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~ PREFACE 

This thesis on heat transfer under 'impinging slot jets at a moving 

permeable' surface wi ~ and. without throughflow was carried out under 

. \-
the super~ision of Drs. W.J.M. Douglas and A.S. MuJumdar of the 

Depal,"tment of Chemical Engineering, and was done in the pulp and Paper 

Res'earch Centre of McGill University. 
1 

The thesis results, Chapters 4-7, were written in a f01m close ta 

that of the publications planned. Chapter 4 describesl the most 

''----\ 
important experimental feature, the unique permeable heat flux sensor. 

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

excessive. Chap~ers 5 and 6 report the experimental results 'obtained 

using this sensor to measure the industrially important effécts of 
1 

" thrQughflow and impingement surface motion on heat tr'ânsfer under 

confined singl~ and multiple slot jets. The numerical simulation of 

impingernent heat transfer for' single and multiple jets appears liS 

Chapter 7. 

Two papers listed ~elow, which constitute an integral part of this 

Ph.D. thesis project, are included to only a limited extent in the 

thesis i tself for reasons of length. The thesis contains only a :> -page 

condensation, Section 2.3, of the 40-page reviéw 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 Mechanies and Heat 

Transfer, Volume 2, pp. 157-197, 1988). The results contained in the 

paper "Evaluation of near-wall models for l?redietion of heat transfer 

under li 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 givE!n in revised ahd condensed- form as Section 7.3' of the 

••• thésis. The rèsu1 ts in two p~pers pub1ished prior to the thesis: 

"Heat transfer distribution. under a. turbulent .impinging jet- A 
. , 

nurnerical-study", Drying Technology, Volume 3, No. 1, pp .. lS-38, 1985. 

"Numerical prediction of multiple impinging turbulent slot jets", 

. -
Drying'86 , :roc. ~f. 5th Int. Drying ·Conf., A\gur 13-15, cambridge", MA, 

pp. 868-879, 1986. -' •. \) 

are not include'd {n Chapter 7 for reasons of the length of the thesis . 
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'I 
A permeable hlghly sensi,tlve .hea~ flux meter has enabled· the first 

measurement.s of rapidly changing loial h~at transfèr at a moving sur~ 
\ 1, .. 

face wi th and wi thout throughf1ow'. 
/ 

This sensor was tested for turbu-. 

lent confined impil'lging single 1 and multiple slot jet .. , with through­, 
fiow and Impingement surface motion both separately and in combination. 

,~ \ 

ImPingement surface motion, 'variously claimed to increase or 

decrease convective transfer rate. deereases Nusselt number. At 

irtdustrially used conditions this decrease for slot jets Is by as much 

Convective heat transfer for bo.th single and multiple slot jets at 

• 
nondimensional nozz1e-to-impingement sûrfaee spacings less than '8 is 

linearly enhanced by throughflow with'a proportionality factor of 0.17, 

independently of j et Reynolds n"um&r. surfacè motion and extent of heat 
~ 

~ , - \ - '1 1 
transfer surface. 

·In numerical prediction of impingement heat ~ra.nsfe~ with the high-

• • 
Re version of the k-( turbulence model,' a modifi-eo Ch1.eng-Launder near-

wall model improves considerably the agreement between experiment and . 
prediction. This model: gives . reasonable results :t;or multiple and 

single Blot jets except close .to symmetry centreÙne~." where a11 such 

models fail, but does not eliminate the inabîlity of nti1llerical models 

to predict the effect of nozzle exit turbulence. The pffeet o,f 

throughflow on heat transfer under single and multiple jets is 
c 

predicted for the first time, accurat~ to 10% for thrçughflow velocity 

up to~.lm/s. 
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RESUME 

( 

Des mesures de flux de chaleur local changeant rapidement" à une surf.ace 

èn ,mouvement 'avec et sans airs traversant ont été effectuées pout la premi ère, 

fois grâce à un capteur de flux de chaleur perméaple ,et sensible:' Ce capteur , . 
a été mis à l'épreuve Pw.w-' des jets rectangulaires turbulents' confinés 

simples et multiples pour les conditions d'air traversant ra ,surface, de 
\ ", ""-1 

surface en mouvement, et pour. la combinaison de ces deux conditions. 

On a trouvé que le mouvement de la surface d'impact, qui selon'diverses .. 
études diminue ou augmente le transfert de chaleur par convection, diminue le 

nombre de Nusselt., Pour des conditions utilisées industrfellement, 'cette 

dil]linution pour des jets rectangulaires est jusqu'à 25%. 

Le transfert de chaleur 'par convection pour des jets ïrectangula ires -

simples et multiples avec H/w58 , est "augmenté par le débit à travers la 
, . 

surface d'impact en fonct i on d'un facteur,' l\St/Mus =0.17, et est i nd~pendant 

de ,ReJ' Mvs ' et la' superficie de la surface de transfert ~e cfia~eur. 

Un modèle modifié Chieng-Launder pour la région près du mur améliore 

c,onsidér,ablement l'accord entre les expériences et les prédictions numériques , ' , 

de transfert de chaleur par jets util isant le modèle de turbulence k-f pour 

'1 Re élevé. ,~e modèle donne des résultats raisonnables pour des jets simples . 
et mult i pl es sauf près de la ligne du centre symmétri Que (où aucun modèle ne 

donne des résultats, satisfaisants), mais n'élimine pas l'incapacité des 

modèles 'numériques de prédire) 'effet de la turbulence à la s~ la 

buse. L'effet du débit à travers la surfaee de transfert de chaleur sous des , . 
jets simples et multiples a été prédit pour la première ,'lois et est exacte 

1 

jusqu'à 10% pour des vitesses d(a1r tr'aversant jusqu'à O.lm/s à la surface. 
D 
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CRAPTER 1 

INl'RODUCTION 

1.1 Background 

For direct heating and cooling of surfaces by a fluid, th~ use of 

jets has two intrin~ic advantages' the large heat transfer coefficients 

obtainable under impinging jets, Bnd the potential fo~ lotal control of 

heat transfer rate Sorne industrial applications of impingement heat 

transfer include the drying of paper and textiles, cooling of electro-

nie components and of turbine hardware, tempering of glass) annealing 

of non-ferrous sheet metals. An indushial application of impinging 

jets where fine control of local heat transfer rate is crucial is the 

control of local temperature along pape~ mill calender rolls 

Heat transfer under impinging jets is characterized by an impres-

sive number of desigtl alternatives and parameters in addition. to such 

basic ones as jet Reynolds number and ~T. Most industrial applications 

are wi th 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 configuratiQn as a design variable which, 

though little studied, can cause substantial changes in heat transfer 

rate. Likewise most industrial applications 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 éhoice between 

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

length. 

.. 
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lndustrial applications such as the' impingement drying of contin-
, 

uous webs of paper or textiles involve heat transfer at ,fast moving 

surfaces, a feature which may change the hEi!at transfer rate substan-

tially If the surface ta be heated or cooled is permeable, yet 

another v~iable is to draw sorne of the impingement flow through the 

surface, thereby further enhancing heat transfer An industrial appli-

cation such as drying adds the additional complication of simultaneous 

heat and rnass transfer. Not all these maj or design alternatives have 

been st'ldied singly, and sorne combinations of alternatives which have 

interesting indus trial potential have never been investigated due to 

the associated experlmental difficulties A potentially lmportant 

supplement to laboratory experiments is computer simulation using the 

techniques of numerical transport phenornena As flow and heat transfer 

characteristic's of simple impinging jet arrangements have been treated 

extensively by earlier investigators, ·impingement heat transfer with 

sorne of the complerlties noted above are now considered briefly 

An important example of a rapidly moving implngement surface occurs 

in the impingement drylng of paper at paper machine speed In Y~nkee 

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

90kmjh. under impinging jets with nozzle exit velocity and temperature 

of lOOm/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-

pectt;d that transfer rates W'Ould be significantly different from those 

measured in laboratory s tudies wi th a statio~lÇry surface. The first 

studies of impingernent on a rnoving surface measured only average trans-. 
fer r{ites for lack of a techn,ique for obtaining local transfer rates at. 

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

. , 
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that transfer rates either incréased greatly or remained unaffected by 

impirfgement surface motion. The first measurement of profile~ of local 

heat transfer under confined slot- jets at a rapidly moving impingement 

surf ace was made by van He inir.gen [1982] . 

• 
This measurement was made 

possible by the development of a n.ew heat flux sensor (van Heiningen, 

Mujurndar and Douglas [1985)) , one sufficiently sensitive and fast 

responding for this demanding application. Contrary to earlier studies 

for s lot 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 implngement surface, convective transport rates due 

ta impinging jets can be further enhanced by withdrawing sorne of the 

jet flow through the surface. Baines and Keffer [1979] found that, when 

a ~niform throughflow is applied at a permeable impingement surface 

moving under an unconfined slot jet, the profiles of local shear stress 

are increased hy a uniform amount As the assumptions associated wi th 

the anology between momenturn and heat transfer do not hold for impinge-

ment flows, heat transfer cannot be predicted wi th confidence from such 

measurements . Saad [1981 J and übot [1982] measured the increase of lm-

pingement heat transfer with throughflow at a stationary surface under 

single slot and single round jets. None of these studie$ on the effect 

of throughf1ow 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 

--.. Ji 

\ 
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transfer at a moving permeable surface 

4 

by applying throughflow, the 

effect on convective heat transfer of the combination of throughflow 

and impingement su';:-face motion is required. For the case of simulta-

yeous throughflow and imp ingement 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 sensor 

available which is applicable under such stringent conditions 

In a multiple jet system such 'as required for industrial appHca-

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 mul tiple j et 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 rates may be obtained in a multiple 

jet syst'em 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 indus trial heat transfer applications. A confinem~t hood at 

the nozzle exit level, parallel to the impingement surface, is normally 

required for reasons of thermal efficiency. Unfortunately most labora-

tory investigations have been witn unconfined jets. In the absence ~f 

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

indeterminate extent depending on the relative values of three tempera-
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tures, i.~. nozzle exit, ambient and impingement surface, As heat 

transfer folr 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 consi4eration for confined impinging j et systems is 

flow arrangJment for spent jet flow, If the removal of 
1 

the exhaust 

spent flo1(1 is not thro~gh exhaust ports located intermediate betweet} 
\ 1 

the nozzlk~ in the confinement surface, crossflow of spent flow under 
\ 

<7 

the nozzle exit flow occurs ," Transfer rates can be reduced substantial-

1y by cr'ossflow, as has been documented experimentally by Saad[l981] 

and nurnerically 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 J demonstrated with 

a laboratory and pilot plant facil i ty 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 throughflow and rapid motion 

of the wet web under multiple impinging jets, As noted earlier, these 
1 

simultaneou5 effects are not known, even for a sing,le jet, let al one 

unqer a system 0':[ confined multiple jets wi th sorne geometry of exhaust 

flow. The lack of such information i5 an obstacle to the rational 

design of improved dryers for permeable webs. 

Complete documentation and understanding of impingement transport 

phenomena with a11 variations of the potentially interesting parameters 

and design alternatives outlined above would require long programs of 

ex}:. erimention. The arnount of laboratory investigation needed would. be 

'. 
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signifi if the complex flow and temperature field of im-

pinging jets could be calculated theoretically, i.e. by numerical solu­

tion of the complete gover.f1ing equations for momentum, heat and mass 

transf~r. When the jets are turbulent, the ~ore'difficult but more im­

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

tians to be soived. A diversity of methods, of varying complexity, 

have been tried, but with limited success. For turbulent impinging 

jets the predicted heat transfer agrees moderately weIl with that 

measured for t,he wall jet, but not for the complex flow field of the 

impingement region, more important because the transfer rates are 

higher. The discrepancies derive principally from assumptions 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 pherl?mena remain 

under active development 

..Il. 2 Obj ectives 

Consistent with the general background summarized above, the pres­

ent study was designed with the following experimental and theoretical 

components: " 

1. The f~st experimental objective was to develop a heat flux sen­

sor that would enable measurement of instantaneous local h~at transfer 

st a rapidly moving impingement surface st which there is throughflow. 

2. 'With such a sensor, the second experimental objective was ta 

measure the effects, separately and in' combination, of surface motion 

and throughflow on impingement heat transfer for confined single and 

multiple jets. 
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3. The objective of the computer simulation component of 
J 

7 

was to predict heat transfer . numerically for confined sin,gle and 

multiple jets, with and witho~t throughflow at the impingement surface. 

1 

. , , ' , 
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CHAPT ER 2 

LITERATURE REVIEY 

.' 
A concise review concerning turbulent single .and rnu~tiple slot jets 

" is presented which treats only those characteristics of impingement 

f1ow, heat and mass transfer most direct1y related to the present 

study. More general reviews available include those of Gauntner et al. 

[1970J1, Mujumdar alld Doug1as[1972]. Marttn[1977], Obot et al.[1979), 

Saad[1981] and van Heiningen[1982}. A recent extensive review of 

numerica1. impingement flow and heat transfer was pub1ished separately, 

Polat et al. [1988 J. rather th an as a part of the present thesis. 

2 . 1 FLOW FIELD OF IMPINGING SLOT JETS 

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 nozz1e shape and dimensions and, for. the case 

of a sufficient1y short nozzle, on flow conditions entering the nozz1e. 

The nozzle most studied in impinging jet investigations }s the ASME 

standard el1iptically contoured entry (ECE) nozzle. This nozzle pro-

duces a nearly fIat ve10city profile and very ,low turbule~e at the 

nozzle exU:, and the free jet consists of a potential core. a develop-

ing flow and a developed flow region. 

1 
The potential core is that part of the flow region where axial 

ve~ocity remains effectively equal ta nozz1e exit velocity. The limits .. 
of the potential core are determined by the rate of growth of the two 

• 
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mixing layers originatin~ at the nozzle edges, which in turn depends on 

the nozz1e exit ve1ocit~ and turbulence field for the particular nozz1e 

geometry. Dosdogrù-~ 1969] found potentia1 core length to increase from 
1 

about 2w for a sharp edged slot nozzle', ta about 4.5w for a slot formed 

by two plates at a smaH inc1uded angle, ta about 8w for a slot nozzle 

with a short elliptical entrance. For ASME standard ECE nozzles, 

Saa:d( 1981j found, the 1ength of the potential core ranged from ""-4w to 

""Sw depending on nozzle width which affects nozzle exit turbulence 

" level. 

In the developing flow regio~, axial veloci ty decays as the jet 

spreads. Eventually latera1 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 1evel increases greatly even in the potential core region, 

i.e. before axial velocity starts ta decay, and continues ta increase 

in the developing and developed flow regions.' 

\ 

These findings are 
] 

consistent wi th those of Gardon and Akfirat [1965] wi th 'an unconfined 

impinging slot jet. Gutmark et al. [1978J, on the other hand, found no 

increase of turbulence ve10city in the free jet region of an impinging 

slot jet from this nozz1e type at H/w-lOO and Rej -30000. However the 

exit turbulence intens ity, 0<13%, from their nozzle was much higher than 

that of Saad or Gardon and Akfirat. 

