data of wvan Heiningen({1982].

In these runs the number of grid nodes was 15(uniform)x 25(1.05), and

the nozzle exit turbulence intensity, 1%

Model 1

Models 1 and 2 differ only as to the calculation of GP Y

makes the Couette flow assumption, Model 2 retair:s all the velocity
gradients in the G term. As expected, gradients other than dv/dx are
importar'lt only in the stagnation region where the flow turns sharply
and accelerates along the impingement surface The large unéierpredic-
tion of Nu in the stagnation region indicates the inadequacy of the
Couette flow assumption for G (Model 1) The profiles predicted by
Models 1 and 2 become coincident beyond ~3w from the nozzle centerline,
but neither model gives predicted heat transfer close to that measured
experimentally until beyond the location of the off-stagnation maximum,
i.e. until y=7w

The, Nu profiles predicted with Models 3 and 4 agree up to y=3w,
then diverge. The profile predicted by Model 4 displays a minimum and
approaches the profile predicted by Models 1 and 2 at about y/w=7.
More important, the profile from Model & closely follows the
experimentally measured profile, with both the off-stagnation minimum
and maximum values of Nu predicted at about the correct locations and
sbout the correct values of Nusselt number. Beyond the off-stagnation
minimum at about y/w=3, Model 3 predicts very low values of Nu, as low
as 1/3 the experimental wvalue. This model, wused by Amano[1980] for
flow predictions for a circular impinging jet, derives from a basic
concept first suggested by Chieng and Laundexr [1980}. As compariso?s
indicate that such méan flow characteristics as centerline velocity

decay and normalized pressure profiles along the surface are unaffected
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by the choice of near-wall model, Amano’s test is not sufficient--to
_establish the validity of this model. .

The present ';tudy shows that the predicted Nu number and shear
. stress profiles near the surface are, by contrast, very sensitive to
. the near-wali’model used (Figs. 7.3 and 7.4), and establish that Model
3 is not reliable for heat .transfer prediction. Nusselt number
calculat;ion involves Vp and lrw via the Stanton number relationship,
Table 7.2. As thc? development of maximum velocity parallel to the

impingement surface. is not affected appreciably by the near-wall model

used, r, 1is clearly responsible for the ‘variation between the Nu

-~

profiles with Models 3 and 4. The only difference is that for
calculation of 7,, Model 3 uses k, Model 4 uses 1(P' Use of k, leads to
large errors in both r, and Nu. Clearly kP is the correct choice. The
similar 7, and therefore Nu pfofiles predicted by these two models in
the stagnation region can be explained by the dominating effect of the
unmodelled term 2u; ((g—‘-; ‘P)2+ (% IP)Q} in the pgeneration -term of the
k-equation. The k and k, profiles predicted. by these two models in
this region, Fig. 7.5, are identical.

The differences between the predicted profiles of Nu by Models 2
and 4 derive from modelling the generation and dissipation of k. The
assumptions of Model 2 ‘result in overprediction of generation a'n.d
dissipation rates mnear the surface, Figs. 7.6 and 7.7, due partly to
the 7, definitiqn" in these models. In Model 2 r, 1s proportional 'to
(8v/8x), in Model 4 r, is proportional to (av/3x+;9u/ay). Corresponding-

ly, in Model 2 gu/8y appears in the G expression as an extra tern.

P,w
Another important difference is that in Model 2 turbulence generation

occurs throughout the mnear-wall cell whereas In Model 4, more
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realisticaliy,' there is no turbulence generation in the wviscous
’
‘ sublayer.
The (pE)P,w term is calculated in Model 2 using the p; expression
given in Bq. 7.2, This expression with a constant Cy is valid only
for high Reynolds number flows. Although it can be modified for a
near-vall flow by making C, a ‘function of the local turbulence :
QReynolds number, as in the 1low-Re version of the k-£ model, this
s practice is not followed here. Model 2 also assumes k, as an average k 3
in the whole near-WWll cell, perhaps overestimating -it.. Assumption of )
and k_, both constant' in the near-wall cell is probably the primary

H P
reason why ., the values of predicted (pe:)P y by Model 2 are much greater

C

than by Model 4. The results of the runs performed using Model 2 as
the near-wall model have been reported earlier by Polat, Mujumdar and
Douglas[1985]: ’

Complete isotropy of flow assumed by the turbulence model fails in

- the stagnation vregion, 1.e y<3w, vresulting in large differences

. |
between predicted and experimental Nu values. Moreover, very near the,

’ stagnation point the predicted Nu profiles decay faster due to the

choice of separate modelling of near-wall flow. The value defined as

stagnation point Nu number is actually computed at the grid node next

—%
e

+to the true stagnation point, hence its value is very sensitive to the
location of this node because 7, and Vo both approach zero as the true

stagnation point is approached.

In summary, the choice of a near-wall model for distributioms of
shear stress and turbulent kinetic energy is shown to be of extreme
importance. The choice of altermnate, and apparently reasonable models

results in large differences in the predicted distributions of local Nu

xd
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and wall s;.hear ‘st‘ress. .‘C;‘f_f:‘.our\ models tested, that identified as Model
_r‘ 4 4in Table 7.21 gi\‘r‘esr, the’ best overall agreement with, experimental
results. The ;Eédictg’.ons obtained are sufficiently good that this model
can i)e accepted for- prediction o‘f impingement heat transfer

characteristics in the present investigation.

7.4 RESULTS AND DISCUSSION P

.

7.4.1 Single Jet Heat Transfer without Throughflow

Table 7.3 summarizes parameter values for runs performed using
“ k]

Model 4 as the near-wall model for shear stress and kinetic energy

distribution.

Table 7.3 Parameter values for single jet simulations without
throughflow at the impingement surface

Run no H/w Re, 1,x100 ' NX NY Yoax/¥ '
1 1.25 21800 7 20(1.05) 40 25
2 2 11000 2.5 12 35 15
3 2 11000 7 12 35 15
4 2 11000 10 12 35 15
5 2.6 ° 10100 1 12 35 30
6 2.5 21800 7 15 30 25
7 2.5 35800 7 20 30 20
8 2.5 44300 7 25 40 20
9 6 10100 1 18 35 36

10 8 20000 7

30 40 46

a) Prediction of Pressure and Velocity

Predicted normalized profiles of static pressure at the impingement
surface are compared with experimental measurements for close nozzle-
to- surface spacings, H/w, on Fig.7.8a and for an intermediate spacing

on Fig. 7.8b. The only measurements for a confined impinging slot jet s
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are those of Saad[198l). Cadek's[1968] nozzles were only partially
confined, and all other studies. used unconfined jets. Confine'd and
unconfined impinging jets show quite different static pressure
distributions for H/w<8. For an unconfined jet, static pressure
decreases from the stagnation point maximum to zero at the end of
stagnation region. For a confined jet, the end of the stagnation
region is marked not by zero pressure,' i.e. atmospheric, but by 4a
minimum static pressure which can be negative, as- documented by Saad
Thus an important feature of confined jets is recovery of pressure in
the wall jet region as static pressure becomes equal to the atmospheric’
pressv:lre at the outlet of the confinement system. Comparison of static
pressure distributions between confined and unconfined j_gfs,,for small
values of H/w must recognize this basic difference. The reference
value in computations of pr‘essure was that at the central grid node of
the nozzle. In Fig. 7.8a and 7 8b the reference pressure for AP and
AP, for the confined jets was taken to be the minimum pressure,
interpreted as marking the end of the stagnation region. -The static
pressure distribution along the impingement surface was then normalized
using AP, , stagnation -pressure.

Fig. 7.8a displays the excellent agreement in normalized pressur‘e
profiles, between that predicted at’' H/w=2.5 émd the experimental
profile of Gardon and Akfirat[1965] at H/w=2, At H/w=8 the agreement
between the predicted AP/AP, profile and the several experimental
profiles at H/w28, Fig 7.8b, is within experimental error. The
boun?lary conditions of the experiments of Saad and Cadek are closest to

those used in the predictions, i.e. completely or partially confined

<>
jets, and the flat mnozzle exit velocity profile produced by their
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nozzles (ASME, elliptically Eonto$red entry) , yet agreement with their

préssure profiles is mnot particularly good. The pressure profiles of
Cadek at H/w of 2 and 4, so close as to be indfstinguishable, are lower
than the predicted profile at H/w=2.5, Fig. 7.8a, but the profiles of
Saad and Cadek are higher than that predicted at H/w=8, Fig. 7.8b. The
predi;lcted location of zero AP when H/w=8 shows gxcellent agreement with
the position found by Saad, 4w-5w.

The predicted locus of normalized maximum lateral velocity along
the impingement surface for spacings, H/w, of 2 and 8 is compared with
experimental data for an unconfined jet on Fig. 7 9. The kinetic
energy of a jet is‘ converted to static pressure at the stagnation
point, then back to kinetic energy as the flow accelerates parallel to
the impingement surface and static pressure drops correspondingly.
When an impingement surface is located at a position corresponding to
the potential core of a free jet, as for example with H/w=2, this
process leads to a maximum value of unity for the v/u, ratio at the end
of the stagnation region, i e complete conversion from uy; to P, and
back to maximum v. As an impingement surface at H/w=8 is outside the
potential core region, the v/u;~1 condition is never reached. The
predicted and experimental profiles of u/u;, Fig. 7.9, agree well up
to the peak values, beyond zfi’nich they differ for reasons which depend
on the nozzle-to-surface spacing, H/w.

For a relatively close nozzle spacing, such as H/w=2 in Fig. 7.9,
the pressure hgradient with an unconfined jet is always zero but with a
confined jet 1is positive in the pressure reco{rery region. This
difference 1In pressure gradient causes a faster decay of 1lateral

velocity at the beginning of the wall jet region for a confined than

\
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for an unconfined jet, which is the trend apparent on Fig. 7.9.

For a nozzle spacing of H/w28 another mechanism explains the Fig.
7.9 divergence in the opposite direction. Entrainment of ambient air
by an unconfined jet, substantial for larger H/w spacings, consumes jet
momentum. Thi; process results in a degay of lateral velocity, after
the peak in v/u;, which is faster for an unconfined than a confined
jet. This effect is correctly predicted in éhe present study, Fig. 7.9.

In Fig. 7.10 the development of pqofiles of axial velocity for the
case of H/w=8 at locations, x, of 2w, 4w and 6w from the nozzle exit is
compared with experimental data of Cadek[1968] for a free jet. The

nozzle used sby Cadek was the ASME standard elliptical contoured
s o

entrance nozzle which gives a flat velocity profile, the nozzle exit
boundary condition wused in the .present numerical predictions,
Agreement between predicted and experimental results is’excellent. The
agreement at x/w=6 when H/w=8 shows that the effect of the impingement
surface on mean axial velocity is not transmitted a distance more than
2w, 0.25H, from the impingement surface. This characteristic is
displayed again by Fig. 7.11, which shows that for H/w=8, centerline
velocity decay starts at about 0.25H from the impingement ;urface.
Saad[1981] documented the same behaviour for a confined slot jet. 1In
teéms of length of the~potential core, Fig. 7,11 shows that this region
shrinks from about 6w for H/w=8, to about O0.5w for H/w=2.5, and
disappears for H/w=1.25. Thus at the H/w=1.25 spacing éhe presence of
the iﬁpingement surface is felt by the jet immediately aftér khe nozzle

exit whilé for the higher spacings its effect is not felt until abqpc

0.25H from the surface.
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b)' Prediction of Nusselt Number

In Fig 7.12 the predicted Nu profiles at nozzle spacings, H/w, of 2

‘and 2.6 are compared with experimental data at comparable Reynolds

numbers. Only van Heiningen[1982] used confined je’ts. The variation

'between experimental studies is greatest in the range 3<y/w<l0, where

it is as much as #30%. Experimental studies agree on the location and
the value of the off-stagnation minimum but not for the secondary

maximum, given as Nu=40 at y/w=5 by Kumada et al.[1972], as Nu=24 at

y/w=~8 by Gardon and Akfirat{1966].

o

In the stagnation region agreement for the lower Reynolds number
range between experimental profiles is good but the predicted profiles
are too low over about the first 2w from stagnation, for reasons noted
earlier. The value and location of the off-stagnation minimum Nu, on
the other hand, is predicted surprisingly well. As for the off-stagna-
tion maximum Nu, its predicted location, about 7w from the nozzle
centerline, agrees well with experiments, which locate it at from 5w to

8w from the centerline. Its predicted value is likewise intermediate
\

between the extremes of experimental measurements.
2

In Figs 7.13 through 7.15, the predicted Nu profiles fo;‘ H/w=2.5

and for somewhat higher values of Re,, 21800-44300, are compared with

the present experimental results for the identical conditions, and with
earlier experimental results for similar conditions. At these higher
valués of Re; the Nu profiles are predicted quite well from stagnation

through the off-stagnation minimum to the secondary maximum, O0<y/w<7,
,d

but beyond the secondary makimum the prediction is consistently high.

The lower heat transfer rate in the wall jet région for the unconfined
‘-‘,\‘

cooling jet of Cadek 1iIs attributed to the lack of a confinement

L
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surface. The impingement surface is flat for the predictions but

cylindrical for the present experimental study and that of wvan
Heiningen. Curvature of the impingement cylinder, expressed as the

ratio of its diameter, D to nozzle width, w, correspond to D /w,

¢
values of 24 for the present case, 34 for wvan Heiningen. A wall jet
spreads faster over a convex than a flat surface, an effect which
reduces the parallel v;elocity near the .impingement surface. Although
heat transfer rates in the wall jet region are therefore expected to be
lower over a cylindrical than a flat surface, no data exist éh;.ch
quant‘ify this reduction as a functi,onﬁof D, /w.

The reason for an off-stagnation minimum and maximum at H/w
spacings less than 8 was ascribed long ago by Gardon and Akfirat[1966]
to boundary layer transition, from laminar at stagnation to turl;ulent
at the end of the impingement region. The phenomenon of transition is
beyond‘the ability of the present turbulence and near-wall models. The
predicti.c% of Nusselt number in this region is therefore coincidental

to the near-wall modelling of the turbulent kinetic energy generation

and dissipation terms. This point 1is discussed further after

.examination of the predicted Nu profiles at higher H/w spacings.

The testing of this model for computer simulation of impingement
heat transfer is now extended from the very low range of nozzle-to-"
surface spacings, 1.25w-2.6w, to spacings in the range 6w-8w. Figs.
7.16 and 7.17 provide comparisons at mnozzle spacings of 6w and 8w,
respectively, between predicted and experimental Nu profiles. As no
claim of accuracy for the Nu predictions_in the “stagnation region can
be made, Nu predictions with the present turbulent model are not

examined in the y<3w region. As Re; is decreased or, as in this series

!
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of tests, H/w is increased, the off-stagnatjon features gradually
disappear. ' The characteristic “of the present model of sometimes

’

underpredicting Nu in the stagnation region is again observed for the
H/w-Re ‘combinations of Figs. 7.16 and 7.17, but by about y/w=7, the Nu
prediction is again quite good. 1Ideally the present predictions should
be reliabie_beyond about 7w from stagnation. In the region from about
7w to 12w from stagnation the predictions show Nu increasing with
distance from stagnation but all experimentall results decrease. For
the wall.je;t region beyond y/w=10 the results of Cadek and of Gardon
and Akfirat fall below the predictions on Figs. 7.16 and 7.17, but as
these experimenters used unconfined jets it is not known to what extent
their Nu measurements are changed in the wall j‘et by entrainment of the
ambient air surrounding their equipment. Van Heiningen's results in
the wall jet region are likewise lower than the model predictions but
his experiments, although with a fully confined jet, were made over a
cylindrical impingément surface which acts to reduce Nu in the wall jet
region by'an amount which, again, is not known.

There is only one investigatox;, Saad[198l], who has wused both a
fully confined jet and a flat impingement surface. It is then highly
sign‘ifice.mt that Saad’'s experimental measurements, Fig. 7.17, agree

with the results predictions of the present study for the region

starting at about 10w from stagnation.

c) Pre&lictio_n of Turbulence Characteristics

As prediction of the Nu distribution-at the surface depends greatly

on the k distribution, it is of interest to examine in Figs. 7.18-7.20

the lateral profiles of turbulent kinetic energy at various levels
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between the impingement surface and the nozzle exit-confinement

surface, for each of three nozzle spacings. For each value of H/w, the

lateral k profiles are plotted at about the same x/H location in order .

to compare turbulent kinetic energy development with increasing nozzle-
to-surface spacing. It should be kept in mind thay t;he corresponding
values of X in terms of nozzle width, w, are quite éifferent for each
case.

High wvelocity gradients under the mnozzle edge, y/w=0.5, generate
high turbulent kinetic energy. Because of substantial velocity
gradients, the turbulence energy increases in the recirculation region
which is enveloped by the streamline emerging from the edge of the
nozzle wall. Starting at 0.5w from stagnation, 1i.e. under nozzle
wall, the recirculation region extends out to 3.5w from stagnation for
H/w=1.25, out to l4w for H/w~2.5, while for H/w=8 the lateral extent of
the recirculation region exceeds the 46w width of the confined system.
With H/w=8 then, some ,inflow occurs near tﬁe confinement surface at the
outflow boundary, 46w from stagnation. T‘hé coordinates of the eye of
the recirculation region‘ move from (x-0.6w“; y=1.5w) for H/w=1.25, to
(x=1.2w, y=2.7w) for H/w=2.5, and to,(\\ =4w, y=13w) for H/w=8.
Similarly the peak of the high k re\gion moves|, away from the stagnation
point as H/w increases. As can be segn in these figures, the closer

the s'pacing between the nozzle and impingement \ surface, the faster the

diffusion of turbulence kinetic energy. from under, the nozzle wall,

@

where it is generated, into the recirculation region.

Looney and Walsh[1984] reported that the turbulence characteristics

©

of a plane free jet were not predicted well by’the standard k-& model.

~

They fecommended the algebraic stress model of Rodi[1972] for this type.
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of flow. 1In theg.r prediction of impingement heat transfer, .however,‘
o they observed that the k-« model gave ‘:i)etter predictio.ni with specifi-
'cation of inlet conditions from free jet pr'edictions at‘~0.55H from the
surface. Whe;x 'the vhole _flow domain pof an impinging j;t' from nozzle
: N
exit to impingement surface 1is considered, such as in the present
‘study, Nu predictions with this model are prgbably less satisfactory,at
higher than lower spacings due to th;e inability of the k-e model to
predict turbulence characteristics accurately in the free jet region.
The extent t; which convective transfer rates might be increased by
increasing turbulence at the nozzle exit remains an important Auestion
in impingement heat transfer. For H/w=2 and - Re;=11000,- Fig. 7.21 ~
compares the predicted effect of jet inlet turbulence intensity on Nu
profiles with’ the experimental results of Gardon and Akfirat[1965].
For H/w<8 they rePorted that by increasing the turbulénce 1ev*e],
artificially at the nozzle exit, tt;e heat transfer was increased, most
in the stagnation region, but increased sgbstantially even out to:about
8w from the nozzle centerline. Beyond 8w from stagnation, Nu-: was
' unchanged. A similar observation was made by Saad[1981], who vtaried

turbulence intensity at the nozzle exit by varying the width of slot

nozzles over the range 2.5mm-1’3.3mm.»

- The predictions of the’ fzre‘ser}t study show a curious nonlinearity,
! i.n that over the reéion of greatest sensitivity, &<y/w<9, Nu is
essentially wunaffected by an increase in - nozzle exit turbulence
intensity from 2.5% to 7%, but Nu increases by 10%-15% for a further
increase to 10% ‘turbulence intensity at the nozzle exit. In the
stagnation region Gardon and Akfirat’s measurements for the same H/w

and Re; show a strong and continuous effect of nozzle exit turbulence

o
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A -
level for their values of 2.5, 6 and 18%, 1In the present study n»o

predicted profile could be obtained for 18% ‘turbulence because of

Q

convergence problems. Gardon and Akfirat observed that at 18% nozzle .

Ett\turbulence the increase in stagnation region heat transfer was so \/

N

large that the secondary peak completely disappeared. E§Vep at 6%

turbulence intensity the heat transfer. increase in the stagnation
region was sufficiently large that only a siight hump remained of the
secondary peak. The inability of tl"xe k-¢ turbulence model to simulate
the actual anisotropy of turbulence in stagnation flc;w's' .may be the

r‘easonﬂ why the present model underpredicts the \effec‘t of 1inlet

turbulence on heat transfer.

7.4.2. Single Jet Heat Transfer with Throughflow:

he range of parameters for simulations to predict effect of

N

throughflow at the impingement surface is listed in Table 7.4,

Table 7.4 Parameter ~values for single jet simulations with
throughflow at the impingement surface, H/w=2.5, I,=7%.

3

-~

Run no Re, NX NY u,\m/s u, /u,
. 6 21800 & 15 30 0.0 0.0 ; T
11 21800 15 30 0.094 0.0044; -
12 21800 15 30 0.256 0.012 :
7 35800 20 30 0.0 - 0.0
. T 13 35800 20 30 0.109 0.0032 .
8 44300 25 40 0.0 0.0 ° -
- 14 44300 25 40 0.095 0.0023
/ 15 44300 25 40 0.237 0.0058
i // - . S
SN .

I

The nozzle-to-impingement surface spacing, H/w=2.5, and the values of
?

jet Reynolds number and throughflow rates were selected to duplicate

the conditions of experimental runs p};esented in Chapter 5. The nozzle

o
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exit turbulence intensity used, 7%, is within the range below which the

\

model is insensitive to this parameter, Fig. 7.21. As the simulations,
* A=

were foxr a constant fluid density t:he. .throughflow parameter, Mu,,” is

., .

P
’

equal to the velocity ratio wu,/uy.

Fig. 7.22 displays Nu profiles predicted for Re;=44300 with
throughflow welocity from O to 0.237m/s (0%<Mu,<0.58%). Relative to
‘the no-throughflow iarofile, application of uniform throughflow predicts
a uniform increase in Nu along the impingement surface, exactly as is
measured experimentally, Chapter 5. Comparison wit;h experimental
results, Fig. 7.23, 1is therefore made on the basis developed in

Chapter 5, i.e. as enhancement of average. Stanton number due to

throughflow, ASEt, relative to the nondimensional "“measure of

throughflow, Mu,. Fig. 7.23 shows profiles of enhancement of average

heat transfer by throughflow, ASt/Mu,, as a function of the half-width

of the heat transfer surface, S/w, on eithér side of the nozzle,

centerline. . The second feature documented by the experimental

measurements, Chapter 5, is that the ratio ASt/Mu,=0.175, independent

of Mu,, Re; and S/w. 1If the predicted results for ASt/Mu, at S/w=8 are
cross-plotted with respect ;:o Mu,, they shou{ the eﬁhancement;, ASEMuy, ,
increasing with Mu, rather than dndependént of throughflow rate. As
Mu,+0, the predicted &ASt/Mu, approaches the experimentally measured
value, 0.175, Within the range of Mu, measured experimentally in
Chapter 5, i.e. 0<Mt;.,<0.002, the predicted enhancemént, ASt/Mu,, agrees
within 10s% ;f that measured experimentally, but for Mu,>0.002 the model
overpredicts the enhancement in average heat transfer by throughflow.

This limitation is not of much importance because the range Mu,=<0.002

covers throughflow rates of particular interest for industrial

~
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application. ‘ - |
The reason why the predicted values of ASt/Mu, increase th Mu, is

probably the fixed values of A and B in the bilogarithmic formila used
to calculate' wall shear stress in“ the case of ;vith through£flow.
Although the values of A and B in Eq. A3.27 should depend\ on
throughflow velocity- (Black and Sarnecki{1958]), as detailed |
Appendix 3 these values were instead taken as the respective values for
no—'throughflow. The data of several studies for boundary layer

velocity with throughflow are mnot sufficiently consistent to permit

correlation of A and B in terms of u,. One such attempt, presented in

o

be used.

AN

As the model gives remarkably godd predictions 3{ enhancement . in
daverage heat transfer by t:hrc;ughflowT it \15“05 interest to examine the
predicted effects of throughflow on axial velocity near the impingement
surface, Fig. 7.24, on profiles of la;teral velocity, Fig. 7.25, and on
turbulg.'ent kinetic energy very close to the impingement surface, Fig.
7.26.