Lateral Rrofiles of axial velocity display similari~y throughout 

the deve10ped f10w 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[1963J and 

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

increas. s shat"plY. with the corres~onding drop in axial velocity, then 

drops a ain as the flow accelerates along the impi~6ement surface after 

• 
impingement. From profiles of mean axial vel(lcity at the centerline 

for a slot jet at H/w-19, Sa~d(1981) concluded that the presence of the 

impingement surface was not felt by the jet further than O.21H from the 

This value agrees with that of Gutme.rk et al. (1978), O.2H, 

for a jet ~t H/w-lOO. According to Saad's measurements, axial turbu-

lence velocity does not deviate from that of a free jet untii the dts-

tance from the surface is less than O.05H, a finding in agreement with 

that of Gutmark et al. (1978) for an impinging slQ~ jet and of Obot 

(1981) for an impinging round jet. 

The end of the impingement region in the lateral direction is 

defined,as the location where the pressure gradient at the impingement 

surface becomes zero. Schauer and Eustis (1963), Gardon and Akfira't 

(1965) and Kumada and Mabuchi[ 1970) measured static pressure profiles 

for unconfined siot jets in the ranges IO<H/w<40, 2<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 O. 35H, 

which agrees with the findings of Cadek[1968) for a partia11y confined 

slot impinging jet at 8<H/w<32. The extent of impingement region is 

repo.rted by Saaçl to be slightly above O.5H for single confined siot 

jets at l~<".]/w<16. 

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

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

,finement surface, thereby enclosing a recircul~ting 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 

c has features 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 unconfined irnpinging slot jet at 2<H/w<40. Such measurernents for 

confined impinging slot jets are not avai1able. 

No publication on the effect of impingernent surface motion on the 

flow field of a slot jet has appeared. Profiles of local heat transfèr 

of single jets impinging on a moving surface measured by van Heiningen 

[1982] document quantitatively the changes which occur when impingement 

surface motion des'troys the flow symmetry that exists for a stationary 

impingement surface 

-, 
Studies are very limited concerning the effects on the flow field 

of an irnpinging slot jet that result from having throughflow at the 

impingement surface. In their study of the effect of throughfl<,>w on 

the impingement flow field of a two dimensional jet at Rej-5680 

(uj -13.5rnjs) for throughflow velocities in the range O.2Im/s-0.43mjs, 

Abdu1-Wahab et al. [1975] observed a slightly faster decay !lf the jet 

center1ine ve10city with throughflow than that without, ,and a reduction 

of the axial fluctuating ve10city component. The more comprehensive 

results in the same Iaboratory by Saad[1981] for a jet at Hjw-8 and 
\ 

11400<Re j <30200 found the contrary: He observed that throughflow 

velocities in the range 0.1-0. 3mjs cause an increase in axial mean 

ve10city at a position O.25H from the surface, i.e. rough1y at the 

edge of the impingement reg~on in the axial direction, with no 

' .. appreciable effect on the axial f1uctuating velo~ity component. Baines 

and Keffer[l979] reported a slight increase in the maximum lateral wall 

jet velocity with throughflow at a qui te low throughflow rate, ulljuJ -, 
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0.0029, for a j et of velocity u j -52. 7m/s impinging on a rotating 

o impingement surface. Their observation agrees with that of Obot[1982] 

who measured wall jet velocity profiles for an impinging round jet. 
1 

Effects of surface motion and throughflow on the impingement flow field 

need further exploration as the available studies give limited 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 range 4<H/w<16, O.37S<S/H<6, SOOO<Re j <44000 , 

he showed that the middle jet is representati ve of a j et in an array of 

-

'mâny such jets. For this type of multiple jet system there exists one 

flow region addi tional to those of a single impinging j et, ~amely, that 

under the exhaust ports Saad named this the "exit flow" region. 

Saad demonstrated "that in the choice of the two nondimensionaL-

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-O.375, where the 

closely spaeed jets are highly interaeting, to S/H-6, where the widely 

spaeed jets are indi.tinguishable from an array of non- interacting: 

single jets. Saad showed that, for S/H>O. 7-5, the lateral profiles of 

normalized statie pressure, 6.P/llPo , cou1d be represented by a unique 

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

o 

'\ 
..: 
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latera1., dimensiofJ. The other parameter, H/w, had significant effect 

only in the wall jet region. For S/H<O. 75, centerline axial mean 

velocity decayed faster and axial turbulence intensi ty increased mo~e, 

relative to a single jet, hence indicating a cri tical value of the 

aspect ratio to be SjH-0.75 

In the exit flow region of a widely spaced confined jet array 

Saad[198l] observed an increase in stadc 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 undër the exhaust 

ports increase appreciably Therefore the stadc pressure profile 

under a system of interacting jets is more uniform than for a non-

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 very small 

included angle 
\ 

The measurements of Gardon and Akfirat [196'6] were made 

at Rej -5500, Sjw-8, and two values of Hjw, 4 and 16. Whilù those of 

Romanenko and Davidzon[1970] were in three sets: Re
J

-90DO, Hjw-lO, Sjw 

values of 12.5 and 20.3; Re j -9000. H/w-20, S/w-20.3; Re j -6700. H/w-IO. 

Sjw-12. 5. According to the crit.erion for jet interaction of Saadi 1981J, 

the conditions of Gardon and Akfirat correspond to values of the aSJ'ect 

ratio, SjH, of 2 and 0.5, i e to non-interacting and interacting jet 

systems, respectively, while aIl H/w and Sjw combinations of Romanenko 

and. Davidzon correspond to S/H values lligher than O. 75. • The pressure 

profiles measured by Gardon and Akfirat and by Romanenko and Davidzon 

exhibit char~cter.istics very similar to t hose of Saad. 

. : 
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No infortMtion is available concerning flow déve10pment under mul-

tip1e jets impi~ging on a moving surface. Neither has there been any 

study of the effect that throughflow at impingement surface has on flow 

structure in a multiple j et system. ""there arê important industrial 

applications for jets impinging on a surface which may be moving or at 

which there may be throughflow, or bath. As knowled;ge of the effects 

on the flow struc ture 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 

valuabl~ 
1 

2.2 EXPERIMENTAL HEAT AND MASS TRANSFER STUDIES 

2 2 1 Single Impinging Jets 

Among the studie5 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 1 namely confined jets Single impinging slot jets nave been 

studied for wide ranges the nondimensional parameters: 

1500<Rej <110000; 0.2S<H/w<80; x/w ta 150. 

The shape of heat and mass transfer profiles at the impingèment 

surface i5 v~ry sensitive la nondimensional nozzle- to- impingement . 
surface spacing for H/w less thém 8. Gardon and Akfirat[1966] 

explained t~e off-stagnation peaks found in Nusselt number at about 7w 

from stagnation for H,(w<8 as marking the ;nd of transition from the 

initial laminar stagnation flow to a wall jet with a turbulent boundary 

layer. The 
;" 

absolute values of these secondary peaks. increase with 
( 

increas ing Rej and decreas ing H/w. At H/w-B the off-stagnation peaks 

\1 
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Table 2.1 Experimental conditions and heat transfer 
correlations for single irnpinging slot jets 

Range of parameters 
Reference 

H/w 5/'111 

Metzger[1962) 1500-5000 2-20 6 25-100 

Schauer and 34100-45300 40 <118 
Eustis [1963] 

Gardon and 450-50000 0.3-80 <40 
Akfirat [1966 J 

Korger and 6000-38000 0.25-40 <20 
K.rizek[1966 ) 

Cartwright and 25000-110000 8-47 <150 
Russell[1967] 

Cadek(1968) 4600-102000 2-32 <36 

Schlunier 
et al. [1970] 

K.wnada and 
Mabuchi (1970) 

Folayan[ 1976) 

van Heiningen 
J 1982) 

1500-45000 

10000-15000 

3500-7100 

5200-20300 

9700-91600 

1-40 <50 

2-40 <30 

2 -12 <40 

6 <51 

2.6 

Correlations 

NU - 0.547 Re~·666 fO.
43 Pr- O . 63 

7<H/w<10; 3<S/w<50 

analytically developed 
very complex correlations 

NUe - 1. 2 Re~' 58 (H/w) - 0 . 62 
14<H/w<60; 2000~eJ<50000 

NU _ 0.66 Re~·62fo 38(H/w)-0.31 
Rej>2000~ H/w>8; f<0.17 

Nu
e

- 0 489 Re~ 672(H/w)-O.604 
16<H/w<47 

No correlation 

Pr D.(2 - 3.06 (ReJ )m/(x/w+H/w+2 78) 

rn-0.695-2/[(x/w)+6.12+0 8(H/w)1 33) 

4<H/w<20, 4<S/w<50 

Nu
o 
/pro . 43 -1.42 Re~' 58 (H/w) -0.62 

10<H/w<40 

1/2 
NUe - 005~1 (Rej) 
'Ir.:' .9 R O • 76 
!~u - x ej 

W + 22 
NUe - 0.455 (Rej) l /2 
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disappear but at about the same location from stagnation there remains 

an abrupt change in slope pf the profile of local Nusselt number, 

indicating a change in boundary layer characteristies. For spac ings 

b~yond H/w-8, the heat transfer profiles assume a uniform bell shape. 
~ 

Korger and Krizek[1966], Kumada and Mabuchi[1970], Schlunder et 

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 local convective transfer rate at about 5w to 7w from 

1 

stagnation. rhe 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 

• 
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. local heat and mass. transfer prcrfiles for 

nozzle~to~surface spacings less than 8 from different studies differ 

substantially. At higher H/w spacings the profiles become insensltive 

to nozzle exit conditions 1 hence agreement between studles ls mueh 

better. 

These features of the heat and mass transfer profiles ln., the 

impingement region suggest that at spaelngs of H/w<S, higher average 

transfer rates in multiple jet systems may be obtained by placlng the 

jet~ suffieiently close to include the seeonda~y 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 R~j 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 5.4. 

The effect that throughflow at a stationary impingement surface has 

on heat transfer from conf..ined impinging slot jets was studied by 

Saad[1981] at Hjw-8 and ReJ values of 10200, 22800 and 29100 for 

throughflow velocities ranging from 0 to 0.3m/s. He observed that the 

increase in local heat tranBfer 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 O.lm/s (us/uJ~ 

0.0074) at ReJ -10200. The maximum in enhancement of average heat 

transfer due to throughflow reported at Us jU
J 

""0.008 is now attributed 

to experimental error. 

Obot(1982) studied the effect of throughflow on average heat 

transfer coefficients from single cOl1fined and unconfined round jets 

for throughflow velocity in the range 0.3%-0.7% of that of the nozzle 

exit. He used two values of Rej' about 28000 and 51000, and varied Hjw 

between 2 and 10. Obot observed that average heat transfer rate 

increases linearly with throughflow and this increase was larger with 

than without confinement. The findings of Saad[198l] and Obot[1982] 

parallel those of Baines and Keffer [1979 J for local and average shear 

stress profiles. Because of the potential indus trial importance of 

1 • 

-
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heat transfer using combined impingernent an4 throughflow processes, 

• ! further work on the effect of throughflow on heat transfer from 

impinging jets is needed to . supplement the limited amount of 

information yet available. 

2.2.2 Multiple Impinging Jets 

There are only five studies of multiple imping~ng slot jets, Table 
.. 

2.2, and of these, only Martin and Schlunder[19'73] and Saad[198l] 

wor'ked wi th c'onfined jets. As indus trial applications generally 

require recovery of the spent flow for reasons of thermal efficiency, 

lack of use of a confinement hood leads to laboratory resul ts of 

uncertain practical significance. Unfortunately the arrangement of 

Martin and Schlunder provided for the exhaust flow to leave the system 

\ 
in the direction traverse to the impingement surface motion, 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 ratès from' 

one side to the other of the moving impingement surface, a characteris-

tic unacceptable in some industrial applications. 

Saad[198l] investigated the heat tr~nsfer 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 j <30000. He exhaust-", 
,-' 

ed the spcnt flow symmetrically between the jets, thereby maintaining 

two-4imensional flow, avoiding detrimental crossflow effects, and 

achieving' uniform transf,er rates in the lengthwise direction of the 

slot :lozzles. Based on measurements of the flolO' field as weIl as of 

o 
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Reference 

Korger and 
Krizek[1966] 

Gardon and 
Akfirat[1966] 

Schuh and 
Pettersson 
(1966 ] 

Marttn and 
Schlunder 
[19731 

"-

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

Range of parameters of the ,reported experiments 
Corre latic~ns 

Rej S/w f, % H/w S/H 

6500 5-33 1. 5 -10 8 0.63-4.13 No correlations 
21500 7.5 6.67 6 1. 25 

5500 8-16 3.13-6.25 4-40 0.2-4.0 NU - 0.66 Re~·62fo.38(H/w)-O.31 
6000<Re j <600000; 8<S/w<32; H/w>8 

1260 2.5-50 1.0-20 2-16 0.3-25 Nü _ 0.33 Re~·6gS fo. 327 
, 

6300 2.5-50 1.0-20 2-16 0.3-25 1200<Re j <1000000; 2.S<S/w<SO; 
31600 2.5-10 5.0-2{)" 2-16 0.3-5 H/w-4 

---
750-20000 2. 5-5;-=;~~1-:; -;-SO - ·~~12-;7-.~ - -~.2~~' 84 ;~. 7 5 (~:~ /f) 0.661 

. Pr 0 0 

fo- (60 + (H/w - 4)2)-0.6 

750<Re j <20000; 2.5<S/w<55; 2<H/w<SO 

Saad[1981) 3000-30000 6-32 1.6-8.3 4-24 0.33-6 NU -0.63 Re;·65(S/H)-0.56(H/w)-0.8 
3300<Re j <21000; 1.5<S/H<4j~8<H/w<24 
. NU - 0.215 Re; (S/H) 1. bO (H/w)1It 

where m & n -f(S/H) 
300<Re J <29200; 'O. 33<5/H<1. 33; 8<H/w<24 

/ 
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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 SjH, a~ 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 Rej over the 

same extent of heat transfer area, SjH, he found a criticai S/H ratio, 

1. S. abÇlve which profiles of a j et in amuI tiple jet sys tem are 

indistinguishable from those of the equivalent single jet. Thus heat 

transfer 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 c~itical value, SjH-I. 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-O. 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 view it is ~t 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 highes~ average Nusselt number would 

1 

occur at about Hjw-S and SjH-O.5, a combination not used in his study. 

This geometrical configuration of a confined mut-tiple slot jet system 

was therefore selected for the first .time in the present study. 

The results of Korger and Krizek[1966], Gardon and Akfirat[1966] 

and Schuh and Pettersson[ 1966] for unconfined mul tip1e slot jets were 

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

ratio, S/H. For these unconfined j et systems the values of S/H ratio 

j 

-' 
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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 found by Schuh and 

Pettersson was for H/w-8 and Sjw-7, Le. at SjH-0.88, close to his 

predicted value SjH-O.5 for m9ximum average Nusse1t number. 

The effect of surface motion on average heat transfer Was studied 

hy Fechner[197l] for unconfined multiple slot jets impinging on a O.29m -

diameter rotating cylinder. Heating foils, 20mm wide, covering the 

outside of this cylinder caused a surface roughn'éss of about O. 7mÎn. 