- From a comparison of predicted‘ lateral profiles of axial veloci'}:y
at positions 0.5w (0.2H) and 0.1w (0.04H) from the impingement surface,
Fig. 7.24, it is seen that at a nozzle-to-surface spacing, H/w, of 2.5

almost no effect of throughflow is predicted even as close as 0.5v from

the surface. At 0.1lw from the impingement surface, throughflow

Increases axial velocity by an almost uniform amount everywhere, ~i.e.
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with a relative increasemwhich becomes verypla;rge b); even 3w from the
noz.';le c;anterline. As this throughflow velocity..y u,~0.237, is so small
compared with the nozzle exit velocity, u;=42m/s, a plot of ¢enterli'ne
axial wvelocity, such as Fig. 7.11, with and without throughflow would
show no apparent effect of throughflow. For a confined“slotl and an
unconfined round jet, respectively, Saad{1981] and Obot[1981] measured
the i1.':1ter.<.11 profiles of the axial welocity at :a position 2w (O.éSH)
frc;mzthe surface when the impingement surface was spaced 8w from the
nozzle. Saad’'s measurements show, that at a unifo:rm throughflow
velocity of O0.3m/s, axial wvelocity increased by a ‘constant amount
everywhere, independently ;f Re, (11000<Re3<2;0000). At a jet Reynolds

number of 38000 and for a uniform throughflow velocity, u, ,of 0.175m/s

and 0.25m/s, Obot observed the same effect. Contrary to the results of

these two experimental studies.predictions show no appreciable effect -

of throughflow on axial velpcity at a location 0.2H away f£r\m the

pReN
3

.

?mpingement surface.

The Fig. 7.25 comparison of predicted profiles of latéral mean
velocity across the ﬁall jet'l, with and wit:hout:~ throughflow, indicates,
negligible effect out to 3.7w from stagnation. By 10w from stagﬁaéiou,
this amount of throughflow 1is predicted to decrease the lateral
velocity near the impingement surface slightly, by 5%. For Mu.-C;.OOSS
the cumulative amount of air removed by througlﬁflow by y/w=10 is 12% o‘f
the jet inflow. The experimental measurements of Saad[1981] -and Obot
[1981] indicate that throughflow inc.:reases the streamwise velocity pear
the surface., A similar observation was made by Baines and Keffer[1979]
for an unconfined slot ujet impinging ‘at a fixed u, /u; value of 0.29%.

L3

Thus the predicted effect of thtoughflow on wall jet velocity profiles

e
(4
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adjacent to the impingement surface is opposite to three experimental
observations. Limitations of the turbulence model ma.y be a factor. It
is well known that the distance from the impingement surface for the
positions of zero shear stress and of maximum wall _]:et velocity do not
coincide. How throughflow affects .this relation&hip is unknown. A
turbulent-viscosity model such as used here cannot predict the correct
location of t;he vall jet wvelocity maximum because it implicitly
requires the zero shear stress and velocity maximum to be coincident.
Moreover, when .a high-Re version turbulence model is used, near-wall
properties such as wall shear stress and heat transfer are 2stimated

using wall functions, so detailed features of the near-wall flow cannot

be simulated
*
Saad[1981] found that throughflow increased axial mean velocity but

did not affect axial turbulence velocity, so that axial turbulence
intensity decreased with throughflow. For a round jet Obot[1981] found
the same effects as Saad for both axial and streamwise turbulence. In
Fig. 7.26 the predicted nondimensional turbule;lt kinetic energy
profiles along the grid line next to the impingement surface, i.e.
about 0.1lw from it, are. displayed for the same throughflow rates as
those of Fig. 7.25. Thus beyond the impingement region the numerical
moc}el f's found to predict a decrease in near-wall melocity, Fig. 7.24,
accompanied by an increase in turbulent kinetic energy near the
surface, Fig. 7.25. Both these trends are opposite to the experimental

measurements of Saad and Obot. Thus except at quite high throughflow

" L

rates, Fig. 7.23, the model predicts about the correct enhancement in
average heat transfer by throughflow but, paradoxically, the mechanisms

by which the. model does this, Figs. 7.24, 7.25, 7.26, are not

2or TR
B '“.,§~3§
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consistent with the experimental evidence,

7.4.3 Multiple Jet Heat Transfer with and without Throughflow

The model was used to predict heat transfer for a multiple confined
jet configuration with exhaust ports located symmetrically between the

jet nozzles, Fig. 7.2. The width of exhaust ports is twice that of the

jet nozzles. " For such a multiple jet system® composed of repeating
N .

units, or flow cells, of dimensions SxH, Saad[1981] ‘es;:.ablished that
flow cell aspect “%atio, S/H, 1is a basic parameter' which defines
conditions of geometric similarity for flow and heat tran::;fer. Due to
flow symmetry it is necessary to solve only the domain of a single flow
cell, SxH. Fig. 7.2 indicates that each such flow cell takes half the
flow from a nozzle. The simulation was again performed using Model 4
as the near-wall model, . results using Model 2 having been reported
previo&sly by Polat, Mujumdar and Douglas[1986]. As the only
comparable experimental data are those by Saad{1981] without
throughflow, and those of the present study with and without
throughflow, two series of simulation runs were made, Tablq 7.5, one

matching the conditions of each of these experimental studies.

Table 7.5 Parameter values for multiple jet simulations

Run no H/w Re; I, NX NY S/H u,,m/s u, /uy
16 8 21000 1% 25 30 1.0 0 0
17 '8 21000 1 25 30 0.75 0 0
18 8 21000 1 25 30 0.5 0 0
19 ~ 8 21000 1 25 30 0.375 0 0
20 5 8200 5 20 25 "0.5 0 0
21 5 8200 5 20 25 0.5 0.043 0.0031
22 5 8200 5 20 25 0.5 0.109 0.0079
23 5 8200 5 20 © - 25 0.5 0.161 0.0117
24 5 8200 5 20 25 0.5 0.268 0.0194
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As Saad[1981] measured loca) Nusselt number profiles for multiple
confined slot jets at Re=21000, H/w=8, for flow cell aspect ratio, S/H, _.

of 1 and 0.75, the model was used to predict Nu for these conditions.

Two lower wvalues of S/H, 0.5 and 0.375, were added to provide results

for very closely spaced nozzles and exhaust ports. In these

simulations H and w were fixed and the variation in S/H ’from 1 to 0.375

was obtained by changing the centerline spacing, nozzle-to-exhaust

port, S. The number of grid nodes was fixed at 25x30, the nozzle exit N

turbulence intensity at 1%. Saad used elliptically contoured entry
3
nozzles in his multiple jet study, for which he measured nozzle exit

turbulence intensities of less than 1%. The present model has been

shown, Fig. 7.21, to be insensitive to nozzle exit turbulence intensity
over the region 2.5%-7% even for a spacing as small as H/w=2. Hence

the choice of nozzle exit turbulence intensity of 1% is reasonal;le.
The sharp increase in predicted Ny within about 0.25w of the
centerline of both the #xhaust port and the jet nozzle, Fig. 7.27, is

Py

the same characteristic apparent very near the nozzle centerline for
the single jet profiles d'isplayed in section 7.4.2. The inability of
/—the simulation to p;:edict Nu satisfacto;‘ily within about 0.25w of the
jet and exhaust flow centerlines is attributed to the wall-function

method used.

Over the central 80% of the nozzle centerline-to-exha‘ust centerline
spacing, §, Fig. 7.27 shows the agreement is within 30% between Nu
predicted and Nu measured by Saad for S/H ratios of' 1 and 0.75. { No
experimental data exist for S/H of 0.5 and 0.375. From his measure-
ments over a wide range of S/H at larger values of H/w, Saad predicted

hY
that average heat transfer rate at any H/w would pass through a maximum
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value for a flow cell aspect ratio around S/H=0.5. The yuns for S/H of
0.5 and 0.375 were performed to determine predicted trends in this
ra;'lge. The Fig. 7.2:/ results indicate th;t heat transfer rate increaseos
as S/H is decreased from 1 to 0.7?‘?0 0.5. For §/H=0.375, i.e, S/w=3,
the simulation predicts a lower Nu over the central region 1l<y/w<2.5

for which' the simulation is not distorted by the near- centerline

problem discussed above. Thus the simulation model is consistent with

--the experimentally based prediction of Saad that Ru passes through a

maximum for a spacing about S/H~0.5.

The effect of throughflow on multiple jet impingement heat transfer
was predicted in a second set of runs at S/H=0.5, H/w=5 and with the
other conditions corresponding to the experimental measurements of the
piesent study, Chapter 6. In these runs the number of grid nodes was
20225, the inlet turbulence 1n§:ensity was 5%. For t};e case without

throughflow Fig. 7.28 displays both the predicted and experimental Nu

4

number profiles. For a flow cell this narrow, the two critical regions
with anisotropiec characteristies, i.e. the impinge;nent and exit flows,
are immediately adjacent. Prediction of such a flow configuration with
a turbulence model which assumes isotropy is expected to be 1less
satisfactory. Yet agreement between eicperimenta‘l and predicted Nu
profiles is surprisingiy godd, within 15% over the central 80% of the
impingement surface, 0.25<y/w<2.25, i.e. excluding the two near-
centerline regions for whic‘h the model is rot reliable.

A detailed comparison of near-wall models was not performed for the

multiple jet configuration ds was done for the single jets (Section.

7.3). However, relative to the results of Polat et al.[1986] with

°

Model 2, use of Model 4 improves the agreement between predicted and

¢
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experimental Nu profiles significantly, by as much as 20;3.

The ;)rediéted effect of throughflow, Fig. 7.28, like that measured
experimentally, is for local enhancement of heat transfer by.an almost
uniform amount across tl\le; impingement surface, excludingb the 10% of the
surface adjacent to the two centerlines where, for reasons noted
earlier, the simulation is/;lot valid. For the ;verage heat transfe;

L

comparison of Fig. 7.29,'.'the ‘predicted values of N were calculated b};‘
excluding the reéioti of invalid predictions within 0.25w of"the nozzle}
and exhaust port centerlines. The agreement between predicted\and
experimentally measured average heat transfer due to throughflow is
good for Mu,<0.01. At higher Mu, values the predicted Nu becomes much
too high for the same reasons noted in the single jet case, 1i.e.
constants of the Eq. A3.27 of Appendix- 3 are mnot adjusted for

throughflow\ velocity because of( a lack of reliable studles on the

effect of throughflow on the mnear-wall flow. Hence for this multiple

wyt

Jet system this near-wall model can be used only for wvalues of the
thiroughflow parameter, Mu,, smaller than OOf For a single Jet,
Section 7.4.2, the model gives good predictions of the heat transfer
"enhancement by throughflow up to a much smaller throughfléw rate ;bqut J
Mu,=0.002. It is pertinent to note that, because the simulations for
the single jet were performed a!: much higher jet Reynolds numbers,
22000-44000, this limiting value of Mu, for a single jet corresponds to
a throughflow velocity, u,, about the same as that for the multiple
= Jets at Rey 200 and Mu,=0.01, 1i.e. ;13=~0.1m/s in both cases.
In summary,_ the tests performed establish that for multiple

confined slot jets the present model predicts Nusselt numbe:;‘g to within

158 of that measured experimentally, and shows trends close to those
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, observed experimentally for the effect of internozzle spacing, S/H, /é\d

for the effect of the throughfiow up to quite high values of u,. / .

—_ , - .

7.5 SUMMARY

Tests were mac;e of several séﬁemgs for the numerical prediEtion of
impingement heat‘:‘j\ transfer, all involving solution of the two
dimensional Navier-Stokes, energy and turbulence model equations using
an upwind finite differ%‘nce scheme. The turbulence modgl used was the
high-Re version of the k-¢ model. Various near-wall models were
tested. Two configuration of confined plane jets were used, a single
jet and a multiple jet array with spent flow exhausted symmetrically
between the jet nozzles. The ability of’ the computer simulations to
y .

predict the effect of throughflow at the impingement surface was tested

for both configurations.

such as prlessure distribution, mean axial velocity and maximum lateral
velocity along the impingement surface was found to be, negligible. For
shear stress “and Nu disgribution, however, the predictions are

sensitive to this choice. Among the near-wall models tested a modified

t
¥

éhieng~Launder model pgave the' best agreement of predicted Nu
d%stribution with eqxperiments, including the location and Nu value of
the offlstagnatioK features which occur for small nQZzle-to-surface
spacings. It must be realized, —however, that at the current st?ate of
development no nmneric;al simulation technique involving any combination
of a high-Re turbulence model and a near-wall model is capable of
simulating the phenomén? that create these features, i.e. the growing_

laminar boundary layer from the stagnation point to the off-stagnation

The effect of choice of near-wall model on mean flow properties '

[
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minimum, and the boundary layer transition from laminar to turbulent ‘

. ' from that point to the location of the secon&ary maximum Iin Nu.

Therefore obtaining good 'agfeemer/lt between predicted and experimental
Nu' profiles for these off-stagnation fe‘atures Aat_ low H/w values 1§
coincidental to the¢ modelling of “shear stres; and turbulent kinetic
energy near the wall. , .
Calculation of néar-wall generation of tgrbulen;: kinetic energy
according to the earlier used Couette flow assumptionﬂis completely
invalid for prediocting heat transfer in the stagnation region. This
assumpfion, Model 1, produces an unrealistic minimum for heat f:ransfer

9
around the stagnation point.‘ Near-wall models that do not make this

assumption produce results which are independent of the near-wall model
du.2 dv.2 —
w *Gy )

in this region. Moreover, prediction of heat transfer in the

used due to the dominating effect of unmodelled term 2u, ((

stagnation region, where the turbulence is knownh to be highly.
anisotropic,%by a model which as.ﬁmes isotropy may not be sound. -
Predictions of Nu ir; this region, however, in general agree acceptably

with experiments, except within about 0.25w of the nozzle and exhaust

centerlines due to reasons which have been identified.’

N Extensive testing of the ability’ to predict profiles of locaol Nu at

Al

close nozzle-to-surface spacings, 25H/w£2.6,/ established the
acceptability of the numerical technique which incorporates the high-Re
version ‘of the k-¢ model with a modified Chieng and I:.aunder near-wall
model. Testing of prédictionsﬂ at wider spacings,'. 6<H/w<8, showed that .
the model continues to predict off-stagnation minima and mexima %or
/co’mbinations of- H/w and Re for which such features no longer occur.

Beyond the location of the secondary maximum these predictions of Nu

0
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are g\‘ither about correct or somewhat overpredict Nu, as there is

corié_*x&erable disagreement between the experimental data. The tegting
. o \

by Looney and Walsh{1984] of various algebraic stress models as well a§\

the standard k-¢ model for a plane turbulent free jet showed that ;:he
k-¢ model is inferiQTr f<;r that case. At larger nozzle-to-surﬂ‘ace
spaci;lgs the inability of the present numerical .technique to reproéuce
the experimental trends is therefore attributed to the deficiencies of

~

the k-&£ model for the free jet region.

When turbulence intensity at the nozzle exit is increased for small

nozzle-to-surface spacings, the model fails to predict the enhancement
of impingement heat transfer experimentally observed out to about 8w
frgrp stagnation. This deficiency Qay be rela;:ed to the inabili-ty of
the technique to predict bo’undary layer 'phenomepa involved in that
enhancement.

The prediction of enhancement of heat transfer by throughflow at
the impingement surface according to this model is accurate to within
10; for small rates of throughflow, Mu,<0.002, for the single jet. For
higher throughflow rates the model substantially overpgedicts the
enhana:ement. Tl;e source of the error for high throughflow rates is
probably‘ that, due to lack of studies on the effect of throughflgy on
the near-wall flow, thevparameters of the bilogarithmic formula used

for wall shear stress cannot be related to throughflow rate.

For the case of a confined multiple jet configuration with exhaust

" ports located symmetrically between the jets, the predicted Nu profile

is as much as 30% lower than experimental measurements. When the

)

nozzle centerline-to-exhaust centerline spacing, S, was varied, the

. model results indicate that average Nusselt number passes through a
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maximum near the same value of the flow cell aspect ratio, S/H=0.5,as

was Indicated by the:* experimental measurements of Saad[l98l]. The

(SN

predicted effect on heat transfer of throughflow at the 1mpinéement
surface agrees quite well with egperimental measuremgnts for values of
the throughflow parametler up to Mu,~0.01. The limiting value of Mu,
for good agreement between predicted and experimental results fo.r the
effect of throughflow is quite different for single and multiple jets.
but,} interestingly, the throughflow velocities corresponding to these
limiting values of Mu, are about the same, u,=0.lm/s.

7

In conclusion, the mean flow characteristics of a turbulent

¢
impinging jet can be predicted accurately with the present numerical

technique. Prediction of impingement heat transfer varies with nozzle-

to-impingement surface spacing, reasonably good at dlose spacings but
. -
poor at larger spacings. The enhancement of convective heat transfer

due to throughflow at the impingement surface can be predicted with
reasonable accuracy up to substantial throughflow rates of 0.1m/§ but
overpredicts the enhancement at higher throughflow. The model does not

predict the heat transfer enhancement with increasing nozzle exit

A3

o,
turbulence which has been experimentally measured. Therefore the

present technique, which incorporates a high-Re version pf the k-«

s

model with a modified Chieng-Launder near-wall model, lacks the
generality which is sought for numerical prediction methods. Use of a

more complex .turbulence model may be justified in view of the complex

turbulence structure of a confined impinging jet system. However such

&}

models, not adequately tested, are still in the development stage.

Prediction of heat transfer under impinging jets remains a stringent -

test for the performance of any such turbulence model.
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CHAPTER 8 °

CONCLUSIONS

8.1. CONTRIBUTIONS TO KNOWLEDGE.

1. - A sensor for transient heat flux at a surface with throughflow

A permeable, high sensitivity, fast responding thin-film heat.flux
sensor was developed which has ‘made it 'possible to measiure rapidly
changing heat flux at a surfaf:e wiﬂtho or without throughflow at the heat
transfer surface. This sensor arl\d the associated measurement system
was shown to produce accurate results for a specific case, (;ne where
the rapidly changing heat flux is due to jets impinging on a heat
transfer surface with throughflow and which 1is moving at high speed.
At the highest surface velocity tested, the sensor measures Nusselt
number to an rms accuracy of 5% for a heat flux which cycles from its
lowést to highest value in as litti.e as 3.1lms. This new type of heat
flux sensor is not restricted to this particular case but is of general
applicability for the measurement of rapidly changings heat:_ flux at a

permeable surface at which there may be throughflow.

2. Mliltiple slot jets: condition of maximum heat transfer

Multiple jet heat transfer is a function of two geometric parame-
ters, nozzle-to-surface spacing, H/w, and ”nozzle-tcs-wexhaust port spac-
ing, S/H. The correlation of Saadf1981] indicated that the geometric
condition for maximum average heat transfer would be H/w=5, S/H=0.5,
The present study, the first to provide an experim;antal measurement

for this geometry, documents Nu over a wide range of jet Reynolds num-

ber, 8200<Re;<25800, for this condition of maximum heat transfer rate.

-

)
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3. Effect of impingement surface motion: single slot jets" £

o The disagreement concerning the effect of impingement surface mo-

tion on convective heat transfer from impinging slot jets has been re-
solved. Subba Raju and Schlﬁnder[1977] Feported that convecti.ve heat !
transfer rates for single slot jets increased by a factor of 1.5 to 2
with increasing speed of an impingement surface. Fechner[1971] and
Haslar and Krizek([1984] reported son;e increase iﬁ" convective mass
transfer rates with increasing ;peed of an impingement surface under
multiple slot jets. Baines a%kﬁffer[l979] found no effect of surface
motion on average wall shear stress under a single slot jet. Van
Heiningen{1982] found‘that Nusselt number decreases with increasing
speed of the heat transfer surface moving under a single confined slot
jet. The present study, carried out in such a way as to avoid factors ~
which contribute unce;tainity to some of the earlier studies, has con:
firmed and extended van Heiningen's findin; that convective transport
coefficients for a slot jet decrease significantly as impingement sur-
face motion increases. The decrease of Nu was found to be a unique
function of the nondimensional surface motion parameter, Mv,, independ-
ent of jet Reynolds number, Re, ,a and width of the heat transfer surface

over a wide range tested. For a rapidly moving impingement surface (Mv,

=0.34), a{rel.jage heat transfer is about 1/4 lower than for a stationary

L N

impingement surface.

P

4, Effect of impingement surface motion: multiple slot jets

The first documentation is provided of the effect of impingement
surface speed on Nusselt number for the i‘ndﬁétrially important case of
Ve ]

- # confined multiple impinging slot jets. As for single jets, NU dec-

o
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reases as a unique function of Mv,, independent of Rej.. For a multiple
slot jet system of closely spaced jets at the geometric condition of
maximum a\}erage heat transfer, H/w=5 and S/H=0.5, Nu is somewhat less
sensitive . to Mv, than for a single jet The sensitivity of FNd to
1
impingement .surface speed is however hot negligible for the range of
surface motion parameter, Mv,, used in industry. For example, for the
conditions of one important industrial application, the Yankee dryer
for drying paper, an impingement surface movidg at the velocity found
in a modern high ‘speed paper machine would reduce ‘convective heat

transfer coefficients of a multiplezimpfnging slot jet system by a

substantial amount, .17%. .
|

v

5. Effect of throughflow: single and multiple slot jets

The 'effect of throughflow on impingement heat transfexj at a
stationary surface is shown to be linearly additive, independent of
Reynolds number, for both systems tested, a single confined slot jet at
H/w=2.5 and a confined multiple jet system of closely spaced jets at
S/H=0.5, H/w=3 For both the single and multiple jets the dir.ect
proportionality between enhancement of average heat transfer by
throughfli‘)w, expressed as ASE, and the nondimensional throughflow

parameter, Mu,, 1is found to have effectively the same value, 0.17.

v f
] r"

- .
6. Effect of throughflow' at a moving impingement surface: single jets

-

The effect of throughflow on convective heat transfer for jet
systems }mpitfging on movihg surfaces has {previgusly not been open. to

experimental study for "lack of a hei;}),‘ux sensor applicable to this
i
.
difficult combination of conditions. With the unique heat flux sensor

.

\
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developed: in the present study, such measurements are reported here for
|
the firet time, ﬁ‘or a jet at H/w+2.5 the measurement of profiles of
local heat transfer with very high spatial resolution served to
identify flow and f}eat transfer effects in the boundary layer that are
associated with t;hroughfléw,' with surface wvelocity and with the
combination of these conditions. The single jet results establish
that, over the substantial limits tested, the e’nhzi'ncémer(lt 9f average
heat transfer with throughflow at a moving ibpingement surface,
expressed as the ratio AST/My,, is a constant, 0.17, independent of
Mivs, Re, and extent of the heat transfer area. Close agreement of the

enhancement ratio, ASE/Mu with the results at low Mu, obtained by

=
Saad[1981] for a stationary impingement surface at H/w=8 indicates that
t?fs correlation for throughflow effect should‘apply also. for H/w

3
‘%acings pver the range 2.5 to 8, which covers the extent of major

-

‘industrial interest.

7. Effect of throughflow at a moving i'm?s.ng_eggnt surface: multiple jets

The effect of throughfiow on impingement heat transfer at a moving
surface is shown to be linearly additive for the confined multiple jet
system of closely spaced jets, S/H=0.5, H/w=5, as wgs established fo¥ a

single jet at H/w=2.5 with heat transfer widths up to The

fact that AST relates to Mu, with effectively the same prdportionality

constant for multiple jets and for a single jet, independently of jet

Reynolds number or extent of heat transfer éurface, indicates a conclu-
sion of considerable scope. Specifically, the evidence obtained is that
the throughflow enhancement ratio, AST:/Mu,;O.17, appears applicable

over a umuch broader range of parameters than tested in the present e
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investigation. )

-

g, Comprehensive correlation for heat transfer: single slot jets
N

Local and average heat transfer under a confined slot jet impinging

on a stationary or moving surface, with or without throughflow, was
determined for a jet spacing of H/w=2.5 and over the ranges of 16000
<Re;<580007 O<Mu,<0.02 and O<Mv,<0.35. A correlation of analytical

' form foxl' average heat transfer was determined for heat transfer
surfaces of 4ha1f-width, S, in the range represented by 1,2<S/H<6.4
(i.e. 3<8/u<l6). The corresponding range of nozzle open .area is 16.7%
down to 3.1%. Althou_féh in practice heat transfer surfaces smaller than
this would probably be- avoided as uneconomical, average heat transfer
over smaller surfaces may be determined from the graphical relations
provided. The analytic single jet correlation incorporating surface
motion and throughflow which was obtained in this study, the first such

W cor;‘elation to be ;;ublished, may be used also for a confined multiple

jet system when individual jets are spaced sufficiently apart that

-

thgir interaction does not significantly affect heat transfer.