Fechner varied the number qf jets impinging on this cylinder from one 

to fQnr. According . tol Saad' s criteria for interacting jets, aIl of 

Fechner' s multiple Jet were spaced sufficiently apart to be non­

interacting. He observed that heat transfer from impinging slt>t jets 

increased with relâtive surface ve10city, Vs ju
J

, to approach the limit 

of cOI}vective transfer coefficients for heat transfer from a freely 
, 

rotating cylinder, which he- also measured. However in the range of 

- relative surface ve10city of 0.1-0.4, the increase measured in average 

heat transfer was rather small. ,> Fechner also noted very high 

values of turbulence intensity, about 40%, near the cylinder surface, 
j 

generated presumably by the extremely rough cylinder surface . 
.. 

Subba Raju and Schlunder[1977] obtained average heat transfer rates 

at a continuous belt moving under a single unconfined impinging slot 

jet by measuring belt temperature wi th an infrared thermometer. They 

reported that the average heat transfer coefficient increased sharply 

with smail increases in speed of the moving _surface. At a fairly low 

surface speed, they found that average heat transfer passed through a , 
high maximum which was 1.5 to 2 times greater th an that for 8. 

.. 
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stationary surface . 

• \ 
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Hadar and Krizek[ 1984] used the naphtha1ene sublimation t!echnique 

measure average ~ass transfer rates for unconfined multiple slot 

jets impinging on a rotating cylinder. They used unconfined jets from 

nozzles with a small included angle impinging on a cylinder of 

circumference lm. The geometric ~rrangeme'nt of the jets. was fixed at 

S/w-S, H/w-8.S, thus, giving an S/H ratio of 0.6, very close to ,the S/H 

value at which Saad predicted that çverage heat transfer from multiple 

slot jets would be maximum. They reported i~at in the rang~ of Rej' 

1300-3000, average heat transfer increased with increasing relativ~ 

surface speed in the vs/u j 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
J 

up to 0.2. Van 

Heiningen[1982] showed that local and average impingement heat transfer 

for a single confined slot jet at a slow1y 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 resul ts 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 van 

Heinjngen[1982]. Over the Rej range 10000-90000 he varied the surface 

motion parameter, Mv.-p.v./Pjuj , from near stationaryJ Mv.-0.02, to 

re1ative1y high values, 0.86. Instantaneous local heat flux at the . , o 
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surface moving under the imping~ng jets was measured with a 1.15mm , 

c wide, fast responding sensor based on a resistance thermometer (van 
, 

Heiningen et a1.(1985)). He measured the extent to which the magnitude 

and location of the off-stagnation minimum and maximum in local hest 

transfer rate were changed by impingement surface motion. At a surface 

moving at sufficient1y high speed [hese off stagnation features were 

found to disappear on the side where the direction of surface motion is 

towards the nozz1e centerline. Van Heiningen found that average héat 

transfer decreases wlth increasing Mvs ' For example for ReJ 0:10000 and 

H/w-2.6 heat trans~er averaged over S/w-22.5 at Mvs -O.86 is 17% lower 

than at a stationary impingement surface. 

StucUes- for unconfined slot jets have reported that with increasing 

impingement surface velocity, average heat transfer undergoes eithe~ a 

slight increase or remains unchanged, wh~le the on1y 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 
\ 
1 

jets by entrainment as well as thermal changes which are equipment 

specifie in that they depend on the te~perature at the nozz1e exit, the 

impingement surface and in the surroundings. 

For the case of single slot jets, the 1imited amount of information 

eoneerning the effeet of throughflow at the impingement surface wasv 

summarized in the previous sectipn. For multiple eonfined 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] and Russell and Hatton[1972], used a one-equation 

turbulence model combined with the requi~ed empirical specification of 

turbulence length scales. Wolfshtein assumeQ a length scale while 

Russell and Hatton used both the assurned le~gth scale of Wolfshtein and 

their own length scale measurements, of very high uncertainty due to 

experimental difficulties. Flow predictions improved slightly when 

measured length scales were used. They did not solve the energy 

equation. Wolfshtein's predicted impingement heat transfer distribution 

agreed reasonably weIl with the experimental data of Gardon and 

Akfirat[1966) at H/w-B for Rej<llOOO but not at higher Rej' 

As empirical specification of the turbulence length scale ls 

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, i.e. 

turbulent kinetic energy, turbulent kinetic energy dissipation or 

individual Reynolds stresses, lead to the subsequent switch to k-c and 

algebraic stress models (ASM) for turbulence. 

Looney and Walsh[1984] made flow and heat transfer predictions for 

an impi"ging jet for B<H/w<43 for various Rej' Convergence problems 

made results unreliable for H/w<8. Their tests indieated that the 

algebraic stress models of Rodi[1972) and Ljuboja and Rodi(1979) did 

not predict heat transfer in the impingement region as weIl as the high 

Re version of the k- c turbu,lence model. Van der Meer[1987] used the 

low Re version of the k-l: model and an anisotropie model in which the 

nondiagonal terms of the Reynolds stress tensor are calculated as in 
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Tab 1. 2.3 NUIIIs,rieal s~dies on turbulent impinging jets 
a) Two d1mensional plane jet studies 

Reference 

Uolfshtein(1967] 

Boundary conditions 

C2, Dl, 02, 03, 
El, Fl 

04, 

Russell and Hacton(197Z]* C2, Dl, 02, 03, 
El, Fl 

04, 

Folayan(1976] 
Agarwal and Bower[198Z]* 

Huang ec al. (1984] 

van Heiningen(198Z] 

Guo and Maxwell(19841* 

Looney and Ualsh(1984] 

Polat et al.(1985J 

no information 
A2, 82, C2, Dl, 02, 

03, 04, El, Ft 
A2, 52, C2, Dl, 02, 

03, 04, 06. El. Gl. GZ 
Al. 82. CZ. Dl. OZ. 

03, 04, El 
CZ. Dl, 02, 03, 04, 

El, Ft 
C2, Dl, OZ, 03. 04, 

El, n, F2 
Al, 52, C2, Dl, 02, 

03, 04, El 

Turbulence Model 

one-equation model 

one-equation model 

k-c, high Re model 
k-c, low Re model 

k-c, high Re model 

k-c, high Re model 

k-c, high Re model 

k-c. high Re model 
and ewo ASM' s 

k-c, high Re model 

Equations solved in 

!If - w 

primary variables 
!If - w 

primary variables 

primary variables 

!If - w 

primary variables 

primary variables 

b) Two-dimensional axisymmetric jet: studies 

R.ference 

Amano{1980}* 

Amano{1983l* 

Amano and Brandt[1984]* 

Amano and Sugiyama[19851 

van der Meer[1987J 

Boundary Conditions 

Al. A2, B1, Cl, C2. 
Dl, OZ, 03, D4, El 
Al, A2.\ B1, Cl, Dl. 

DZ, D3, 04, El 
Al, A2, Sl, Cl, Dl, 

DZ, 03, 04, El 
Al, Al, Sl, Cl, CZ 
Dl, 02, 03, 04, El 
Al, B1, CZ, Dl, OZ, 

03, 04, El 
) .' * impingernent heat transfer was not predicted 

Boundary Condi1:ions (Refer 
Boundary A 

Al. nat jet: inlet veIodty profile 
A2. Developed jet inlet velociey profile 

Boundary B 
Sl. ~1ithout confinement 
B2. Vieh confinement 

Soundary C 
Cl. No flow (discharge i!$ at the noule level) 
C2. Free discharge (no crossflow) 

Boundary 0 
Dl. Plane 
02. IlIIpermeable 

Turbulénce Madel 

k-c, high Re model 

k-c, high Re model 

k-I:, high Re model 

k-I: , high Re model 

k-t. low Re model 
the anisocropy model 

ta Fig. 2.2) 
D3. Smooth 
D4. 5tat1onary 

Boundary E 
El. Symmetry 

Boundary F 

Equations solved in 

primary variables 

primary variables 

pr~ary variabl~s 

primary variables 

primary variables 

FI. \tell-developed. unbounded 
submerged turbulent jat profile 

FZ. Partially developed unbounded 
turbulent jet profilé 

'Boundary G 
Gl. Crossfiow 
G2. No-crossflow 
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the case of the low-Re vers ion of the k- c model, and the anisotropy 

term, g-u' 2 --;;;2 , is calculated by sol ving an a~di tional equation ~ 1 ,'~e '\ 
found tha~,~hen used to predict local heat transfer from impinging 

1 

axisymmetric jets for ReJ -6400 at H/w of 2, - 4 and 6, the conventional 

k-c model was superior to the anisotropy model. Looney and Walsh's ASM 

results and van der Meer's experience with the anisotropie model 

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[l973] 

is valid only where viscous effects are negligible, a separate model 

must be ...used to treat the distribution of turbulent shear stress and 

tu?b~~entîCihetic energy in the.near-wall boundary. Overall success of 

the numerical simulation then depends on both the k- t: mode l and the 

choice of near-wall model. The maj ori ty of the studies in Table 2.3 

have used the high-Re version of the k-t: model of Jones and Launder and 

therefore used near-wall models for turbulent shear stress and kinetic 

energy. Amano and Sugiyama[1985] claimed a better prediction of 

stagnation 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- separate near-wall model is used, 

stagnat,ion heat transfer is calculated at the grid node next to the 

actual stagnation point. Therefore comparisons of results must take 

into account the fact that the value of predicted stagnation heat 

transfer varies wi th the location of the gridlines near the jet 

centerline and impingement surface. 

Van Heiningen[1982] and Polat et al. [1985-] predicted heat transfer 
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for an impingement surface located within the potential core of a plane 

jet, i.e. for H/w of 2.6 and ~ for Rej in the range 5000 to 20000. The 

minimum within tlre stagnation point Nusselt nurnber peak found by -van 

Hèiningen may be atttibuted to the grid disttibution 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- f: model was used together with 

near-wall functions, aIl values of x+ or local turbulent Re should be 

at least 100, according to Guo[l982] and Guo and Maxwell[1984]. Polat 

et al 'predicted the off-stagnation heat transfer maximum to occur at 

about yjw""'-7, which agrees well with experiment. The inflection point 

that marks the end of the stagnati.in region was predicted at abou't O. 5w 

to 1. 5w, which is about ""2. 5w smaller than the experimental observa-

tions. Both van Heiningen and Po lat et al. obtained good agreement 

with experiments in the wall jet region. 

Huang et al.[1984J predicted impingement heat transfer distribution 

for Rej of 11000 and 2'2000, at 8<H/w<l6, with -aria without illlPosed 

crossflow. Their prediçted results without crossflow or surfa~e motion 

effects agreed with the experimental data of Gardon and Akfirat[1966] 

within 25% at Rej -11000 and H/w-8. lUth an Induced crossflow 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 from the jet centerline as a function 

of the crossflow parameter, Rec/Re j , at a particular Rej' They also 
!IfII/"""' 

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 r be qui te small due to these compensating effècts 

on either side of the nozzle centerline. The effect of surface motion 

without 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-( model for 

the case of heat transfer by multiple slot jets with exhaust por;ts 

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

·stagnation region and exit flow region under the exhaust port are 

sufficiently close to affect the intermediate flow region, a circum-

stance which renders inappropriate the near-wall model, which is baped 

on Couette flow assumptions 

Simulation of the effect of throughflow on impingement heat 

transfer from turbulent jets, not previously attempted, constitutes one 

of the ,maj or obj ectives of this study. 

2 .4 CONCLUS IONS 

Review of studies on impingement heat transfer due to single and 

multiple jets without and with the industrially impol:'tant effects of 

confinement, surface motion and throughflow, led to the following 

conclusions: 

1. Despite the much greater indus trial relevance of confined jet 

systems, laboratories elsewhere have focussed mostly on unconfined 

impinging jets. 

2. Experiment:al studies of the effect on flow and heat transfer of 

~hroughflow at the impingement surface are ve~y limited for single 

impinging jets and non~ exists for multi~le impinging jets. 

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

'- . 
1 

" 
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transport processes ~pder impinging jets provide contradictory 

o indications. Four of the studies involve the additional uncertainty of 

unconfined j et systems. The five reports on effect of impingement 

surface speed on convective transfer rate range from indications of a 

large increase, to no e-ffect, 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 

indtfstrial relevance. 

5. No generally applicable model for the numerical prediction of 

impingement heat transfer due to turbulent jets is available. 

t 
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: CHAPTER 3 

~AL FACILITY 

3.1 OVERALL DESIGN CONCEPT 

An experimental faeility 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. throughfIow at the surface. The 

impingement surface was the external wall of a rotating porous cyIin-

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
0 

from the unheated multiple jets. Thus the cylindrieal 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 length of the cylindrieal impingement surface, O. 2m. A unique 

sensor, developed in the present study, enabled obtaining instantaneous . . 

local values of Nusselt nUlnber at a rapidly moving impingement surface 

wi th throughflow. 

The impingement flows were confined by a O. S8m diameter cylindrical 

\ 
hood, concentric with and of _ length equal to the impingement ~ylinder, 

providing a spaeing of SOmm between the confinement and the impingement; 

surfaces. 
\ 

The flows from the heating and coo1ing jets in this annular 

1ection were kept separa te and were removed through exhaust ports. 

" }rhus the ent~,re system _ consisted of two isolated subsystems, one for 
, --_/ . 

the ..beating single jet, one for the cooling multiple jet array. This 

overall design ~oncept was developed and used in the SIMTEST l Appara-

tus by van Heiningen[l982) to obtain local heat transfer profiles at a 

moving impingement surface under single impinging jets. The present 
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equipment, 
J 

the first to incorporate 'mul tiple jets, is ter~ed the 
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SIMTEST III Apparatus for the objective of testing present and future. 

computer simulations of single or multiple jet impingement heat 

transfer on moving surfaces 'ii th or wi thout throughflow. A photograph 
c 

.of the,experimental equipment is shawn as/Fig. 3.1. The multiple jets 
1 

and the single jet appear at the top and bottom, .respectively, of thè', , 

rotating cylinder assembly. 

The combination of three key features of this del?ign, 1. e., use of 

a rapidly moving impingement ~urface, of jets which are conrfned by a 

hood paraI leI to the impingement surfp,ce, and removal of sorne of the 

impingement flow through the impingement surface reflects the 

.,. orientation of this study to ,the. possibility of drying of paper by 

combined irnpingement and through flow from hot jets, proposed by 
r, 

Burgess et al. [1972a, b] 

The experiment;al faeility was closed with cireular plates at the , , 

ends of 'the impingement cy1ind~r-eonfinement hood. The single jet and 

the multiple jet system were trovided with separate exit ports. The 
1 

two exit ducts for the single jet were positioned 90° from that nozzle. 