7
9. Comprehensive correlation for heat transfer: multiple slot jets

For a multiple jet system with H/w=5 and S/H=0.5, the geometric

condition for maximum heat transfer, the first comprehensive analytical

r“‘ correlation, Eq. 6.5, has been obtained with which average convective

L R : ' .
heat transfer rate may be predicted in the presénce of surface motion

a

,'“ } } -
g a‘md - throughflow for the wide range of parameters 8200<Re;<25800,

" 0<Mu,<0.0235 and O<Mv,<O.38.

- - w '
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10. Modelling of an industrial application

With the present findings on the effects of surface motion and
throughflow on impingement heat transfer, the assumptions of the two
models, Crotogino and Allenger([1979] and Randa11[1984_'], for a paper

dryer incorporating combined impingement and t:hroﬁghflow" were

=

reexamined. In the absence of reliable data, both models ﬁegiected the
effect of surface motion, now shown to” d;créase impingement' heat -
transfer by 17% at Mv,=0.3, a value comparable to that of a Yal:lkee
dryer. Again in the absence of reliable data, Crotogino and Allenger
assumed that impi‘ngement: heat transfer decreases linearly with
increasing Q,, the fraction of jet flow removed :as throughflow, while
Randall[1984] assumed no effect of throughflow -on impingement heat
transfer. ;he present results indif:ate that in the Re; ra“x'\ge tested
both models substantially underesqtima.te convective héat transfer rate,
the first model by 65%-88%, the second model by 5_3’2;-76%. Thus the
results of the present investigat%on have a substantial positive impact

\
1 -
on theseconomics of a potentially major new industrial process.

11. Numerical prediction of impingement heat“transfer: near-wall models

The effect of near-wall models on predictions for a confiin_:gd
impinging slot jet was tested for the first time when.the choice of
turbulence model is the high-Re version of the k-¢ model., Shear st‘ress\
and Nu distribution‘w*shown to be highl& sensitive tol the choice of

near-wall model, while mean flow properties such as pressuré” distribu-

-tion, mean axial velocity decay /and,maximtuun velocity development. along

Jthe impingement surface are independent of 'the model. It has been

demonstrated that among several near-wall models a Chieng-Launder type
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-“model, modified as proposed here, i.e. using kp instead of k, in the

equation to predict wall shear stress, gives much improved “agreement
between predicted Nu distribution and experiménts, including the
location and Nu value of the off-étagnatio;x features which occur for

small nozzlé-to-surface spacings,

12. Numerical prediction of impingement heat transfer: Couette flow

{ 4

Calculation of near-wall generation of turbulent kinetic energy by

assuming Couette flow has been shown to be completely invalid for

predicting heat transfer in the stagnation region. -

'

13. Numerical prediction of impingement heat transfer: multiple jets

After application of the new version of near-wall model with the
equations for the high-Re version of the k-¢ turbulence model for the

prediction of heat transfer under confined single slot, jets, "the model

was applied for the first time to the prediction of heat transfer for

the industrially important case of multiple impinging turb.lent jets.
For a confined multiple slot. jet system of closely spaced. jets with
Hu/.w-S, §/H=0.5, the geometric condition for maxim’um heat transfer,
predicted heat transfer was found to agree withir"n 30% with that

.

experimentally measured over the central 80% of the impingement surface

between adjacent jets and exhaust flows. '

14. Numerical prediction of impingement heat transfer: turbulence effect

It is shown that In spite of its positive ‘features, this most

recent form of numerical model for impingement heat transfer shares an

&

tiindesirable feature of all such models préposed to \da{:e, in that it
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does not predict the enhancement of impingement heat transfer with
. . . ) ) L
 increasing mnozzle turbulence intensity which, at small nozzle-to-

surface spacings, has been obkerved experimentally out to about 8w from

'stagnation. The source of this deficientcy is identified as the

- .

.inability of this model to predict the boundary layer phenomena that

create this enhancement, which thus points the direction reqﬁ’ired for
. j , 3 .
resolution of“/th/i;s long standing problem.;;s

' [y
-

3
N

15. Numerical prediction of impingement heat trans fer: throughflow effect
T - y

.

‘Th‘e first predigtion of the enhancement*’,o'f impingement heat transfer

} .

by throughflow has been obtained. For both single and multiple jets .
" this numerical model is shown to predict enhancement by thropnghflow at
the impingement surface with an accuracy within 10% up to throughflow

rates, u,~0.1m/s, beyond which it is believed that the modell:

» -~

substantially overpredicts the enhancement. The 'source of the error

"for, hi’.gh‘throughflow rates is identified as the use of constants in the

A3

bilogari;;hmic formula. for wall shear stress which, in the absence of

quantitative, studies of the effect of throughflow on the né&pwall

1

* flow, could not be related to throughflow rate: - .

8.2 RECOMMENDATTONS FOR FUTURE -$TUDIES <

1. The permeable sensor deweloped ‘and validated for measufement .of

Py

4 s

impingement ‘heat transfer in- this study can be wused .in flow

1

configurations other than impinging jets where mea~s'uren‘1ent of rapidly
changing heat transfer under throughflow conditions. is of interest.’ ‘

The possibility of using_this" sensor under (blowi.'ng conditions may also

] L3
- B - "
r

be investigated. - . g , L S

Fogan e - Mt - I 3 . 7 "
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\

2. The heat flux measurements’ with the SIMTEST III éPparatus should be

\ CoL
extended to other combinations' of H/w and S/H for multiple slot jets

v

and other values of H/w for a single confined slot jet. °

\
A

3. The possibility of measuring heat flux for multiple r}pund Jets in

t&e SIMTEST II1 apparatus should be considered. '

-

4. The effect of alternate shapes of slot nozzles on impingement heat

transfer at small nozzle-to-surface spacings shogld be 1nvest3’.gated.
@

In this context the enhancement of heat™ transfer with' nozzle exit

turbulﬁeunce should be considered. Such hea‘t wtransfer measure?ments must

* -
be accompanied with detailed turbulence measurements at the mnozzle exit

as ‘well as in entire flow domain.

.
a

! N \9

5. Measurements of velocity and temperature profiles near a pefmeable

impingement surface with and without througgfl.ow conditions should be
conducted 1in o’rdgr to understand the mechanism of heat transfer

enhancement with throughflow.

/
{
a
0

6. Continuing efforts towards developing a reliable general numerical

technique for the heat transfer characteristics of impinging jets are

v

required. A low-Re turbulence model that does not require use of wall

< 1

o
functions would ,remove the ambiguity as to whether the wall functiong

I3 —r
3

or thertu::bulence _model itself' is the cause of the discrepancies

* between prediction and, experiment. Recommendations &4 and .5 would

4

-provide g strong basis for comparison. i . .
- . 1 '? 3
- \‘ / i
by . 4 /
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APPENDIX 1 . ' 7

t

/I’ROPER'L'[ES OF THE POROUS GLASS CYLINDER

DETERMINATION OF -THERMAL
Three principasl thermal properties, thermal conductivity, -specific
heat and thermél diffusivity, of the* 3M porous‘ glass material- (Grade
50) are needed in orxder to determine the transient surface heat flux.

. ¢

The following procedures were followed. .

w Thermal Conductivit}"

Two independent .techniques were used:

A. Transient method of Ioffe and Ioffe[1958]" . S
Equipmen}: based on t\his method was built, as §howr‘1,.1n§ Fig. Al.1l.

It consists of: T /'\ .
1. Lower copper cylindrical block ¢ ' -~ . ’
2. Upper copper block R4 : 1

3. Inner stainless steel cover -for the upper copper block

3

4. Test sample '
e ’
5. High thermal conductivity material . .

[

6. Copper-constantan thermocouples to measure the temperﬁture of

upper block and the temperature difference between uPper‘l and

lower blocks.’ . .o , :

N

7. Teflon screw to clamp the sample between blocks

8. Teflon_ insulator between the lower block and thg? stainless st.eel'

covers ) ° L
LY . Iy -
a - o

9. Outside staipaless steel cover .

In order monitor the temperature continuously, the thermocouples
: 7 . . . . ° .
were connected to a three-pen chart recorder (quogawa Elecf::ric -Co,

1 - -
[ 2 - . \
— - t
i . . . \
'
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using transient method of Ioffe and Ioffe([1958]
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Model 3066) with adjustable chart speed. A chart speed of 10 cm/s

gave satisfactory outputs. Room temperature reference for the upper
bloek thermocouple permited to adjust the recorder pen sensitivity at 25
microvolts The adjustment for the pen to record the temperature
difference between the .blocks was 50 microvolts The following
experimental procedure was used

1. Measure the di‘;;ensions‘of t};e sample .

2. Apply the highly conductive paste (Omegatherm 201) on the
two surfaces of the sample in order tominimize contact
resistance

3. Replace the sample centrally between the blocks

4. Clamp half of the inner cover and tighten the teflon screw on
the upper block )

5 Clamp the other half of the inner cover to isolate the sample
and the upper copper block from surroundings

6. Replace the outside cover

7. Walt until temperature difference between blocks is zero and
upper block temperature is st:eédy.

8. Immerse and retain the lower block im a continuously stirred
ice bath until temperature difference between the two blocks
begins to fall This indicates the end of the experiment.

A typical output is shown in Fig. Al.2. When temperrature difference

between the blocks reaches a maximum (AB on (T,-Tg) curve), % /(T,-Tg)
remains almost constant. The slope of the T, curve at the corresponding

interval (CD) 1is found and the effective thermal conductivity Ts”

calculated from the following relation:




i

0.8

Miillvolts

Tima. e

~

. /
FIGURE Al.2. Typical output of thermal conductivity experiment

v
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> Keee - %:-J;% (L, /5) c
whexe . ) ”
C, = heat capacity of upper copper block (194.41 J/°¢)
Korg= effective thermal conductivity (W/m -°C)
I.,s = thickness of the sample (m) '
S = sﬁrface area of the sample (m?)
T, = ;temperature of the u;‘xper block (°C)

Ty -= temperature of the lower block (°C)

AT, = change in upper block tempasrature in time interval At (°C)

In order to ensure that thg equipment worked properly, the thermal
conductivities of pyrex and teflon samples were’ det;ermined using the
al?ove ;;rocedure except, ins;tea‘d of the paste, about 1 mm thick circular
lead foils were uséd on both s{deS‘of éhe' sample‘s. Between the foil
and the copper block aﬂd t'he sample and the foil, a thin layer of
\:glycerine was applieﬁ to provide ‘good‘.pontact. Thermal conductivities
of pyrex and teflon samples weré determined to be 1.14 and 0.227 W/m-K
respectively, within 6% of the the reported literature values. The
reproducibility of .the experiments was within 5%.

~The porous glass samples used in the‘i’m{al conductivity experiments
were cut from the same por<'>us glass cylinder used as the heat transfer
surface. The diameter of the samples was fixed at 50mm but. their
thickness‘was varied to check that contact resistance'that may exist
between the block and the sample does not effect the results.

With this unsteady state method the thermal conductivity of the

porous glass was found to be 0.377W/m°C at an average temperature of

~12°c. Reproducibility of the experiments was within 9% with the
porous samples. This average thermal conductivity value was not used
»
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in the calculations because the temperature at which the thermal

»

conductivity could be obtained was much lower than the average

temperature of the impingement surface attained during experiments.

B.