The multiple jet assembly comp~ised three slot jets, witb slot exhaust 
1 

ports located symmetrically befween the j et n~zzles. This arrangement 

avoids exhaust crossflow underl the impinging jets. To provide symmetry 
1 

of flow two exterior exhaust' portS: each half the width of the two 

interior exhaust ports, were l~cated at the two s'ides of the three jet 

assemb1y. AlI jet nozzle eXit~ and exhaust port inlets were positioned 

flush with the conf~nement slrface. As proven by Saad[ 1981] for a 
1 

stationary impingement surfade with this symmetrical exhaust flow 
1 

1 
configuration, the midd1e jet bf such an array of three identica1 jets 
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FIGURE 3.1. General view of experimental facility 
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ls representative of a sl~t jet in a multi-jet array. The symmetricel 

arrangement of an exhaust port betwèen each jet nozzle was selected to 

avoid tha' strong disadvantage of crossflow of spent flow under an 

adj acent jet nozz le. The degradation of impingement heat transfer by 

exhaust crossflow has been demonstrated experimentally by Saad[1981] 

and numerically by Ahmad[1987). 

, 
The single j et and the multiple jet systems were isolated 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 1800 or 0.75m, and 

36° or O.15m, of the O.2m wide impingement surface. The remaining two 

sections, each 72° of the heat transfer cy1inder 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 app1ying suction. The range of throughflow 

veloc..ity, ua' and periphera1 ve10city of th~ impinge~ent surface, va' 

were chosen with reference to the proposed "Papridryer" proc,ess which 
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would use à combination of inlpingement and throughflow drying 

mechanisms to enhance drying rates of paper (Surgess et al. [i9'ha, b) . 

Thus th~ maximum speed of rotation, -6rps, corresponds to Vs -9m/s 

which is in the range of paper machine speeds. The range of 

throughflow rates at the impingement surface, expressed as the non-

dimensional'ratio, PsuslPJuJ' is from 0 to 0.023. The maximum percent 

of jet nozzle exit flow drawn through the impingement surface is 

therefore 11.5% and 86% on the multiple 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(l981] sbowed 

exp,erimentally ~hat the combination of non-dimensional spacings which 

produce a maximum value of average Nusselt number for a stationary 

. impingement surface with no throughflow is H/w-5 and SjH-O. 5. Because 

of the imj>ortance of average Nu in indus trial 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. 
l ' 

The width of the multiple jet nozzle.s, w-lOmm, was selected such 
-' , '" 

that the desired range of other geometrital and flow variables, were 

within the constraints of the equipment design and fabrication'. With 

this selection of w, a 50mm nozzle-to-implngement surface spacing and a 

25mm nozzle centerline-to-exit port centerline spacing gave the desired 

H/w and S/H spacings indicated above. 

For the single jet side; a nozzle width of 20mm was selected to 

obtain a nondimensional no.zzle-to-surface spacing. H/w, of 2.5, thus 

lacilitatlng comparison of results with those of the SIMTEST l 
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apparatus for which one of the single jets had an Hjw spacing of 2.6 . 

ùevelopment of a porous 'sensor for determina'tion of instantaneous 

local heat transfer rate at an impingement surface moving at speeds up 

to 9m/s, wi,th or w,i thout throughflow at the impingement surface, was 

the most critical part of the SIMTEST III apparatus. Van Heiningen, 

Douglas and Mujumdar (1985) developed an Impermeable sensor made of a 

, 1 

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

. 'àt the impingement surface of the SIMTEST l apparatus. However they 
\ 

co~rmed that, with throughflow, even a narrow impermeable sensor can 

not be used in an otherwise uniforml,Y permeable moving impingement 

surface be use the turbulent boundary layer adapts so rapidly to the 
, 

momentary chan of boundary condition, For the case of throughflow at 

the impingement sur ~. therefore, 

present study a permea~sensor 

characteristics as the impin)ament 
""-, 

it was essential to develop for the 

of the same porosity and thermal 

surface. The Ideal choice is the 

same porous material for the sensor 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 t~ermometer, was a 70mm long x 

Imm wide ,gold filament', about O.l5Jlm thick, deposited on the porous 

glass substrate. By mounting the sensor flush with the impingement 

~ surface the instantaneous local surfac~ temperature could be monitored. 

lnstantaneous heat flux, and thereby local Nusselt number. was obtained 

from surface temperature through solution of the one-dimensional 

unsteady state heat conduction equation for experiments without 

'f~ 
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throughflow. For throughflow experiments the solution scheme was 

modified to account for convection heat transfer between throughflow 

and the porous subs trate . Use of a micro computer for on-line data 

acquisition and data reduction permits determination of about 500 

values of local 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 original 

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

3.2 EXPERIMENTAL FACILITY 

The schematic diagram, Fig. 3.2 illustrates the experimental 

facUity. The dis charge of a 22.4kW blower (l)(Industrial Combustion 

and" Equipment Ltd., 3600rpm ODP motor, Im3 /s at 13. 8kPa) located !Ii. ,an 

acoustic sheiter adjacent to the laboratory, is split into one stream 

for the single jet, one for the multiple jet side. The two flowrates, 

measured by orifice rneters (3,4), are controlled by gate valves, one at 

th\ bImY'er exit, the other in the line (2) to the multiple jets. 

\ir at about 40° C (due to heating by the blower) enters the 

multiple jet section via the O. 2Sm diameter pipe. After the 4. 7 Sm long 

flow measuring section (11 pipe diameters before and 8 diameters ~fter 

the orifice meter) , a 1.45m long diverging section adapts (5) this pipe 

to a box (6) O.20Sm x O.4m .1b cross-section, 0.3m deep. Two O'.19m high 

movable flow dividers (7) in this box serve to control the flow to each 

jet in the three-jet system. These L"!~..,. dividers, hinged at their 

Iower ends, are positioned froll\ outside the box w.l.th control rods. A 

lOO-mesh sçreen placed at the" entrance of this box reduces the 
, 
t -". , 
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turbulence level, and a .50mm thick aluminum honeycomb, (hexagonal, size 

4.7mm) , located SOmm from the box entrance, straightens the flow. ~ 

Three nearly paraUel channels (8), about 0.4m long x O.2m in the 

axial dimeI]sion, adapt the flow from about 90mm. wide at their inlet to 

the lOmm wide multiple jet nozzles at the outlet. The enclosed angle 

ls 5.70
• At the nozzle exit end the nozzle channels terminate flush 

with the confinement surface. The 10mm x O.2m slot jets impinge on the 

porous surface spaced at SOmm (H/w-S) from the nozzle exit. Tnis type 

of nozzle geometry was selected for its simplicity, low pressure 10ss 

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 is therefore 20mm wide, while the two side exhaust ports are each 

10mm wide. The length of all nozzle and exit ports is identical, O.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 SjH-O. 5, there is 

IOmm of confinement surface on both sides of each nozzle. The two 

interior 40mm wide exhaust channels contain flow vanes to redirect the 

o 
spent flow by 60 towards the exhaust ducts located at the two ends of 

the equipment. Sllde 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 15 heated by a 

6kW i 12-stage duct heater (9) located in a O.2m square box, O.Sm long. 
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Ten of the heater stages are operated at 220V, connected in'pairs to 5 

o on-off switches, while the remaining two stages are connected in series 

as a pair to a 12Q/140V variac (Staco Energy Products Co. 1 type 

3PNIOIO) for ~ fine tuning purposes. This arrangement gives a very 

uniform nozzle exit temperature, within ±O. 30 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 diarneters 

upstream from the elbow to the plenum chamber. The Une from the 

heater to the single jet nozzle is weIl insulated for safety and heat 

10S5 prevention The O.27m long, O.2m square plenum chamber (10) for 

the single jet, located beneath the equipment, contains two 100-mesh 

screens at 0 and 150mm from the plenum entrance to reduce the turbulen-

ce level. A 50mm thick alurninum honeycomb (hexagonal, size 4. 7mm) at 

SOmm from the plenum entrance straightens the f16\o1. In order to obtain 

comparable results ~ the 20rnrn wide single jet nozzle has the sarne 

geometry (ASME standard ellipticai contoured entrance) as the 14mm and 

6.2mm wide nozzles that were used in the SIMTEST l Apparatus. 

,The unheated multiple jets and the heated single jet impinge on a 

porous glass cylinder (11) of 13mm wall thickness, O,48m outside 

diameter, O.185m long. This porous impingement cylinder is supported by 
• 

alumi~um rings 1 O. 48m out!üde diameter x 13mm thick, glued wi th epoxy 

to each end. A 7:run portion of each aluminurn ring rests on a shoulder 

of the sarne length provided on O. 48m diameter, x 13nun thick end plates. 

\ At the outer ends of the aluminum rings 1 5. 4mm diameter Neopherene 0-

f 
rings provide air-tight contact with the end pIates. The excess length 

between the O. 2m length of the nozzle slots and the combined length, 

O. 223m. of the porou~ cylinder 1 aluminum rings and end plates rernains 

o 



( 

" 4 h < 1 1{"t ~\ i c .. .,. ),' '~ .. j t 

42 

outside the equipment. The twO- pratruding ends are sealed with 13mm 

thick Teflon rings from outside. 

As suc tian 1s applied for experiments with throughflow at the heat 
,. 

transfer surface, the impingement cylinde-r-' 'i~ mounted 9n a hollow shaft 

(12), a O.l14m O.D., O.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 throughfl'ow air is withdrawn. 

To obtain radially uniform throughflow a O.l65m diameter cylinder (13), 

of the same porous glass material but of a more open area (grade 155) 

than the impingement surface, 1s located between the perforated steel 

shaft and the impingement surface. One end of the O. ll4m O. D. hollow 

shaft terminates in a bearing sealed with Rulon which provides the 

suction Hne connection. The ather end of the hollow shaft is 8fta'ched 

to the main drive shaft, 102mm O. D., 16mm' I.'D., O.85m long, supported 

by two pillow block bearings spaced 0.45 7m a~art. A pulley between 

these bearings is driven through a no-slip bel.t from the drive pulley 

of a 3. 7kW variable speed motor. Leads from the heat flux sensor, 

pressure transducer and thermocouples pass through the 16nun 1.0. of the 

drive shaft to a low-noise, 14-channel slip ring assembly (IEG Corp., 

Austin, Texas, Model IEC-TX-14) mounted at the end of the shaft. 

The. suction system' consists of a 7,46kW rotary type blower 

(O.llm3 /s at -40.7kPa), an orifice meter, and a gate valve at the 

entrance to the blower. The suction line, seen in the Fig. 3.1 

. 
photograph, is connected to the interior of the porous. cylinder by a 

l02mm I.D. flexible SS Hne via the bearing sealed with Ruion. The 

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

(108mm 1. D.) portion of the suction line (13 pipe diameters before, 7 

.. 

, ,_il 
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pipe diameters' after the orifice meter). 
• • R 

• The average of fifty profiles of surfa.'èe tempe rature is used as the 

boundary condition to the equation for one dimens'ional unsteady-state 

conduction (including convection when there is throughflow). This 

li" 
equation is solved iteratively to ob tain 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 

irnpingernent surface at 180
0 

from the heat flux sensor. Manometers are 

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

locations one pipe diameter ab ove the orifices and at the jet nozzle 

inlets. Air, temperatures were measured by E type (chromel/constantan) 

thermocouples (0.25mrn wire diameter) at the jet nozzle inlets and at 

one pipe diarneter from the orifice meters (Omega, CXSS-116C-L2). 

Chromel/constantan thermocouples (O.25mm wire diameter) were glued 

flush with the impingement surface, 5rnm from each end of'the heat flux 

sensor, through l mm holes, to rneasure the substrate temperature during 

in-place calibration of the sensor. 

3.3 INSTRUMENTATION 

3 . 3 . l Pos i tion Sensor 

Heat flux sensor position is determined with an optical slotted 

switch (Spectronics, SPX-1878-14) mounted at a fixed positipn next to 

the impi1)gement cylinder. An aluminum tab fixed to i ts end plate 

passes once every rotation through the slot of the switch. The 

relative position tr the switch and the " tab is such that, as the 

cylinder rotates c1ock-wise, when the tab enters the swi tch slot the 

o .-
1 • 1 

. .---' 
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heat flux sensor is at the skimmer plate" 90
0 e' upstream of the single 

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

starts the switch signal is samplej:i via the trigger of the A/D board. 

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

and convertt;:;d to rpm. Based on this rpm and 'the desired number of 

samples per rotation the interval between successive samples of the 

sensor output is determinèd. 

3 3.2 Instrumentation for Pressure Measurement 

Local pressure difference across the permeable impingement surface 

is measured with a differential pressure transducer (KJUte XT-l90-S) 

with the interior pressure as the reference pressure The transducer 

is mounted flush "'i th the impingement surface, equidistant from its 

ends, at 180
0 

from the heat flux sensor. Sensitivity of the transducer 

given by the manufacturer is 0 002SmV/Pa at 10 volts excitation. The 

compensate.d tempe rature range of this transducer, exceeds 

that used 

. 
3.3.3 Instrumentation for Temperature Measurement 

--
The fixed positions at which tempe rature is monitored with chromel/ 

"" constantan thermocouples are one pipe-diameter before 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 locate? at the axial mid-pointfAxial tempe rature 
\ 

profiles at the jeJ: nozzle exits are measured with movable 

thermocouples. Reference junctlons of aIl thermocouples are kept at 

OOC with an ice point reference (Kaye Instrument KI40-4). Thermocouple 
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outpui ls measured with a digital nanovolt meter (Kelthley Instruments, 

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

3.4 TESTING AND CALIBRATION OF EQÛÏPMËNT-

3.4.1 Symmetry of Flow under Jets 

Profiles of local static pressure at the impin~ement surface at 

various jet Reynolds numbers at very slow cylinder rotational speeds 
, 

are measured wi-t:h the impingement surface pressure transducer via the 

IBM-PC data acquisiti~n system. Before each flow experiment, this~ 

transducer is sampled when there is no jet flow to determine the zero 

pressùre output·. base 1ine from the transducer. This base Une is 

subtracted from the aetual profile. 

Fig. 3.3 displays the dis tribut ion of surface fressure reiative ta 

nozzle ex~~ static pressure under the single jet at two values of jet 

Reynolds number. As is apparent from this figure, flow is quite 

syrnmetrical under the single jet. The interesting phenomena of 

pressure reeovery in a confined impi~gement flow, discussed extensively 

by van Heiningen[1982), is displayed in Fig 3.3. 

For multiple jets as closely spaced (S/H-O.5) as in the present 

study the pressure distribution LS practically fIat, as can be seen ln' 

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 Discribution in Jet Nozzles 

Each multiple slot j et issues from it- O. 4m 'long, slightly converging 

(5.7°) nozz1,e, of width 90mm and lOmm at the nozzle entrance and exit. 

"' 
In addition to the fine screen and honeycomb to reduce turbulence and 
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straighten the flow in the bbx above the no·zzle entrance, honeycomb 

sections set parailel to the flow at the inlet of each channel ensure 
, 

that the jets issue normally t~ the impingement surface. The flow rate 

to the three jets is equalized 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 th~ length 

of the nozzle exits Fig. 3.4 displays pressure profiles for each jet 

in the multiple jet assembly, -as measure? with a pitot tube along the 

axial length of the nozzles in the mid~plane of the converging channel, 

at about SOmm above the nozzle exit. 

90% of the length and close agreement 

Unifor~ity of these profiles over 

betJeen the profiles of the three 

jets confirms the two dimensionality and the symmetry of these multiple 

jet flows. 

The single jet nozzle, of the same ASME standard elliptical entry 

: (i A~, 
' .. 

geometry as those of the SIMTEST l apparatus, provides a standardized , 

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

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

simulation programs Dar impinging jets, thus facilitating comparisonoof 

experimental and predicted results for a standard nozzle exit velocity 

profile. Nozzle design details are given by van Heiningen(1982]. 

Lengthwise profi~es for the single jet at the entrance ~ the contour~~ 

portion of the nozzle are displayed in Fig. 3.5. Againfhe uniformity 

of the pressure profile confirms 'that the~jet flow i5 two-dimen5ional. 

3.4.3 Temperature Distribution at Jet Nozzle Exits 

1 

Accurate calculationl of Nu profiles depends sensitively on accurate 

, 
, 
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measurement of temperature at the nozzle exit since heat transfer 

coefficients are based on the temperature difference betwe.en the 

impingement surface and the nozzle exit. As this temperature 

difference is typically 10° - 25° C, an error of ±O. 50 C in temperature 

me~surement would correspond to 2-5% error in Nusselt number. 
v 

Another i~portant constraint ls that the nozzle exit tempe rature of 

each jet in the multiple jet assembly should be the sarne in order that 

the rniddle jet be represèntative of a jet in an infini te array of such 

jets. In the original design the single jet was unheated and the 

multiple jet assernbly was heated by a duct heater located on top of the 

'flow- adjustrnent box. After finding that the nozzle exit ternperatures 

of the three jets could differ by as much as SO _100 C and that the 

t ~..Jc'Y 

profiles, of nozzle exit temperature along the nozzle length were not 

flat, apparently due to ins4icient mixing 

the choice of heating and Coring jets was 

equipment design change- the original heater 

length afte,r the heater, 

reversed. In this maj or 

on the multiple jet side 

was el:i.minated and a new heater installed on the single jet side, 

~ocated suffidently far from the jet nozzle that very uniform jet -

temperatures at the nozzle' .exit were obtained. Evic1ence of .. 
satisfactory performance by the final ~rrangement is provided by in 

Figs. ~.6 and 3.7 which display the nozzle exit temperature profiles of 

the multiple jets and the single jet. As the tlozzle exit tempe rature ~ 

profiles bf the three jets in the multiple jet assembly y.ere almost 

, 
identical, the middle jet temperature was used to calculate Nusselt 

~ 

number. 
'\ 

For each run, axial profiles of centerline nozzle exit tempe rature 

of the middle jet of the multiple jet assembly and of the single jet 
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were measured with a movable thermocouple. These profiles are unifo'lïD 

to within'±0.5 Oc over the central 90% of nozzle length. Th~ tempera-

ture used for Nu calculations is the averli'ge value over the axial 

length corresponding to the sens or. The maximum variation of the 

nozzle~exit tempe rature over the sensor length is small, !Q.3°C. 
/ 

Temperature across the nozzle width is very untform' for both 

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

sandwiched between th~ 'exhaust ducts through which spent flow leaves at 
- 1 t 

somewhat above nozzle exit tempe rature . For the sIngle jet ,side, the 

pipeline downstream of the heater 'and the Wu chamber are weIl 

insulated. and very unif~rrn nozzle exit temperatur are obtained. 

/ . 
3.4.4 Calibration of Orifice Meters 

.' ~ 

Flow to multiple jets, single jet and\Jof throughf;J..ow were measured 

wi th Qrifice meters, An orifice to pipe diameter ratio of 0.5 was 

used. To measute pressure drop across the orifice plates, radius 

pressure taps (1 ID before and 1/2 'ID after the:plate) were uscd. The 
-, 

'mass flow rats'is related to pressure drop by 

(3.1) 

where C ls the discharge coefficient of orifice plate, determinep by 

calibration against pitot ,tube measurements. Pitot tube pressure drop d 

was measured with a ca1ibrated inc1ined monometer (Wi1h. Lambrecht KG 
"' 

Gottingen, type: 655). As shown i~ Fig. 3.8, there is excellent 

agreement with the following emprical equation. derived by Bentley and 

Riley[1983] from the extensive experimenta1 da~a 
\ 

C =0.5959 + 0.0312'(J2.1 - 0.0184 pa + 0.0029 p2.5 

(3.2) 

• ,1 
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where Li and ~ are 1 and 0.47. respective1y, for radius pressure 

• taps. Hence the .sbove equation is used to prerlict th~ orifice 

coefficient for a1l three orifice plates at aIl flow rates . 

. . 

o 
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CHAPTER 4 

SENSOR FOR'~SIENT'HEAT FLUX AT A MOVING SURFACE ~TH THROUGHFLOY 

4.1. INTRODUCTION 

The objective was to develop a sensor capable of measuring 

instantaneous local heat flux at a permeable surface at which ~here 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 is that developed by van Heiningen, Douglas and 

Mujurndar[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(1970], D.J. Baines(1970], W.D. Baines and 

Keffer[1976] and van He.iningen, Mujurndar and Douglas[1976]) showed that 

an appropriate thin-film sensor based on a resistance thermome"ter is 

the preferred choice for measurement of a rapidly and widely 
1 

fluctuatlng trans ient heat flux. \Ji th this type of a ~ensor van 

Heiningen, Douglas and Mujumdar[1985) could measure such vaiting local 

values of transient heat flux, but only at an impermeable syiface. 
/ 

Their sensor was a thin-film resistance thermometer': flush mounted 

\ 

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

about O.27~m thick, on an eleatrically insulating substrate of 

appropriate thermal and mechanical properties. With a heat transfer 

surface and sensor substrate that is thermally "semi-inflnite", they 

demonstrated the validity of local 
.J\ 

transient heat flux measurements 

lobtained with ~UCR a sensor. 
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In the present case the sensor for local transient heat transfer 

o with thoughf10w was validated 'for the cyclical heat flux at a rotadng 

cylindrical heat transfer surface, with throughflow, subj ected on one 

side to cooling b-y multiple slot jets and, at a position about 1800 

away, to heating by a single slot jet. However the sensor is not 

restricted to the' study of -impingement 'heat transfer but is genera1ly 

applicab1e for throughflow heat transfer surfaces subject to cyclical 

heat transfer .. 

The present work i5 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. 

Development of a sens or w~th such capability would enable experimental 

investigation of an important class of problems in transpo.rt phenomena, 

those in which thcre i§ sirnultaneous but indepandent heat transfer and 

mass transfer at a surface, i. e. where th~ hest and mass transfer is 

not coupled One industrial problem with large economic .consequences 

for which the devel~pment of such a sensor is also particularly 

relevant concerns the possibility of developing new processes for paper 

drying, processes which cou1d combine through drying with impingement 

drying. In such a process, impingement heat trans'fer at the surface ,o~ 

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 inpustrial process development. 

o 
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4. 2. DEVELOPMENT OF A POROUS HEAT FLUX SENSOR 

4.2.1. Selection of the Porous Sensor Materia1 

There are numarous const'raints on the choice of mate'rial of the 

porous substrate for the Sênsor. Its throughf1ow characteristics and 

transient temperature r\~sponse must match those of the throughf1ow 

surface in whfch the sens or ls moUI!!ed, the porous media used shou1d be 

( 0 

homogeneous, machinable, durable to 100 C and, as the substrate for a 

-­thin-film resiostance thermometer, lt must have neg1igib1e ~lectrical 

conductivit~. The ideal solution was found ~ossible in this case, i.e. . , 
use of the identical material, porous glass, for the sensor substrate 

and for the permeable heat transfer surface in which the sensor is 

mountetl. Experiments" estabHshed that a continuous thin-film of gold 

• 
could be v~cuum deposited on porous glass obtained from the 3M Company. 

As it is necessary in the present case that the permeable heat transfer 

surface be a rotating cylinder, a O. 48m diameter, l3IJ,l1Jl wall thickness 

porous glass cylinder obtained from the 3M Company was found to satisfy 

a1l constraints as the material for both the heat transfer surface and 

the sensor substrate. To achieve the, desii:-ed range of throughflow 

rates across the permeable heat transfer surface, porous glass of a 

uniform particle size, ~, of 50jJm (3M Grade 55), of porosity 30% , was 

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

sensor is about 260~. ... 

. 
4.2.2. Fabrication and'Mounting of the Heat Flux Sensor 

From tne analysis of sen~itivity of the thin-film resistance 

thermometer based heat flux sensor made by ~einingen et al. [1985] 

lt was est!mated that a gold film of resistance ~n the range lCJt> to 350 

; . 
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ohms and of thickness in the same order as the.ir sensor (about O. 25pm) 

was 
l 

. do. f requlre or the desired accuracy of die transient heat flUx 

measurement. Extensive development of techniques for depositing very 

thin, electrically continuous filaments of gold on a porous glass 

substrate was required The 
~ 

following procedure evolved for 

fabricating a porous sensor consisting of a gold film of dimensions Imm 

x 7.omm, 1. e. 20dp wide and l400dp long. 

l) Sections, 10mm x 100mm, eut from the excess length of the l3mm 

wall thickness porous glass cylinder were checked visually, then 

microscopically for irregularities. 

o 

2) A lrnrn x 70mm Scotch tape mask was glued to " the substrate 

surface. The photo(abrication technique of van Heiningen et al. (1985] 

for preparation of the thin' gold filament was inapplicable because the 

Chemical$.\i,;Hllage' the porous glass binder. The Scotch tape mask adhered 

1 
weIl during deposition, then was easily removed. 

3) About O.1l5g of 0.9999% purity gold was vacuum deposited 

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

range of res istance before aging, 500' to 1000 ohms. Many times a 

seemingly continuous gold film had infini te resistance. Non-

conduc ting and conducting 
~ 

sensors (were 
. ~ 

indisti~guishable under a 
• 

microscope. "'~rt 

. 4) Good sensors were "aged" at 100
0 

C fOl; 6 hours, during which th~ 

resistance dropped by half. 

5) ,:rhe gold. film~ds connected witb. a high conductivity silver 

paint (Conductive Silver 2ÙO from Dègussa A.Go') ta 1.3mm diameter 

silver le'ad wires fixed with Easypoxy in· hol.es drilled thr~)Ugh the 
ttt 

substrate. 
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6) For measurement of substrate surface temperature during in-situ 

calibration, _ two thermocouples were glued '\high thermal conductivi ty 
{ 0 '\ 

adhesive, Trabond 2151, Tra-Con Inc., Medford, Mass.) flush with the 

substrate s~rface, Smm from the gold film ends. 

AsCthe gold film thickness was about -O.15/lm, i.e. about 1/300th of 

the average particle diameter in a substrate about 260~ thick, these 

are truely thin-film sensors. 

The lOOmm long sensor was flusb mounted in the center of the 200mm 

'. ~ ~'!.. ""'" 

long porous wall of the O. 48m diameter heat transf~r cylinder, Fig. 

4.1. Before inserti.n of a sensor, Teflon tape covered on both sides 

by a very thin layer of a silicon based adhesive is apptied around the 

sensor circumference for ease of sertsor replacement and to pre-yent by-

passing of the throughflow between the sensor and the surrounding heat 

tr'ansfer surface. 

4.2.3. Calibration of the Heat Flux Sansor .. 
The sensor and associated thermocouples were calibrated in a 

thérmostated bath before installation. However, as the calibration was 

not sufficiently stable, possibly due to the cQmplex substrate micro 

structure, in situ calibration was made before each run. ')uring 

calibration, the sensor resistance was measured with a four decade 

Wheatstone bridge. The unbalanced bridge output voltage was monitored. 

on a storage oscilloscop~ . The surface temperature was measured wj,th 
i" 

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

o After 1/2 ta lh ta reach equilibrium under a heated air jet, the thin 

film -tempe rature was taken as the aVtJrage from the calibrated . 
thermocoup1es, which never dif~red by -more than 0.25° C. - Stabili ty of 

/ 

! 

\ 

.\ 
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calibration unde:c/throughflow conditions was also checked by measurlng 

the thin film resistance and temperature with throughflow. The maximum 

in-situ calibration temperature, llb.o.1,1t;)600 C, which exceeds the maximum 

attained in the runs, was always measured at the end of the experiments 

to confirm calibration stabi1ity. 

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 specifie heat of the porous glass was determined from. DSC 

measurements (Perkin Elmer DSC7), as described in Appendi~ 1. 

Cp = 875.51- 6.48 T. + 7.23 x lO-2T; 

It,CJ thermal conductivity, O.414W/m-oC, was measured using two 

( 

techniques detai1ed in Appendix 1. 

The measured bu1k density, 1447kg/m3 , compared with 1600kg/m3 

reported by the manufacturer. 

4. 3. INSTRUMENTATION FOR HEAT FLUX MEASUREMENTS 

4.3.1. Signal Condi tioning . 

\ 
Sensor resistance was converted to voltAge by a Wheatstone bridge 

with a 4-decade variable rheostat and a 7-decade multiplier ratio (J.C. 

Biddle Co., Cat: No. 6010~2). A schematic of the bridge circuit is 

shown in Fig. 4.3. 

The stable and noise-free voltage source reqùired hy the Wheatstone 

bridge, designed and built by Huang(l988], has'a typical reverse break-

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

\ 
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O.OOl%/C' . 

With a multiplier ratio of ,1: 10 and Ry ~et slightly higher than 

lORs J the fluctuating voltage remains always positive. The sensor 

resistance J Ra' is related to the unbalanced bridge voltage, V J as 

Ry 
10 (Vr + V) + 90.909 V 

. V (90~09 + 1) + Vr 

(4,1) 

" 

with Vr the bridge voltage sourc~J and Rv the variable bridge 

resistance. 

Rearrangement ançi differentiation of Eq. 4.1 gives 
/ 

6V Vr b (90.909+R,,/10) 

6Ta Ry 
(1 + 909.09 ) (Ra + 90.909):2 

" 
(4.2) 

. , 
where b is the slope J dRs IdTs , of the calibration curve. 

For a typic'71 sensor temperature of 50° C, Rs is 186.2 ohms, Ry-lORs 

and from Eq. {I..2, ôV//Y,Ts - 459p.V/C. This value is one order of 

ma(itude larger than typical thermocouple sensitivities. Such high 

sensitiv~ty, combi~ed with a sensor response time of order of 10-10 S J 

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

of 'rapidly varying,' cyclical trahsient heat transfer. 
~ 

The sensor self-heating heat flux, an undesirable characteristic, 

15 52W/m2 obtained from 

~(4. 3) 

w};1ere Land W are sensor la,ngth and width, 70min and Imm. As thls value' 

ls about 5% of the lowest heat flux of the present study. that ls the 

maximum error contrlbuted. :rhe self-heating flux makes the measured 

he'at transfer slightly too high when the surface ls being heated, and 

v;ice versa. 
\-

" 
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The, bridge output V is 
Il ' '1 

amplified 2500-fold with a low noise (over 

the' full bandwith 2p.V RTl and 2mV 'RTO) diffe~ential amplifier (DANA 

Model 2820), High frequency noise in the amplifier output fs. removed 

by a tuneable low-pass filter (Frequely Deviees, lne., Model 90IFl). 
1 

i The lpw-pass frequeney is selected by 3 decade swi tches, as well as the 

multiplier switch, }he lower cut':off frequeney was set to one half of 
T \1 

the dat'a acquiS~i~n sampling frequeney (Nyquest criterion). The data 

acquisition software automatically calculates and displays this value 
\ 

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

the rpm of the heat transfer cY'linder. 

l, 

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

! 
The 27.5 kHz throughput Ain 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 channels. Software 

seleetable gains of 1, 2, 4 and 8 al~ow a range of l,ut signal levels. 