This apparatus, available from the Chemical Engineering Polymer’

p ‘ —

Steady-state apparatus of Toutoungi[1983l

Laboratory of McGill University, is shown in Fig. Al.3. It consists

of-

3.

4.

*To make sure that the guard f,lates were &t a unifox;m temperature
throughout the experiment, this cell\ was placed in: an*byen at the .,

selected temperature.

. Heatex

-~

Fad I

Test samples

Guard plates

-

i

Thermocouples

N

x*

Y,

?

-

The following procedure was followed:

1.

. .Monitor the themocouples on each side of the samples.

Measure the dimensions of the samples. The two samples should

be identical_ to ensure equal heat flux into the samples from'

. B

the heater.
Apply the highly conductive paste (Omegatherm 201) on the

two surfaces of the samples in order to minimize contact

.

o

resistance. . . .
Replace the samples centrally between the heater and the guard
plates.

Close the oven door and set the temperature of the oven.

{

°

Allow some time (usually ~10-15 minutes) to reach séeady—state.

¢

.~
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guard
plates

Heater

s i

FIGURE Al.3.

Schematic of the apparatus of Toutoungi{1983]
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7. Turn on the D.C. power supply of the heater to apply a high .

o

intensity current to the heater nichrome wire.
8. Again allow 10-15 minutes to reach steady-state.

Power supplied to the nichrome wire is calculated using

‘L Ux1I
9= 4 18x2a '

wheré U is the voltage, I the current and A the heat transfer area,

-

i.e. the sar;xple' surface area.. The thermal conductivity of the sémples
are calculated from the steady state temperature variation using q
LS

. k-qE

where AT 1is the temperature difference between the t'wo surfaces of
each sample. .

Since the temperature dependency of the thermal copductivity in the
range from 40°C to 50°C was within the experimental reproducibility,

10%, an average value of 0.414W/n°C as measured with this method was

used in the calculations.

,  Specific Heat

Specific heat of the porous glass was measured by Differential v
Scanning Calorimetry (DSC). This standard procedire is available in
the literature (0'Neill{1966)) and need not be «<epeated here.

Standard *Yeference material used in the measurements was synthetic

.

sapphire (Al,0;). The following equation was obtained from the
: - “

linear regression analysis of the data.

.

Cp = 875.51 - 6.48 T,+ 7.23 x 10°2 T>

vhere T, and C; are in °C and J/kg’C respectively.

*3' ’
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\ Density !

[
|
’

porous glass

’
[

In order to evaluate thermal diffusivity of the

material its density must be known. é density was found to be
. Y i Y

1440kg/m®  with a reproducibility of .ié% by weight and volume ,
measurements of the porous glass samples. ‘

”
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"APPENDIX 2 ., = . .
ERROR ANALYSIS ' K o
Total rms error is exp’fEsvs;,d as: ' . s
af 2 172 ) : '
éf"@l“é‘@ o ) ) ) : ta
Exrrar analysis for Nu:
h
! : Nu = ?:,
k (T, -T,) .
s eff s 1
where h = T,-T, ' and vhere q, - A .
Hence, ‘ N
Nu = T,-T, ‘W Keer . .
TJ -Tl AX kd . .
3Nu _ _ _Nu Ny - Nukeee . Nu
¢ 8Ty T,-Ty '’ aT, Ax q, v Ty-T, °
. Nu _ Nu Nu _  Nu gNG_ _ Nu
-96x  Ax ' dk, ky ' Okyes  Kygy

rms error in Nu due to uncertainties in T, T,, w, kJ and k,,, is
calculated for two Re;, one low and one high. These calculétions
showed that the rms error in Nu is about 5% independently of Re; and
Nu. Table 1 summarizes the results gf rms error cqlculation at the

stagnation point of Nu profile-for Re,=20400. -
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, Té&ile A2.1 Error analysis for Nu
Ki Q.
B 2
R TR ONu/ax 5%y ((aNu/axi)6xi]
4
T,, °C 86.15 . \ -2 0.15 0.099
T,, °C 59.99 . 35 0.0005 0.0003
4 W, m 0.02 2749 ~0.00025 0.472
k,,” Wm2°C"1 0.027 2037 0.00054 1.210
K,re, W 2°G™1 0.414 133 0.0207 7.560
Nu 55 Sum : 9.35
% rms error: 5.4 (Sum)1/2: 3 06
)
» Error analysis for Re;:
pyuyw
Re, o
3
where p,u wl=m,. . Therefore: )
mor
Re  jw— |
and dRe, _ E‘?_J_ _ GRe . Re,
) om,, m,, ' aL L
¢
m,, is calculated by the folloﬂing'equation‘:
3 N
. C
‘Mg~ 7(1';3‘) Ay /(2gcAPP;)
where AP-(thg/gc .- Then;
[N amor - mOl‘ . 6“}01‘ - mOl‘ amor - mor
ac C ' éA, A, 8h 2h
Table 2 gives the summary of the error analysis for m, . and Re, at
Re;=20400. -
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Table A2.2. Error amnalysis for Re;

o ' o X, 8y, ) /8%, 6%; = [((3(hgy)/9%)6%,)" &

c 0.61 0.154 0.01 0.0000026
A,, m?' 0.00811 11.59 0.00047 0.000023
h, m 0.0 '2.94 0.0005 0.0000022 .
i, . ,kg/s: 0.09% Sum:  0.0000268
% rms error: 5.5 (Sum)1/2: 0.0052
| ,
X "9(Re) /3%, 6%, ((a(Re) /3%, ) 6%, )?
m,, kg/s 0.09% 217021  0.0052 1273536
L m 0.203 - 100492  0.003 90889
Re, ;20400 B Sum: 1364424
% rms error: 5.7 , Suml”/2; 1168

Error analysis for St:

Nu
St ReJ Pr

and

a(st)_ St a(st) - St
\ 8(Nu) Nu ' 3(Rey) Re, \

Table 3 summarizes the results of the rms error calculation for Stanton

number for the case considered for Nu and Re; error analysis.ﬂ, \_

Table A2.3 Error analysis for St

6

X, a(st)/ax, 5%, ((a¢st)y/ox, ) 6%, )* .
Nu - 60 0.00007 3.06 0.00000005
‘Re, 20400 -2.x10°7 1168 0.00000005
St : 0.00420 Sum : 0.0000001
‘srms error: 7.5 (Sum)1/2 : 0.00032
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APPENDIX 3

COMPUTATIONAL. ASPECTS
A3.1' MATHEMATICAL FORMULATION
The following set of equations incorporating the Boussinesq
turbulent viscosity concept describe the mean flow and temperature
fields in statistically stationary turbulent flows of an incompressible
slot jet impinging on a flat surface.
Continuity equation.
2 (pu) + 2 (pv) = O ) (A3.1)
ax ay
Navier Stokes equations

X-momentum:

du du ap

3 (puu) d(pvu) _ 8 au 3 au .,
o T oy ax Peff ax ) * 3y Pegf ay ? T ax * 5§ (a3.2)
where
’ 2 fuy . 2 av .
S8 ™ ax Pefrox ) *ay Perr ox
y-momentum: i
d(puv) - d(pwv) _ 8 " av KR 3v .  8p
ax T oy ax Petr ax ) T3y Perr oy » T @y ¥ 5% (A3.3)
where i
- E.3
du a l v

S* - _a" (p + - l“ N —_—
v dx Teff ay dy ‘"eff 3y
and where

- \
Begg = B T H (A3-4)‘

T

In the k-¢ model By is related to the turbulence quantities k and ¢

in the following 'manner:
‘ ,
”T - C# p k / € (A3.5)
where the turbulent kinetic energy, k, and the turbulent kinetic energy

dissipation rate, ¢, are calculated by solving the following

differential equations.
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Turbulent kinetic energy equation: ‘
a(g:k) + a(g’;k) - :—x Y +:‘—L g—i + aiy (pL‘+§:-; ) g—%# G - pe (A3.6) -
- §
Turbulent energy dissipation rate equation: ‘
d(pue) , dpve) _ 8, ,lryde 8 FPrae
ax ay 8x ‘'L o, dx  dy Looay ay
(A3.7)
/ € 2
LG Gy
where __ oot ’ Lo
du . v 3’ du 2 av 2]\ -
G-pT{ 5§+a—x-] +2’[5}—£ + -5]]/ (A3.8)

N

The dsymptotic high-Re values of the coefficients in above equations
are listed in Table A3.1.

Energy equation:

3 (puh) , 8(pvh) PR A BN:) SR IR W SR
ax T ay ax (o * o dax Tay (o ti Vg (43.9)
L T L T
where
) T - T
h o= (A3.10)
T, T,

A constant turbulent Prandtl number, o0 of 0.9 was used in the

computations (Pun and Spalding[1977]).

A3.2 NEAR-WALL MODELS

Turbulent flow near a solid boundary has different characteristics Y
than flow away from solid boundaries. Because of the no-slip condition
at ,t:_{;e solid surface, the gradients of the dependent variables vary
rapidly with distance from the wall. Local isotropy, which 1s the

y

basic assumption of high-Re modeling, is no longer valid and molecular
transport coefficients, which are negligible compared to turbulent ones.

away from a solid surface, dominate the flow as the solid boundary is N

~ . A
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Table A3.1. High-Reynolds-number values of empirical constants
in turbulent kinetic energy and energy,dissipation

equations (Jones and Launder [1973})

0 09 1 44 192 10 13

approached

Two methods to handle the near-wall flows have been suggested
These are

1. the low-Re modelling method and,

2. the wall-function method. ) p - \

The first method requires use of a very fine; grid configuration
near solid walls which increases the cost of the computation
appreciably. Converg:nc; problems may also arise due to the increased
number of grids (which are usually highly irregular) required (Chieng
and Launder[1980]. More significantly, these types of models h;we not
been tested as extensively as the high-Re models.

The s;acond method is usually preferred because of its cpomputational
advantages. It also allows introduction of empirical information easily

for special types of flows. One disadvantage of this application is

that when the predictions do not agree with the experimental results,
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it is hard to judge whether the turbulence model or the near-wall model

‘

is responsible for the discrepencies.
-A

In this study, two types of near-wall models were used in the

computations. They will be referred to as "one-layer models" (Model 1

and quel 2) and "two-layer models" (Model 3 and Model 4).

A3.2.1 One -Layer Mode{i//’
' Consider the grid point W on a surface and the adjacent grid point
P as shown in Fig. A3 1. We assume that the point P lies in the fully
turbulent region of the flow. For the purpose of estimating the
frictional force applied at the wall, we need a relationship between
the velocity v and the wall shear stress ‘7. When there is no flow
through the impingement surface this relationship is assumed to be the
universal logarithmic law of the wall which is derived from the Couette
flow assumptions
V= 2t (E %) . (a3.11)
where « = 0.4 and E = 9,.0-for smooth walls, and
vt = v /(4'W/p)”2 and xt - x (rwp)l’z/pL. (A3i12)
The effect of turbﬁlence &uantities is introduced to this

relationship by assuming the thin fluid layer close to the wall to be
\

Y

in local equilibr;um . Then the following relationship exits between T

L

[}

and kP: ' .

172 v
kp = 17,1 /(pC"") (A3.13)

Incorporating Eq. A3 13 into Eq. A3.11 and rearranging the following

equation for Ty is obtained:

"k p v, Cl/4 K172
P u P
T, E p % CL/¢ Ki/2 . . (A3.1§)
Ln ( = P p P )
i

L v

R L kL)

Y Eu,% ‘%"

e

¥



e

/]
\ SIS S ST
XA
X L eeeemeeereesesreseeesseemsesrssssessmeeesane
P
Tu o

FIGURE A3.1. Control volume and near-wall distibutions of r, and k

for Models 1 and 2
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In Model 1 and Model 2 the turbulent kinetic energy generation term

in the grid cell next to the wall is obtained using

Model 1: GP w - ff Ty gg dx dy = Ve Ayns (A3.1Sa).¥
' v )

. Ju .

Model 2: Gp = {f (2 fw(g§]+ T, %§ + #ngg)z
v
+ 2 #T[(gﬁ]z + [%;]2]} dx dy =2 7 (u_ -u)dx, + 1 v Ay . (A3.15b)
* #T((%§ IP)2 +2 ((%ﬁ lP)2 +(§§ IP)Q) )AXWeAyns
where -
. . av
w _ Prax

Dissipation of turbulent kinetic energy term in Eq. A3.6, pe, is

approximated using Eq. A3.5 for ¢, i.e.