An on-board ,programmable clock ls inc1uded as a pacer clock. -During 

data 

heat 

acquisition, signals from 

trans~er cylinder pOSitioJ 

the 

are 

sensor and the optical swltch' for 
\ 

sampled by the ADe in differential 

mode. Depending on sensor voltage output, A/D board gains l or 2 are 

selected via the ~ata acquisition software in addition to a g~in of 

2500 from the~mplifier. 
\ .., 

The minimum voltage change that can be d-i-fferentiated by the ADe ls 

0.0012 volt (2 12_4096, variation from 0 to 5 volts for gain 2). 

variation of 0.0012 'volt corresponds to a change of senso.,_ tempe rature 

0.0005° C, the resolution of . the heat flux sensor developed here. 
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_ 4.4. COMPUTATION OF INSTANTANEOUS LOCAL REAT FLUX 

4.4.1. No-Throughflow Case 

The translent heat conduction equatlon 

1 aT 8 2 T 
;:; at - 8x2 ' 

(4.4) 

where 0: (=kd!/p;ÇPa) and T are the thermal diffusivity '-and poroua 

substrate t~mperature, is integrated in t and x for the control volume 

shown in Fig. 4.4: 

rr b aT dt r r a2
T (4.5) ~ - ax2 dx dt 0: Bt .. n 0 o n 

where ' 0 ' and ' 1 • indlcate old and new Ume values. By assuming an 

exp1icit behavior in time P Md a linear temperature variation between 

griq.,s in the x-direction, the integrated equation becomes 
TO 

,. TO TO 
_ TO 

(Tl _TO)/lx = (i.+1 i 1 1-1) t.t 
1. i a t.x fox (4.6) 

The discretization equation for T is obtained by rearranging Eq. 

4.6. 

Tl at.t 
( 

o 0 
1 2 QAt ) TO (4.7) = t.x2 T1;+l + Ti -1 ) + ( i Ax2 i 

the ~umerica1 
... 

For stabllity requirement that aIl Eq. 4.7 (!oeffic ients 

be positive, 

t.x = (20: At)1/2. (4.8) 

lUth this 1imiting condition, Eq .. 4. 7 becomes 

T~ == ~ ( T~ +1 + T~ -1 ). (4.9) 
o 

The instantan~Qus surface heat flux, qll' ca1culated from Patankar' s 

[1980] half-control volume concept, Fig. 4.4, is. . \ 

, k.u 1 ° .. q; = ~ ( Tl - T 2 ). (4. 10) 

Since Eqf 4.4 and 4.10 are explicit, a simple marching technique 

la used to ~alcu1ate the trdmp<:!'t'sture distribution in the substrate st 
, 

time , 1, \from the previous values at Ume '0 , The ini thl and 

boundary conditions required for Eqs. 4.9 and 4.10 are the measured 

\ 

If / 

'":. 
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, 
surface temperature Tl and the equali ty Tn _ 1"" Tn because, under the 

condition of cyc1ic transient heat transfer at the sensor surface,' the 
" 

sensor_substrate can be considered thermally semi-infinite. The latter 

,>' 
a~sumPtion~as verified by temperature measurements at that surface. 

For the' semi - infini te analysis, the cyclical variation of 

conditions at the heat transfer surface may be approximated, as 

sinusoidal. For a sinusoidal surface temperature variation! of 

frequency l/~t s-l the thermal penetration length, Chapman[1967], is 

(4.11) 

where Z ls the depth where the amplitude of the temperature 

fluctuation is 0.1% of that at the heat tr'ansfer surface. For ~ even the 

slowest rpm used, Z from the Aboye equatlon is 3mm (i. e. 60~), much 

less than the sensor substrate thickne~s, 13mm (i.e. 260~). Thus, the 

semi-infinite substrate assumptio~ is justified. The number of finite 

difference layers 'n' is calculated as the integer value of the ratio 

1 Z/8X. For about 500 samples per rotation n i8 44. 

The initial condition chosen for solution of Eq. 4.,9 is the average 

cylinder temperature. "I:he effect of this 'initial temperature 

disappears completely after 2 revolutions of the heat transfer 

. cylinder . A~ter the corrèct temperature distribution in the substrate 

ls obtained, Eqs. 4.9 and 4.10 are solved consecutively to obtain local 

flux ... distribution at the heat transfer surface. 

The surface temperature boundary condition for Eqs., 4.9 and 4.10 is 
.. 

that corresponding to the sensor resistance ~veraged over 50 rotations 

of the heat transfer cylinder. 

The errors in computatlon of heat flux amplitude and phase shift 

wh en Eqs. 4.9 and 4.10 are' used inst~ad of the exact solution to the 

, 
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unsteady hai conduction- equation were estimated by r5.J. &aines [1970] 

as 

Error in amplitude: 1 - ( 

Error in phase shift: r 

21r At 
Sin(AÇ)] 1 /2 

211'Ât 
À'rJD 

(4.12a) 

(4.l2b) 

fi 
where D.r m is the time for a compléte cyc~e of the fastest heat flux 

frequency. In the pr~se1}t application the fastest complete cycle 

occurs in ab,out 50mm of heat transfer surface as it passes under the 

mui tiple jets. As 500 measurements per rotation provides about 16 

measurements over this SOmm Iength, the corresponding errors are very 

~ 

-J small, 1.3% in heéit flux amplitude and 3.6
0 

in phase shift. 

4.4'.2. Throughf1ow Case 

The ener~y equations inciuding heat transfer between throughflow 

air and the subs~~ate become: 
J J"" 

Substrat~;' 

Air: 
" 

where 

h; heat transfer coefficient f?r throughf;low air withJn the 

substrate, per unit volume of the suhstrate. 

h - heat transfer coefficient for thoughflow air within the p 

(4.13) 

(4.14) 

suhstrate, per unit internal surface area of the substrate. 

\ 
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if! - internaI surface area per unit volume of the substrate, 
• Ir 

, and where subscripts 'p' and 1 a' denote the 1 substrate' and 'air'. 
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If within the substrate the local avera,ge substrate tempe rature 

equals the local air tempera ture. i. e., Tp =T. ;::T - b:>: omi tting energy 

accurnul.l!tion term for air, negligible compared to that of the 

substrate- Eqs. 4.13 and 4.14 reduce to the singJ.e energy equation 

(4.15) 

Ta test whether this simplification app1ies, hp was estimated from 

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

al. [1962]). 

0.84 Re;o. S 1, O. Ol<Rep <50 (4.16) 

where 

For the minimum (0.·09mjs) and maximum 
dl 

(0.5m/s) throughflow air 

velocities the predicted values of hp are 215 and 500 W/m2 • K. 

Interfacial area, a, for the porous mate rial used can be estimated 

from experiments made to check the uniformi ty of permeabi1i ty (Section 
~ 

4.4.3) . Assuming 1aminsr throughflow J the value predicted from the 

K_zeny-Carman relation (Carman[ 1956 J) 
f f).P c 3 \1/2 

a - "\ ~ 5 u. JJ ( 1. ( ) 2 f (4.17) 

is a-20000m2 /m3 • Thus the predicted values of h; (-hpa) are 4.4x10 6 

. and 10.2x10 6 Wjms .K for. the minimum and maximum throughflow' rates . 
..a) 

Nu dlstributions were calcu1ated twice, once from Eq. 4.15, once 

from Eqs. 4.13 and 4.14 using the estimated ~ values with the 
1 

assumption that air enters the substrate at the s'ubstrate surface 

temperature. These Nu distribut-ions are completely indistinguishable, 

use of the simplification Tp-Ta-T in thè present case is justified. 
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The assumptlon that air (enters the substrate ~t the exterior 

surface temperature of the substrate - is verifie<i as follows. 

Considering iür flow in' the pores of' th~ sens.or and heat transfer 

cylinder to be laminar, an '(adaptation time" of the f1uid- to the 

thermal boundary condition 'impq.sed by th\-e salid may .be expressed in 

terms of the Fourier number 
.. 
(4.18) 

Aceording to the manufacturer of the porous glass, supported 1,y our 
o • 

mierqphotographs, mean pore size is about the same as ~he mean partiele 

size, dp ;'SOj.lm, Therefo1;"e ~ is ,used as the eharacter.istic 1ength, .t, . \ 

in Eq. 4.18. For a porous eylinder mean temperature abQut SO~C, a is 

Àt the maximum superficia1 throughflow veloeity,' 0.5 

mis. pore air velocity for c-O. 3 is 1.7 1II/s. Therefore, air trl!.vels 

The eorresponding Fourier number i~ 1.3. At Fourier 
> 

humber>l, adaptation to the new thermal boundary condition is complete. 

Actually adaptation I1Iay b,e even faste~iric~ th~ 'flo',~ at the pore 
1 • 

entrance may be tran~i~ional or turbulent,'n t lamirtar. 

4.15 is 

T~.l + 

( a6t Pa ua Cp. _6_t ) TOi + 1 - 2 ----;!'..."", ~~..;..;;. 
6x~ PpCps 6x 

o 
T,1+ 

(4.19)' 

For numerica1 stabili ty, the coefficient of T~ was set equal 'to zero, 

which specifies the relation between 6x and 6t as 
\. C6t + ({c~,t) 2 + 8a6t) 1/2 

ÂX1 2 2 

. where ! . 

C = 
1 

Pa u~ Cp:. 

PpCpa 

'Th\1s the fini te dlfference ·éqtiatlon wlth throughflo~ 1s 

l' 

... 

• n 

-. 

" 

,. 
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(4.20) 

'After obtaining q; from Eq. 4.10, the local heat transfer coeffi-

dent at the impingement surface 

h 
q~ 

(4.21) 

, 
for the nozzle exit ternperature, Tj , of the heating or eooling jet 

leads f1na1ly to the corresponding Nusse1t number 

4 4.3 Uniformity of Throughflow Velocity 

Eq 4.20 assumes uniformity of throughflow velocity. • 
assumption depends on the degree of uniformity of pertneab~ 

This 

and of 

local pressure over the heat tr~er surface. Uniformity of 

permeabili ty wa5 ehecked by measuring throughflow rate and pressure 

drop across the ey).indrical surface with various fractions of the 

. 
surface blocked ta throughflow by plastic sheets Tbj l1,near relation 

for the resul ts, Fig 4.5, indicates that the petmeabilyy of the 

These resul ts. for which the porous cylinder is reasonably pniform. 

maximUm throughflow veloeity is almost twiee the maximum in heat 

transfer experiments, serve additionally ta indicate no leaks into the 

throughflow exhaust (suction) line. 

The variation of throughflow velocity due to local statie pressure 

variation under impinging jets would be maximum' for the combinàtion: 

highest jet Reynolds number - minimum throughflow rate, the case_~6hoWn 

in 'Fig 4.6. lIPmax for the multiple jets with R~cj=285-00, Mu.=0.0022 

i5 twice the average value, while for the single jet with Rehj =69000) 

Mus-O 0018, there is about 70% variation of local statie pressure from 

the average. Ât the sarne miniJIlum suction pressure, but with more 

1 
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tyPical values of jet t{eynolds' number, Fig, '4.6 indicate~ that the' 

maximum variatidn in local throughflow is about ±1'3%., \ . Therefore, 

except for the worst cas~ combinations of Rej and M'û;J, focal through-

flow rate variation would ~e less than a few percent. 

4.4.4 Display of Nusselt Number Distribution,s 

The data· acquisition/data reductio~ program is èquipped wi th . , 

plotting routim!s which allow on line screefl display of .profiles of 

local values of surface temperature, heat transfer rate and Nussel t 

number as a function of position on the heat transfer cylinder and, as 

weIl, the history of average surface 'temperature. ove~ 50 rotations. 

The lsst option is usef~l for detecting any drarnatic changes in surface 

• J' 

temperature during data\ 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 ?re omitted f~orn local 

!1usselt number plofs as conditions in those se~tions are affected by 
.. . -

proximity to the sklmmer plates. The abscissa scale is given as y/w, 

the nondirnE!nsional distance frollb> the stagnation point for the single 

jet, the nondimensional distance from the stagnation point of the 

rniddle j et for the mul tiple jets. 

4.5. POROUS SENSOR AS A HEAT FLUX MEASURING INSTRUMENT 

With a heat flux sensor for a throughflow heat transfer surface, 

fabrication of a thin-film surface therrnometry sensor by deposition of 

a gold film on the surface of' a porous substrate is accompanfed 

unavoidably by sorne gold deposition on substrate particles below the 

exterior surface laye~. Examination unde~ a,microscope revealed areas 

, . 
, , 

J~' 

,-
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of gold film at as much as thtee particle diàmeters ~elow the sux;face. 
0' 

How~vér the _ great difficul ty , noted earlie.r, in obtaining an 

electtrically ·continuous goid film' should be recalled. . / ~ 

Thus even at 
• 

t~€' exterior ,surfacè of the sub~trate, where the surface, ~of the 
, 

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

thin film without a, di'sëontinuity over the 70mm (1400~) l.ength of the 
" 

sensor filament is extremely .difficult. It is therefore' highly 

improbable thaÉ 'a continuous gold film Muld form in the interior of 

the substrate where particles are shielcfed from gold deposition by t.he 

J.ayer or particl,es at "the exterio"r surface. 
• l't 1 

Such regions of gold film 
, 

below' the 
~- . 

surface, direction, electrically isolatèd in the lateral 
"',\4" 

t , ... _ f 

wourd have 'negl~gible effect on the rewtence of the filament at the 

sensor surface and hence on the value of heat flux at the surface 

obtained with this thin- film sensor. " • 
It ls, moreover, possible to de termine the sensitivity of Nu 

profiles to any such averaging effect of gold ~lm over more than the 

surface layer of suhstrate particles. Thus a Nu profile 'may be 

recalculated taking 
1 

the sensor 'temperature as the average of the , 
surface temperature as normally determined and the temperature at one 

grid node (-l~) below, the surface. A Nusselt number profile as 

normally determined and for the hypothesis of "averaged" surfaee 

temperatures are compared in Fig. 4. 7. This hypothesis represents an 

extrema case as it assumes that the gola film is distributed uniformly 

on the first and - second layers of particles.'" As -the effect of 

averaging seen in Fig. 4.7 is not ~ large for even this extreme case, 
III 

~ 

tHis test confirms that the effect of having sorne areas of gold film 
~ 

below the surface layer. of substrate particles is indee1d insignificant. 