<C p k;
e - —E—;——— . . (A3.16)

T .
Then by assuming LT-TW/(av/ax),l and integrating in the near-wall

control volume, we obtain~

C p2 k; vy
(pC)P,w- - Ay (A3.17)

The energy dissipation term at P is calculated from the following

ns

relation (Spalding(1967}):

- 3/4 3/2
ep = C3/¢ k372 / K x (A3.18)

P
We also need a relationship to relate the wall heat flux, qw to

P

the dimensionless temperature at the grid node P. This relationship-

is given by Jayatilleke[1969]:

-4 ’ 2

q, ) Ty /(pvP)'
(hp - b)) p vt o (P J 1 /(pvd))

Stw - (A3.19)

where

-

G
R~
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~ P -,9 ((o\L/UT) - 1) (aL/aT)ﬂ/( ; o

5 /;d/
A3.2.2 Two-Layer Models

Agaiqza scalar node P whose associated volume is bounded on the
west side by a wall is consider;d as ;hown in Fig. A3.2. The near wall
flow 1is considered viscous En the laminar sublayer and fully
turbulent beyond this point: The thickness of tte laminar sublayer
is calculatéﬂ\fssumipg the value of the dimensionless distance from

the wall, x*, is constant and equal to 11 5 at the edge of this

layer
11.5;1L

v © Cl/¥, ki/2 - (A3.20)
B v

X

The generation and the destruction terms of the k.P equation are
calculated in the following way (Chieng and Launderf1980]). The shear
stress at the wall, T which is constant and equal to the wall shear

stress in the laminar sublayer, is assumed to increase suddenly at the

_edge of this layer due to the turbulence contribution. Beyond this

point a linear wvariation of T with distance from the wall 1is
considered. The precise form of this linear wvariation is obtained by

connecting the turbulent shear stress at the outer edge of the cell,

w2
T with the wall shear stress, T The wall shear stress is

o

calculated using Eq. A43.14 by Model 4. In Model 3 T is again
calculated usin;i:%e same equation by replaging kP with kv.

Since there is no turbulence generation in the viscous sublayer

G v is evaluated as

1 & av 8 "
o= (b [¥lry v tr, - 2B ) o) o,

s (A3.21)
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(8 3
+Jf 2 b (B 2+(FD)2)ax oy
( Using Eq. A3.14 to calculate 4v/d9x, GP,w can‘be obtaingd from Eq.
A3.21 as: »
r (v -v) r (r_ -1) p:d
S = e e ()
e g v e e
' (A3.22) -
Xy %y 2 \ du
vw(l-x—]+§<f-f)(l-;)/z;
e e P
\
S (Au Av 1
) M 2“1'\ (Ax) IP' (EJ IPZ /] eV ns

where /

r o (98,
w PTGy T ax

Here the turbulence kinetic energy at the edge of the wviscous

subiayer, kv’ is used as the approximate avcrage.k in the cell.

The dissipation rate of turbulence energy in the viscous sublayer

f

is given by e=2v(8k'/2%/3x)?, Pope and Whitelaw{1976]. By assuming a
.

parabolic distribution of k in the laminar sublayer, k-kv(x/xv)"’, the

following expression is obtained for the dissipation rate inside the

viscous sublayer:
2 vk '
v

x2
v

(A3.23)

£ w=
In the turbulent region, by assuming linear variation of k with the
- distance. from tle wall- beyond the edge of the viscous sublayer, Eq.

™ A3.18 is integrated between }Ev and x, to obtaln the mean value of ¢
N
over the cell. Including the contribution of dissipation in the laminar

sublayer the following expression is found for &
2 Ci/4 k§/2 3 ) .
P - - JLci872 . s/2 1/2 .. p1/2
. £ X, 11.5 + = CZSI‘xe [3(ke kV )+2e1(ke _kv )+b| (A3.24)

wvhere

%
3 1
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. &= kP -‘x T x, Xp
E
and - (
’ (k1/2. 31/2)(k;’2+ al’2) -
- a%/? &n [ (k172% al’/2) (k1/2+ g1/2) ] for a > 0
I v e
b = 1 0 for a=0
1 k1’2 k172 )
(-a)3/2 [ tan '2737772 - tan zjgjy72 ] for a< 0
Note that e_ is calculated using Eq. A3.18 wﬁile the dimensionless

P
temperature at P, hP' is related to the heat flux at the wall, qw via

Eq. A3.19 as in the cade of the "one-layer" models. .

With the help of the wgll function formulae the wall shear gtress,
the heat flux from the wall, qw, and the turbulent energy dissipation
rate at the grid node P can be calculated and introduced into the

!
|
i

/boundary conditions via the source

finite difference equations as

terms. The details of this procedLre are given in Section A3.6.

A3.2.3 Near-Wall Models for Throughflow at the Surface

To account for throughflow at the impingement surface, the
expression for the wall shear stress, Eq. A3.14, has to be modified to

account for the effect of mass transfer at this boundary. This is

accomplished in the following way.
Assuming that u,dv/dx is much greater tnan vdv/dy in the neigﬁbor—

hood of the wall we write the boundary layer equation in the following

form:

C oy, v _1ar
- .u. ax p 8x

¢ i

According to Prandtl’s mixing length hypothesis

(A3.25)

v =p 2 x2 (22, (A3.26)

-
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Substituting Eq. A3.26 into Eq. A3.25 and solving for v, the following
bilogarithmic expression is obtained:
k 1 Yy

+ + — 2 o+
v A+ B Lrxt + ix? v Ln? x%v | (A3.27)

where A and B are constantg and v_ = (1 /p)t/2.

Eq. A3.27 reduces to the no thro;ghflow expression for vt when u,
is set equal to zero. Theoretically, A and B should be functions of
the throughflow velocity, p,. In an attempt to find A and B in terms of

u,, the data of Favre et [al.[1966] were used. Fig. A3 3 displays A and

B plotted against the dimensionless throughflow velocity, us/vr. It ig
seen that B doés not fvary appreciably with throughflow whereas A
/
displays a maximum. The average value of B was found to be 2.5 which
is gqual to inverse of the von Karman constant, x=0.4. As a first
approximation A was chosen in such way that the constant 'E’ in the log
!

law of the wall retained its original value of 0.9 for smooth, non-

transpiring walls. f

A3.3 GEﬁERAL FORM OF DIFFERENTIAL EQUATIONS

The governing equations including the equation of continuity can be

expressed in the following general form:

/

9(pud) , o(pv®) _ & . &, 8 9%, g (A3.28)

ax 8y ax (Toax? "oy (To oy 5
CONVECTION DIFFUSION SOURCE

where ¢ stands for the wvariables u, v, k, ¢ and h. For continuity

R . :
,‘ equation & = 1. ,PQ is the exchange coefficient associated with ¢ and
S¢ is “the corresponding source term. In order to express the governing
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Equation P _ ) é
Continuity 1 0 0
i : 8, 8 (. i , du
X-momentum u pL+u Ix + 3% ((yL+pT) ax ]
3 av
— +ay ((“Lﬂ"r) 8x)
3 3 3
y-momentum v p B - 55 + 2x ((“Lﬂ‘r) .al; ) _
d av
+ 3y ((uLﬂtT) 3y ]
L
B B
L T
Energy h ol R 0
L T
Turbulent "5
b
Energy k u + L pG - &
L o
k
Turbulent
Energy £ p+fl c. e8¢ . ¢ ee?
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equation of a particular variable in the above generalized form, terms

other f:han those in the form of "convection™ and "diffusion" terms, are

collected in the source t'erm, Sq). I'q, and Sq, terms are shown in Table

A3.2,

A3 .4 GENERAL FORM OF FINITE-DIFFERENCE EQUATIONS

1

- By integrating the general differential equation given in
Eq. a3.2% over the control volume shown in Fig. A’3.4 one obtains the
following general finite difference equation at node P (Pun and

Spalding(19761}).

($A; -Sp )8 =S4 & +5 (A3.29)

i i P

where % means summation over the four neighboring nodes N, E, W, S.

?Ai expresses the combined effect of convection an@ diffusion. As an

example, consider the west face of the cont:rol‘7 volume shown in Fig.

A3.4 The finite difference expression for the diffusion flux at this

faég is the following:
' d

8y J<I>,w = ey F(b,w

(<I:P - @W )/6w . (A3.30)
where a is the area of the west face and 5w is the distance
separating nodes W and P.  The finite difference equation for the
convective flux is
- (pua)w L+ . (A3.31)
where '

<I>w - <I>w for (pua)W 20 l in "upwinfl difference"

(A3.32)
<I>w - QP for (pua)w <0 scheme
Hence, the total flux expression at the west face using the "upwind

scheme" 1is

ARG “’_’«‘?“@%
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Cw 20 Aw -a, J¢,w - ( Dw + Cw ) @w - Dw ¢P ; (A3.33) -
C, <0 : Ay=a Jo =D 8 - (D -C )& (A3.34)
where
Cw - (pua)w and Dw - F@,w a, / 6w . . (A3.35)"

Similar AE, AS, AN equations for the east, south and north surfaces
can be written following the same procedure.

For each node in the flow domain there is one equatior of the forﬁ
of Eq: A3 29 for each 2 These equatiors are coupled together through
Ai’s and through SP or S;. The next task is to discretize the source

terms and then to solve these equations iteratively until convergence

is obtained

A3.5 TREATMENT OF THE SOURCE TERMS
Each of the source terms, S¢, is integrated over the control volume
shown in Fig. A3.4 to obtain the corresponding finite difference forms.

The following linearization procedure is adopted in the code.
[ Sy pdxdy = Sy gy + 5 (A3.36)
The source terms for u, v, k and € are derived as follows:

, 4

Source Term for u-velocity

é *
/I Sy.¢ 0% ay = [{ (- 5&*5\1,9 ) ax dy N _
v v Y
(A3.37)
= Sp Yt Sp ! ’
By refering to the control volume for u as shown in Fig. A3.5a,
P - E EN
J Au, 1 Av 1
Se= AP | 7~ *t (Boge ag ) + (Boer o } Axppby.
P B BXpp eff Ax P AxEP eff Ax ES Ayns EP “ns




P

FIGURE A3.5a. Control volume for velocity in x-direction

T

FIGURE A3.5b. Control volume for velocity in y-direction
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- (A3.38)
and 55, = 0. ’
Source Term for‘v-velocity
i
{f Sy o A% dy = I (- 55 + sy Jax ay
v v
(A3.39)
- SP v + SP
By refering to the control volume of v as shown in Fig. A3.5b,
P EN N
/ 1 Au 1 Av 1
Sp= AP | o + (h_ o o —— 4t (p oo )| = j bx Ay
P N YYnp eff ay N Me eff Ay P AyNP we 'NP
(A3.40)
and SP =0
Source Term for the Turbulent Kinetic Energy
JI s ax day= [f (- pe)ax ay (A3.41)
v v
- SI" kP + SP

By refering to the control volume shown in Fig. A3.4

A
sn
and

sn’

SP =15 GP + (Cy-1) ‘,’P cP) Axwe Ay

Note that k?P\' is the value of kP obtained from the previous iteration.
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Source Term for the Turbulence Energy Dissipation Rate

_” Sc dx dy -” (ClﬁG - C, piz) dx dy
v v :

(A3.42)

where

" |vow
5
14

S, = -pp (2C-1)

+d

and wherxe

by

SP - ( C, GP + (Cz-l)pP £p ) fc; Axwe

sn’

Note that’ £§ is the wvalue of £p obtained from the previous iteration

A3.6 NUMERICAL TREATMENT OF NEAR-WALL BOUNDARIES

Velocity Component Parallel to Wall

| Fig. A3.6 illustrates the boundary condition for velocity v

As deécribed previousl'y in Section A3 3, the wall ‘
shear stress is calculated using Eq. A3 14 or Eq. A3.27 for each scalar
grid node on the line next to the wall. These equations are valid only
if the flow is fully turbulent, i.e. x* > 11.5. However, during an

" iteration x* may drop below 11.5, in which case the following laminar

relationships are employed for the no-throughflow amd throughflow cases

respectively. .
r VP ‘
Tw™ "ML % (43.43)
P
} u, p, v
| . S T (A3.44)

| ) w (1‘-exp(-u,pPAxew/uL)

Since Eqs. A3.14, A3.27, A3.43 and A3.44 determine how the shear

stress due to the presence of the wall is related to the velocity vp one
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FIGURE A3.6.

Near-wall control volume for velocity component
parallel to wall
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8

may set the finite difference coefficient of the wall grid node, Ay in .

Eq. A3.29 equal to 0 and add’ the wall shear stress to the source term
in the following way.
N Sp = Sp + r“] n AyNP (A3.45)

where T is obtaihed by averaging r, terms at the scalar grid

nodes P and N.

Turbulent Kinetic Enexgy

Fig. A3.7 illustrates the near-wall control volume cell for k and ¢. 1
The source terms of the finite difference equation for k'P at the

grid nodes next to the wall are modified to include the wall effects. .

All models:

Sp = Sp (A3.46)
Models 1 and 2:

(pe)
o = . B
P k
v P
(A3 47)

Models 3 and 4:

S}” - - ﬁ (volume)

Turbulent Kinetic Energy Dissipation Rate

The turbulent kinetic energy dissipation rate at point P of Figj -
A3.7 is given .by Eq. A3.18. It should be noted that p is the boundary

condition for £ not €, In the code £p is defined as follows:

- 1010
Sp = 1077 ¢ (A3.48) J

' 10
SP 10

Energy . ‘e
With throughflow at the impingement surface, if during an iteration é .-
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‘ x* drops below 11.5, g is calculated using ‘
< | | ‘ |
. . _qw - ‘_1s / VP
St = - L (A3.49)
WP vP(hP— hw) Rex u, oy .
. ) exp|- '—'——7—‘—' ] -1 |

P
For mno-throughflow Eq. A3.19 applies.
The following modifications to the source terms are made 'to
implement the calculated heat flux at the wall to the main flow by
‘sétting ;&.w-O; =
< Sp=Sp *St, pVp Ay by (A3.50)

[ [
SP SP St:W P Vp Ayns .

“ A3.7 SOLUTION OF THE FINITE DIFFERENCE EQUATIONS

’ A3.7.1 Line-by-Line Procedure

Equatjons of a particular variable ¢ for nodes on a line are solved
° .+ simultaneously using TDMA (Tri-Diagonal Matrix Algorithm). While ¢
values along a line are being updated, ¢ values on both sides of the
line ‘are kepé unchanged. Therefore, the general finite difference
equatiqn can be rewritten in the following form for a point on a

particular line in S-N direction (see Fig. A3.8):

o <I>P - aP <:>N‘+ bP QS + cp (A3.51) )
- where -
| ‘a-——l b——-——A—S———‘ (A3.52)
. r - ' .
« P }EA SP M\P ?Ai Sp
and c:P includes the terms related to ¢E, @w and SP terms which are
assumed to be known at this moment. For convenience in predenting TDMA,
} .
it 1s necessary,b to use somewhat different pomenclature. Suppose the
grid points in Fig. A3.8 were numbered 1,2.,3, ..... N with points 1 and

N denoting the boundary points. The Eq. A3.51 then takes the following
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form: o - ) ‘

"f &, =~ a, o, + b, ® + c (A3.53)

for 1 =1,2,3, .... N,

An expression in ‘the following form is wused in the backward-

substitution process

. Qi - Pi ¢i+l + \Qi . . (A3.54)

Substitution of the same express\ion for the (:i-l)th node into

Eq. A3.53 leads to
»

O = a B+ by (P 040 ) ke, (A3.55)

which can be arranged to look like Eq. A3.54. Hence the following

expressions for Pi and Qi can be obtained

ai -
S S (A3.56)
SR ] .,

¥

q - 181" %
i 1 - bi Pi-l

These are recurrence relations since they give Pi and Qi in terms of

(A3.57)

Pi-l and\Qi_l. At node i=1, Qi is defined by a boundary condition,
therefore at i=2, P, and Q, are given by
2 2 )
b2 y <I>1 + d2
P2 -— . and Q = —"F"F—— (A3,58)
-8, 2 82

Now, by forward-substitution, Pdand Q terms for all grid nodes on@thé‘

line can be obtained using recurrence relations. At node N, which is

N

the end of the P,, Q, sequence Q. 6 = & . . Now the back substitution
i 1 N &
pProcess can be started:ui»{ Eq. A3.54 to obtain »QN—I ) ¢N-2 ,.....<I>2 .
The flow, turbulence and energy quantities are updated by the TDMA,
process on each line in a predefined order which will be described
next. The old values are replaced — immediately by _the updated

quantities; so, the latest information is r\apidly transferred to the
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[

‘cclaupling equations. This computatiorial arrangement 1is of%en called the
‘ " NEAT (Nearly-Exact Adjustment of Terms) algorithm. The line-by-line
procedu;te is repeated in -the west-to-east direction ~until . the
prescrib.ed number of sweeps are completed or 'until pre-set convergence

criteria are met.

A -

b

\ , - A3.7.2 Order of Updating the Variables

The order of updating theée variables is done in such a way-°that it

actually promotes-”faster convergence. By refering to Fig. A3.9 a forward

step in the code can be described in the following manner.

) 1. At start u
, 1

2. Calculate u3's from guessed values of v2's and pa’s

's and p2's are "known".

3. Solve the momemtum equati? for vz's. —- -
4. Update k,’s and Lz’é
5. Update h2's . ' '

6. Update B u;sing kz’s and cz's

7. Correct u's, v's and p’'s for continuity errors.

8. Go back to st.ep (1) for the next 1line.

Since incompressible, constant property flow is considered, h's are
updated only in the last 50 iterations of tﬁe total number of sweeps
for each run. .

The” 7th step of the above sequence requires; special attention.
Therefo‘;e the next section 1is- devoted to the process of r‘naking

adjustments for "cell-wise continuity”.
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A3.8 CELL-WISE CONTINUITY

A3.8.1 Finite Difference Formulation of Momentum Equations

Control volumes for the x- and My-mome(ntu-m equations are shown in
Fig. A3.5. In relation to the normal control volume shown in Fig.
A3.4 the control volumes for "u" and "v" velocities are staégered in x-
and y- directions respectively. Since pressures are stored at the main
grid nodes, the differences (pP - pE) and (pP - ps) can be used to\
calculate the. pressure forces acting on the ';:ontrol voiumes for
velocities u and v correspondingly. This is one of the main advantages
of the staggered grid. - .

The discretization equations for u and v wvelocities can be
written in the following form.

(E Ay~ Se) Ue ™ E Ay, upy, + (Pp
. (z An,b' Sr,1> v, p Anb Vb + (pP - pN)an + Sn (A3.60)

- Pgpla, + S, - (A3.59)

where Anb’s represent the combined convection-diffusion effect from

neighboring mnodes. Here»‘hthe "calculation of diffusion and convection
terms at. the cont}i‘ol volume faces require “appropriate interpolati'ons.
These equations are very similar to ii?q. A3.29 except that the pressure
gradient terms are not included in S' and S.

» The momentum ,equations can be solved correctly only when the

P

ressure field is known. Unless the correct pressure values are used
P

in the computation, the resulting velogcity field will not satisfy

continuity. Therefore the computed w’s, v's and p's u;ing guessed

1

values need to corrected to satisfy continuity in each controel volume

cell.

o

<

Suppose u*’s and v*'s were obtained -using a guessed pressure field, .

N -~

p*, solving the following discretization equatioms.
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= Anb Se) ug b Anb uLt (pP pE) a_ + Se (A3.61) _
N} * - * * '_ *
= Anb' Sn) vn x Anb Vb + (pP pN) a_ + Sn . (A3.62)
Let the correct pressure p be obtained <from
* '
P=p +p (A3.63)
where p’ 1is called the ‘"pressure correction term”. In a similar .

manner, velo;:ity. corrections u' and v'’can be added to the velocity
components

u=u¥+ u ve-v¥ oty (A3.64)
If we subtract Egs. A3.61 and A3.62 from Egs. A3.59 and A3.60, by
substituting Eq. A3.64 the following equation is obtained

(Z Anb' Se) Ue -2 Anb unb -+ (pP - pE) ae (A3.65)

'y a ) (A3 66)
""""" -

At this point the underlined terms on the right hand side of these

equations &are dropped. The reasons for doing so are explained by

Patankar({1980] and will not be repeated here. We may simply note that

the final converged results are not affected by this ommision. The
result is

(z Anb - Se) u, = (pP - pE) a, (A3.67).

(z Anb - Sn) vn - (pP - pN) an (A3.68)
or ul - de (pP -pE) and v - dn (pP - PN) (A3.69)

) [
8o %n
vhere d = - and d = ~ . (A3.70)
e (z Anb' Se) n ) z Anb Sn)

These are the velocity correction formulas.
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A3.8.2 Pressure Corréction Equation . . .

The pressure correction equation is derived by integrating the
i
continuity equation (Eq. A3.10) over the control volume shown in
Fig. A3.4 giving f
3
[C(pw), - ()] 8y + [(pv) - (pv) ] &x = O . (A3.71)
By combining Eqs A3.64 and A3.69 the following velocity expressions are
obtained:
* v , - * [ ’
u, = ug + de (pP pE) and Vo= vy + dn (pp pN) . (A3.72)

The correction formulas for u, and v, can be written similarly as:
* ’ - 1 - * ’ - ’
u, = ou + dw (pw pP) and v, v + ds (pS pP) . (A3.73)
By replacing Egqs. A3.72 and A3 73 in Eq. A3.71, and rearranging
the following discretization equation for p' is obtained:
AP pP-AE pE+AWpW+ANpN+.AS Pg +SP (A3.74)
where
Af:‘.-pe de 8y Aw-pwdey ’ AN“pndnAX ! AS-ps ds ox
AP-AE+AW+AN+AS
and where .
* * * *
Sp [(pu™), (pu‘)e] Ay + [(pv7) g -(pv7) ]| Ax .
It may be realized that the source ternm SP is actually the negative
of the discretized continuity equation (Eq. A3.71) in terms of the
/
starred velocities; when the wvalue of the term SP is equal to =zero

continuity is satisfied in the cell. This term is often refered to as

the "error mass source". "

A3.8.3 Residual Sources and Convergence Criteria

Residual source for a variable at the grid point P, RSP, is defined

- o

as . . -
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“
1

RS = ¢ ( Z a; Z a,p.-S, .
P 7P juN,E,W,S 1 P {~N,E,W,s 11 P

Just before values of a vari.able on a line are updated, the absolute
value of the algebraic sum of the residual sources on the line for the
variable can be calculated with the finite difference coefficients
available. These residual sources represent the error sources that
need to be reduced and eliminated by the subsequent updating processes
All residual sources are suitably normalised with the jet inlet

quantities. The largest RS_ value is compared to a very small value

P
(10°3% is used in the present case), and if it is less than this value,

the iteration process is terminated

A3.8.4 Under Relaxation

Due to the highly coupled and nonlinear character of the finite
difference equations, large change in coefficient values from iteration
to iteration may lead to divergence To cope with this problem under-
relaxation of the dependent variables is essential Thus,

$ = 6" +a (s - ¢H)
where a is the under-relaxation factor which is a real number between

[
O and 1. Depending on the boundary conditions, the number of grid lines

A

'and -their configurations, different combinations of wunder-relaxation

factors were employed in this study. For example, when the two-layer
model was employed as the boundary condition at the wall, during the
initial 200 iterations, under-relakation factors of 0.2, 0.21, 0.3,
0.3 were employed for u, v, k and ¢ respectively. For the later
iterations the under-relaxation factors of 0.5, 0.5, 0.7 and 0.7 were

found appropriate to speed convergence.

v
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When difficulties are encountered in obtaining converged results,

experimenting with different combinations of under-relaxation factors
-
usually helped. As a rule of thumb, a higher under-relaxation factor

was applied to the fastest diverging variable. As the convergence got

4 N

better, under-relaxation factors were increased.

| .