.' . 
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• 4.6 VALIDATION OF THE 
/ 

HEAt ,'~UX ~ENSOR 

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

requires validation. 
~, 

One feature stlught for the sensor developed iri 

the present study was that it should have fast respo~se characteristics 

in order to be capable of measuring rapidly changing transient heat 

flux. This capability could be tested by subjecting the 'sensor to 

validation tests under slot jets of air impinging on;6 moving surface, 
, ' 

using 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 temperature difference for 

irnpingement heat transfer, by a factor of 2.7:1 for 

'II ' 

a single slot j et, and by a fac~or of 2: 1 for multiple s10~ j?ts. The 

, " 

results of these test~, expressed as Nusselt numb~r averaged over 16' 

slot widths for the single jet, Fig. 4.8, and as average, Nusselt 

nwnber for the multiple jets, Fig. 4.9, confirm that this heat flux 

sens or provides Nusselt number data which are independent of the 

ternp'erature driving force. 

" A second validation '.ttest was to compare published result§ with 
N /' 

local profiles of impinging jet transient b-eat t:~ari,/ ~'I< obtained with 

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

thin-disk heat flux sensor, kno'wn as a Gardon foil. se1'\$or. of 

diameter O. 9mm, gave a resolution of, 0.28 of the slotJet nozzle width 
l, 

for the profiles of local Nusselt number at a stationary impingement 
~ 

o surface. .Due to the difficul ty of accurate calibration of the Gardo~, 
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foil, Cadek used lt to measure hest transfer profiles rela'tive to the 

stagnation heat transfer. 
1 ~ 

The impermeable thin-film heat flux .sensor 

of van Heiningen, Douglas and Mujumdar[1985], 
.11 

describe~ earlier, 

differs. basically from the new sensor of the present study, which is 

porous. Their sens or , proven to be very sensitive and fast 

_responding, could be calibrat~d to give profiles of heat transfer of 

i higher resoluti~:m and accuracy with a moving imp~ngement surface th an 

those of Cadek with a stationary surface. 

The profiles ~ local Nusselt number under a single impinging slot 

jet obtained with the new type of sensor, shown in Figs. 4.10 and 4.11 

are for conditions of jet Reynolds number, Rej' and nozzle-to­

impingement surface spacing, H/w, matching as closely as possible 

those of the two best reference studies available. In order to bring 

aIl resu1ts 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 ref1ect complex flow phenomena at the impingement surface. The 

central peak corr~nds to a thin but a laminar boundary layer, while 

the secondary ~axima 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 Rej' 

Fig. 4.10, but 1s somewhat higher at the higher ReJ' Fig. 4.11. In 

the latter case, stagnation region heat transfer for 8 high st8gn~tion 

pressure is enhanced with a porous sensor due to tnmsient 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 1ess resolution than the previous impermeable sensors., that 

of Cadek[ 1968] for a stationary surface, and that of van Heiningen et' 

al. [1985] for a moving surface. Thus - -the new sensor slight1y 

overestimates the Nusselt number' at the off-stagnation minimum and 

corresponding1y underestimates the off-stagnation maximum. As these 

specifie Nu values 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 rapid1y ';lnder an impinging 

jet. The only heat flux sensor with this capab~lity for impermeab1e 
/) 

heat transfer surface is .an Heiningen et al. [1985) . Their 

single jet results with showed that Nu profiles are 

depressed on the side where surface motion i9 towards the jet nozzle 

but are enhanced on' the 1eaving side. The Nu profiles at a .rapid1y 

moving impingement surface obtained wi th the porous sensor developed in 

th~ present study are essentially identical with their profiles for 

comparable .conditions. A particularly sensitive characteristic of such 

Nu profiles ls the extent of shift in position of the~gna~iOn 
l 

maxima in the direction of the heat tra~sfer surface motion. Thus Fig. 

4.12 compares the shift in position of the off-stagnation 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 transfer surface motion is characterized 

o by the nondimensional parameter, Mvs ' desèribed by van Heiningen et 

al [1985], with Mvs-O for a stationary surface. The good agreement for 

this sensitive feature of Nusselt number profiles for a jet impinging \ 
on rapidly moving surface p.rovides further validation that the 

permeable heat flux sensor developed in the present study has excellent 

sensitivity and fast response characteristic>s for measuring rapidly 

changing transient heat tra~sfer. 

The three types of tests described above complete the validation of 

the new type of sensor lt is not possible to validate directly the 

unlque feature of this permeable sensor, its ability to measure rapidly 

changing heat flux when therp is throughflow at the heat transfer 

surface, because no previous sensor had this capability. On Fi.,g. 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 throughflow at the 

heat transfer surface. Throughflow rate is characterized by the 

nondimensional parame ter , Mus' discussed in Chapter 5. The maximum 

value of the throughflow parameter. Mus -O.0163, for the r~sults of Fig. 

4.13 corresponds to 52% of the nozzle exit flow leaving the system as 

throughflow, for a heat transfer surface extent of ±l6 nozzle widths 

from the nozzle centerline. A detailed discijssion of these results, 

which is beyond the scope of this chapter, appears in Chapter 5. The 

enhancement of local heat flux 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. 

o 
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4.7 'SUMMARY 

A permeable, high sensitivity, fast responding thin-film beat flux 
f 

sensor was déveloped which has made it possible to measure rapidly 

changing heat flux at a surface with or without throughflow at the heat 

transfer surface. This sens or 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 ta jets impinging on a 

moving surface w:i th throughflow However, this new type of heat flux 

sensor is not' restricted to this particular case but is of general 

applicability for the meas'urement of rapidly changing heat flux at 

permeable surfaces at which there may be throughflow. 

The pr~sent study is unique in the sense that this is the first and 

only study today whereb~ocal impingement heat transfer profiles have 

been measured at a movin0urface with throughflow, a problem with 

great industrial relavence. 
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CHAPTER 5 

HEAT TRANSFER UNDER A CONFlNED SLOT JET IMPINGING ON A MOVING 

SURFACE YITH THROUGHFLOY 

5.1 INTRODUCTION 

Local and average heat transfer were measured for a confined' 

turbulent slot jet impinging on a permeable moving s\lrface, with and 

without throughflow at the 1mpingement surface. Local Nusselt nurnber 

was obtained using the unique porous sensor, Chapter 4, designed for 

measurement of instan~aneous local heat flux at a permeable surface at 

Which there rnay be throughflow and which ls subj ect to rapidly and 

widely varying heat transfer. The sensor was mounted in the wall of a 

rotating he.at transfer cylinder of material identical to the sensor 

porous substrate: Because of the industrial importance' of impinging jet 
". 

flows which are confined, the impingement flows on the external surfa~e 
è 

were confined by a c?ncentric cylindrical hood. A detailed description 

of this experimental facili ty 1 the SIMTEST III apparatus, is given in· 

Chapter 3. The ranges of parameters are given in Table 5.1. 

This study, a continuation of a; series in the same laboratory, 

relates particularly to two previous investigations. Saad[1981] 

~ 
pr,ovided the first measurement of slot jets impinging on 'a permeable, 

stationary heat transfer surface wi th' throughflow ~t· the impingement 

surface. Van Heiningen, Douglas and Mujurndar[198S] developed the 

first sensor with which local he-at transfer can be measured at an 

j,rnpermeable impingement surface moving rapiply under a single slot 

jet. However, a case of industrJal importance is confined impinging 

jet h~at transfer at a moving permeable surface with .throughflow at the 

.' 
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• Table 5.1. Range of parameters 

w (mm1 20 

H/w 2.5 

Tj -Ta (0 C) 9.3-27.3 

Rej 16400- 57700 

u j {mis) 17.5-50.4 

Us (mis) 0-0.4 

Vs (mis) 0.45-9 

surface. Mea1"urement of--he-at transfer 
, 

case was then the for this 

objective of the present study .. Relative to the i~vestigation of Saad, 

the present study adds the maj.or complication of the impingèment heat 
• r 

transfer sur~ace being in rapid motion. ~ Relative to that of van 

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

transfer for an impingement surface at which there is throughflow. 
t 

Whi'le the unique feature. of the new technique is its applicabqity 

"with throughflow, key dimensions of the experimental facility were " 
.J 

" 

chosen to facil'itate validation of thils techl1ique with data previous1y 

publishecf for, the llmiting case without· throughflo~: F~r this r-eason 

the dimensions w-20mm, H-50mm, were selected to provide a nondimen-
. 

siona! nozzl~- tp-surface spacing, J:l/w, cn.-- 2.5. . T~is s~acin&_~ closely. 

matéhes one value used by van Heiningen[1982] 'in the 
JI 

SIMTEST 
". l 

apparAtus in-' the onl;.y other study of ~ransient loc.al heat transfer 
. , 1 

under an impinging slot je~. ') 

.f ., 

.' 
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Exper~ments are presented in Section 5.2 for the base case of heat 

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 withôut' -surface motion 

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

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

moving rapidly under a slot jet. 

5.2. HEAT TRANSFÈR WITHOUT THROUGHFLOW OR IMPINGEMENT SURFACE • 

MOTION EFFECTS 

These local and average heat transfer resul ts. summarized in Table 

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

the impingement cylinder sufficiently low as ta rnake the e~ect of 
, \ 

surface motioh negligible. Thus the mass velocity ra~io. MVs-vsPs!ujPj' 

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

0.05, a value below which heat transfer does not difhr significan~ly 

from that for a stationary impingement surface. Comparison of these 

results with equivalent data for irnpermeable stationary or nearly 

-
stationary impingement surfaces provides one va'lidation of the present 

experimental procedures. 

5.2.1 Local Helat Transfer· 

Lateral profiles of local heat transfer at five values' of Rej are 

superimposed on Fig. 5.1. The slight asymmetry of the pr6files shows 

that, thou~h negligible, surface motion effect is not entirely 

elirninated even at these low surface velocities «O.6rnls). This slight 

profile asyrnmetry deriv~s from' the fact that on the approach side, i. e. 
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Table 5.2. Operating conditions and results for single jet heat 

transfer without throughflow or impingement surface 
motion effects. 

" 
S for NU 
W 

Rej Mvs Tj Tj -Ta NUa N~in - * N~ax 
8 10 12 14 

16400 0.034 82.4 23.9 52.4 ·34.9 36.1 36.1 35.8 34.4 32.4 
18-100 0.033 59.3 12.0 57.7 38.0 39.6 39.5 39.4 38.0 35.8 
20400 0:035 86.2' 27.3 55.2 38.1 40.1 40.0 40.0 38.7 37.0 
20900 0.047 70.2 19.9 58.4 39.9 42.1 42.0 41.9 40.4 38.3 
21600 0.029 64.4 18.4 62.0 42.4 45.0 44.8 44.8 43.3 40.9 
24800 0.023 79.1 22.2 65.6 44.9 48.3 48.1 48.0 46.2 43.8 
35400 0.029 57.8 12.3 82.3 55.8 62.1 61. 7 61. 8 59.8 56.8 
35400 0.020 57.8 12.4. 84.9, 57.9 64.3 63.8 63.8 61.6 58.5 
44400 0.023 54.8 10.1 106.6 69.4 7~.0 77.4 77 .8 75.3 71.5 
45100 0.020 52.2 1,2.6 103.0 68.1 76.3 75.9' 75.9 73.4 69.8 
57700 0.016 43.9 9.3 132.1 83.7 95.2 94'.6 94.7 91'.6 87.2 

* ~ax indicates off-stagnation maximum 
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where surface motion is towards the nozzle centerline (always the l€ft-

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'. 

lower temperature air reduces the local heat transfer rate by 

decreasing the e'ffective local 8T in the wall jet region on the 

approach side. This effect is enhanced near the pair of skirnrner 

plates, located at 18. 7w on ei ther side of the nozzle center1ine, 

• 
because of the sm~ll gap which must be left between these skirnmer 

plates and the impingement surface. ~ithin the central region of prime 

importance for heat transfer, up to 8w from the nozzle centêrline, the 

profiles are satisfactorily syrnrnetrica"'.., w~t:nin 10%. Van 

Heiningen[ 1982] observed about the samE' degree of profile asymmetry 

with the SIMTEST l Apparatus. 

Principal features of the five ;urves in Fig. 5.1 are the occur-

rence of off -stagn~tion minima ar.d maxima at the lateral locations of 

. 
about ±2. 6w and ±7w from the .:ltagnation line. Previous investigators 

have identified the off-s'_agnat~on minima and maxima as reflecttng, 

respectively, the onset and the completion of transition from a laminar 
, 

to turbulent boundary layer. The minima in Nu profiles reflect the end 

4 
of the growth of a purely laminar boundary layer from its minimum 

thickness at the stagnation point. The increase in heat transfer in 

the region 2. 6<y/w<7 is due to the enhanced transport ~haracteristics 

of a boundary layer in transition to turbulence. .. Beyond the off -

stagnation maxima, Nu profiles dec1ine again with growth of the 

turbulent boundary layer .. 

Key paramet~rs of several comparable studies are given in T~ble 

5.3. For about the same H/w spacing, van Heiningen[1982] reported that 
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the transition point minimum moved slightly i rd, from about 2. 9w at 
" 

Rej ""10000 to 2. 3w at Rej <><91500. He a1so tbserved a simi1ar slight 

movement in location of the secondary maXim~ over the Rej range 30000-
1 

91500. Present minima and maxima locations: -2. 6w and -7w agree closely 

with the values reported by bath van Heintngen[1982] and, for H/w-2, by 

Cadek[1968] (see Figs. 4.10 and 4 Il). 

In the comparisons of local heat transfer profiles at Re j -24800 and 

57700, Figs. 4.10 and 4.11, the measurements of van Heiningen[1982] are 

for H-2.6w and ReJ of 25100 and 57200, i.e. for conditions sufficient-

Iy close to those of the present study to permit direct comparison. 

Cadek[1968] made measurements for nozzle-to-surface spacings, H/w, of 2 

and 4, for Reynolds nùmbers of 20750 and 52300. As the small 

difference in spacing between 2w and 2. 5w corresponds ta very li ttle 

effect on Nu, Cadek' s profiles at 2w a~ used for comparison. Because 
1" 

the Reynolds nwnber differences correspond to appreciable differences 

in Nu, . Cadek' s profiles were therefore corrected ta the sarne Rej using 

his relations far dependence of local Nusselt number, i.e. proportional , 

to ReD' 5 
j an~ Reg· B6 ih the stagnation (y/w<2.5) and wall jet regions 

(y/w>2.5) respectively. In spite of sorne differences in geometry, 

1able 5.3. generally good agreement exists between the profiles- of 

local Nu, Figs. 4.10 and 4.11, for these three studies. Sorne gold 

penetration into the permeable sensor of the present study 1 discussed 

in Chapter 4, produces an averaging efféct '~esulting in the minima and 

off-stagnation maxima baing not qui te as pronounced as those obtained 

with the impermeable sensor of van Helningen et al. [1985]. Comparison 

with Cadek' s data in the fat wall jet region ls inapproprlate as his 

jets were not fully confined and impinged on a fIat surface. Both 

1 

--
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, Table 5.3. Geometrieal parameters of comparative studies 

Present Cadek{1968} van Heiningen(1982) 

w (mm) 20. 8.2 14.2 6.2 

H/w 2.5 < '2 0 2.6 6.0 

Surface cylindrical flat cylindrica1 

Dc/w 24 34 77 
'. 

Nozzle type ECE* ECE* ECE* 

Confinement yes partially yes 

l' 
.1 

* ~11iptical1y Qontoured ~ntry 
/ 

r 
~ 

iF " 

• 

Saad(1981) 

3.3 10 13.3 

4 4 4 

flat 

ECE* 

yes 
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confihement and surface c~rvature affect wall jet spreading and théreby 

the heat transfer. In any case. the far wall jet region is of 

neg1igible practical importance. 

Based on laminar boundary layer -theory. s,t-oignation region heat 

transfer is 

(5 1) 

where C is expected to be a function of H/w and nozzle exit flow 

conditions but not Rej The moderate increase of Nuo/(ReJ ) 1/2 with ReJ 

in the present study, Fig. 5.2, i5 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 Gadek' s 

results at H/w of 2 and 4 in the appropriate Rej range The slight 

increase in C with ReJ recorded by Cadek was probably due to Some 

Reynolds number dependance of his upstream flow conditions 

The difference between these experimental values of G and the 

theoretical value of 0.31 computed by Miyazaki and Silberman[1972) for 

a two-dimensional laminar impinging jet is attributed ta 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 h~at 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, ~t for industrial 

application It 15 heat transrer averaged over the impingement sùrface 
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which is important. The extent, of transfer surface over which heat 

transfer is averaged is defined as the width 2S, where S is the 

distance on either: 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 integràting the profiles of local heat .transfer from - Sjw ta 

+Sjw. For a èonfined multiple j et system in which slot jet nozzle 
o 

openings alternate wi th symmetrically located exhaust ports at the 

confinement surface, S is the distance between a jet nozzle centerline 

and the neighboring 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) and numerically by Ahmad[1987) 

-
At internozzle spacings, 

S/H, sufficiently wide as defined by Saqd, the average heat ttansfer of 

such a multiple Jet system converges ta that for an array of "slngle 

jets 

Fig. 5 3 shows the average heat' transfer profi les obtained from the 

local profiles of Fig. 5.1, together with resul ts of van Heiningen 

(1982) for a single jet at H/w-2.6 and those of Saad[l98l) at H/w-4 for 

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

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

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

pronounced. Extent of the heat transfer surface, S, in Fig. 5.3 is 

expressed nondimensiona11y as SjH rather than Sjw in order to 

facilitate application of the present single jet resu1ts to multiple 

jet: systems. Thus on Fig. 5.3, the S/H scale applies for all data, the 

S/w scale on1y for data at a particular H/w, 2.5. 

/ 

J 

Saad[ 1981) showed 

~. 



.-

, -, 

o 

I~ 
.. 

'-
ID 

..0 
E 
::J 

Z 
~ 
ID 
en 
(/) 
::J 

Z 

ID 
C}) 
JO 
'-
Q) 

~ 

, 

. 
Extenl of Heal Transfer Surface, S/w, for H/w=2.5 

2 
0.0 4.0 8.0 12.0 16.0 

OO~i----~----~----~----~--~----~----__ ----_ 

160 

120 

40 

Present, H/w=2.5 
--- Rej =16400 

21600 
35400 
45000 

" " \. 
\. 

57700 

è 

Saad119811, H/w=4 
• Rej =11000 
• 15000 
& 21700 

van HeiningenU9S2J. H/w=2.6 
o Rej =16400 . 
Il 35100 
il 57200 . 

" _----.-.-.-.-.-.-ll.....-._ 
'- - _.-' A .-,_. Ô. 
~ __ ~_~-~ u ---._ 

• 
o l , ", ,\. , " 1 

0.0 ~ 1.6 3.2 4.8 6.4 
Extent of Heat Transfer Surface. S/H 

r 
FIGURE 5.3. Profiles of average Nuss~lt number. 

o 
• 

; 

1-' o o 

~ 

i 

-1 



( 

101 

that the combination of nondimens ional parameters H/w and S/H charac-

terizes multiple jet system geometry better than the alternate choice 

(:, 

of HI-w with either S/w or its equivalent, w/2S, commonly referred to as 

fraction open area of nozzles. For the. Rej and H/w ranges of 3000-
~---_J 

30000 and 4-24, Saad demonstrated that there exists a critical aspect 

ratio, S/H-I. 5, beyond which such a multiple j et 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, wi thin 10%. between the present 

data for NU and those of van Heiningen at effectively the same H/w 

for nozzles of elliptically contoured entry it is well es tablished that 

,'in Nu-f(H/w), Nu passes through a maximum which, in the case of NUe' 

occurs at about H/w-8 Thus the fac t that at the same ReJ the NU data 

r of 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 Rej -21000 

for a surface of half-width S-8w (i.e. nozzle open area, f-6.25%) is 

shown in Fig. 5.4 wi th corresponding S/H values also indicated. AIl 

studies are for single jets except for Saad, and aIl used jets' which 

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 re"lative 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 &om the low level at the exit of such 

·" 



o 

Extent of Heat Transfer Surface. S/H 
100 1 

4 3.2 2_67 2 1.33 1 
1 

J-
• Present 

::l 
[] van Helnlngen [ 1 982] Single Jet :z 

~ 80 ~ 
A . Cadek [ 19681 
0 SaadU 981 1, Multiple Jets 

1 
E 
:J 
Z / ......, 

0 
Q) 

i , (Il 60 ô (J) 
:J 
:z 
al 

... \ ~ 40 ~ '. 
tJ/· S/w=8 (f=6.25X) 

" ~ Rej =21000 
~ 

2°0 
..) 2 4 6 B 10 

,_ f Nozzle-to-Surface Spacing, H/w 
'. \ 

FIGURE 5.4. Effect of nozzle-to-surface spacing on average Nuaselt number 

~J 

,1 

• 

~ o 
N 

(II, 

~~;,. 
le: 
\ : 
:: 
~ 
"-



c 

,\. 
, 

c 

-nozzles . After pass ing through a fIat maximum value, Nü::.<60, for • 

spacings, H/w, in the range 6 to 8, it is weIl estÇlblished that NU 

decreases with further increases in nozzle spacing. If Saad's critica1 

aspect ratio of S/H-l.S applied, then at spacings less tha,Q--" 

the average Nusselt number at S/w-8 for multiplê jets on 

for a single jet. However NU remains 

higher for a j et in an array of jets spaced even as 

As Saad determined the S/H-1.S limit with data 

limit is in fact unknown for a spacing as close 

as the H/w-2. 5 value or the present s tudy. As spacing~ are decreased 

be10w H/w-S, impingement h,eat transfer becomes increasing1y sensitive 

t~ jet turbulence at the nozzle exit. For H/w-4, Saad[ 1981] observed 

aboût 17% increase in stagnation heat transfer when nozzle exit 

turbulence was increased-marginally, from 0.65% to 0,8%. For H/w-2 and 

Rej-llOOO, Gardon and Akfirat[l965] reported that when turbulence at 

the nozzle exit waS increased from 2.5% to 18% 1 heat transfer 

increased, by 90% at stagnation, and substantially even out to 10w from 

stagnation_ Differences in results between investigators probably 

derive from such great sensitivity' of impingement heat transfer to, 

nozz1e exit turbulence. As it offers a great potentia1 for heat 

transfer enhancement, this feature of impingement heat transfer at 

. small H/w spacing shou1d be investigated fully in future studies. 

The correlation of the present results for average heat transfer 

with elliptically contoured entry nozzles at Hjw-2.5, 

Nü - 0.0314 Re;·766(~)-o.22 (5.2) 

,va1id for the range l6400<Re j <57700, applies for heat transfer 

surfaces of half -width, S, between 3. 2H and 6. 4H, thereby including 

.. 
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both off-sta~nation minima and maxima. For the Hjw-2.5 data this 

extent of· ave'raging surface 3. 2<S/H<6 .4, marbe stâted alternately as . .,. 

8<Sj.w<16 or 6. 25%>f>3 .,125%. Consider~tions' of energ:y economy normally 

prec1ude practica1 intel:E;st in impingement heat transfer areas smaller 
, 

than the lower limit of this correlation. the error 1imits' on the 

empirical constants, 0.0314, 0.756 and 0.22 are, respective1y, 0.003, 

0.008 and 0.01. . Eq. 5.2 is a limiting ,form of subsequent correlations, 

Eqs, 5.7 and 5.11, which incorporate additions1 effects. 

The value of the Rej exponent, 0.756, is close to the 0.8 value for 

fully deve10ped turbulent flow, as wou1d be anticipated for a heat 

toransfer surface of this size. This exponent iy a1so, close to the 

range, 0.7 ta 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. 

lt is apparent from Fig. 5.3 and Table 5.2 that, except for small 

distances from stagnation, NU is not very sensitive to extent of heat 

transfer area and passes through a fIat maximum around S/w-9, S/H-3. 6' . .. 
Thus the S/H exponent, -0.22 in the present case, cou1d be ei ther 

slightly positive or negative depending entirely on the S/H interval 

used. The correlation for NU of van Heiningen[l982] for Hjw-2.6 over 

the -range 1.4<S/H< 8.7 in fact predicts s maximum for NU at about 

S/H-4, which is consiseent with Fig. 5.3. 

Thé objective. of this preliminary work, vdidation of the new 

technique for the base case of no throughflow, is aéhieved by the good 
'il. 

agreement obtained with ear,lier studies. BeyoncJ that objective these' 
. . 

resuHs also add significantly to the knowledge of impingément heat 

transfer without throughflow. 
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5.3. IMPINGEMENT REAT TRANSFER WITH THROUGHFLOW 

. -The- principal operating conditions and results 'of experiments 

conduc~ed with throughflow and without significant impingement surface 

motion effect are summarized in Table 5.4. Throughflow velocity is 

expressed nondimensionally as Mus -Pa Us / Pj uJ ' the ratio of throughflow 

mass. velocity to jet mass ve~ocity. 

~ 

5.3.1 Local Heat Transfer . 
The enhancement of heat transfer due to throughflow considered here 

refers only to tne increase in convective heat transfer at the 

impingement surface. Thus aIl heat transfer occuring between the' 

throughflow aLr and the p~rmeable material below the imp.ingement 

surface ls irrelevant t:o and ls entire ly separate from the convec ti ve 

heat transfer at the impingement surface. 

Figs. 5.5 to 5.8 display the effect of impingement surface 

throughflow on lateral Nu profiles at H/w:-2. 5 for the Rej range. 24600- • 

57300.. The observation that over the endre profile the local heat 

transfer coefficient increases- approximately linearly with Mus ls in 

agree.ment witb the results of Baines ând Keffer[l979] and Saad[1981] 

.for slot nozzles, 'and Obot[1982] ·for a round nozzle. 

A heat balance near the impingement surface, Fig. 5 .. 9, indicates 

that enhancement in convective heat transfer duè to throughflow is best 

expres5ed in terms· of Stanton t)urnber. Here qp and qi denote the heat 

~~ 
transfer flux at, rFspectivel'/Y, a permeable surface with throughflow, 

and at an Impermeable surface. Assuming only fluid in the ~mmedia te 

'" . \ ' 
nei~bour.h~od ,of the surface 15 removed by thro.ughflow and that fluid 

lateral velocity is not appreciab1y affected, the difference, qp -qi 1 ·is 
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Tab~ating conditions and results for single jet heat 
tr sfer wi th throughflow 

1 

S ~ Nü -* w for 
Rej MVa Mu, Tj Tj -Ta Nuo ' NUznu 

-" 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 Q.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 38.0 35.8 33.5 
l'7800 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 f1 79.7 77.2 
20400 0.035 0.0 86·t 27.3 55.2 40.1 40.0 40.0 3SI. 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 0».0114 86.6 26.2 82.0 68.5 68.4 68.2 67.0 65.2 62.9 
20900 0.047 O.Q 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 -'19.1 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 '61.7 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 81.4 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 89.6 86.2 
34900 0.020 0.0097 60.7 12.1 129.0 106.4 105.9 106.3 104.5 101.6 98.5 
34800 0.020 0.0121 61.3 12.1 137.0 117.0116.7 116.5 114:5 111.7 108,.5 
45ioo 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 81. 8 78.4. 74.5 
44250 0.020 0.0053 55.4 12.5 128.0 101. 0 100.1 101. 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 141J.0 139.5 136.2 132.0 ~. 
55700 0.015 0.0081 50.0 9.1 177.0 147.5 146.2 147.3 145.1 141.4 137.2 
55200 0.015 0.0086 51.0 9.2 180.0 146.4 145.0 146.3 144.4 140.9 136.8 

.... 

. Nu.nax indicates off-stagnation maximum 
** does net display an off-stagnation maximum 
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proportional to throughflow velocity and to the temperature difference. 

Dividing both sides by Pj u j Cpa (T. -Tj ) gives 

(T.-T f ), 

(T.-Tjr 

S t p - St 1 - C Mu. - ÂS t 

(5.3) 

(5.4) 

wh~Fe the proportionality constant C includes the tatio (T. -Tf )/(T. -Tj ) 

which is determined by near surface flow and heat transfer conditions. 

Consistent with the abo,ve analysis, the increase in convect:fve heat 

trans fer due to thro~hflow appears in Fig. 5.10 as the enhancement of 

local Stanton nwnber' , ÂSt. For clarity Fig. 5.10 displays only the tw.o 

limiting cases from Figs. 5.5-5.8, i.e. highest Mus at the lowest and 

the highest Rej (Mu.-0.OI63 at Rej -24600, Mu.-0:0074 at Re j -57300). lt 

Is shown in Appendix 2 that Stanton number is subj ect to slightly 

hlgher experimenta1 uncertainty, ±1. 5%, than Nusse1t number, ±5%, as it 

includes uncertainty in Rej' A constant value of Pr, 0.7, is· used. 

Moreover. as the data is differenced to obtain. the enbancement, the 

error bound for ÂSt is thereby increased to the order of ±15%. 

In Fig. 5.10, the terminology "approaching" and "leaving" define~ . . 
the direction of surf,ace .,motion relative to the nozzle center11ne. 

Profiles of local Nu and ÂSt are represented consistently ,with the 

"approaching" side shown on the. left. As throughflow removes the air' 

near the surface, thtoughflow eliminates the cause for the slight, 

asymmetry of local Nusselt number profiles. i. e. the boundary' layer of , ... 

cooler air dragged by surface motion into the heatin~ jet test' sectioIi. 

1 
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As local Nusselt number profiles thereby become more symmetr1cal w1th 

throughflow, the enhancement of héat transfer due to throughflow, ASt, 

ls conslstently slightly larger on the approaching than . the leav1ng 

side. 

The trend in these' particular profiles for a slight maximum around 

2.5w and a minimum in the region 4w- 6w from stagnatiot\ is typical of 

aIl ~St profiles. As noted earlier the boundary layer transition, ~~om 

laminar to turbulent, begins a t about 2. 6w and is complete at about 7w 

from stagnation. Throughflow increases veloc1ty 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 associa.ted increase in temperature gradient at the surface, 

ana~ogous to the increase in coefficient of friction due to 1ncrease in 

velocity gradient. However where the boundary layer 1s turbulent, 

throughflow both increases the temperature gradient and decreases 

turbulence tntensity near the surface, as documented for round and slot 

impinging jets by Obot[1981] and Saad[198l]. Thus in a region of 

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

where the boundary layer is thickest, but whe~e the boundary layer 1s 
, 

turbulent these opposing effects of throughflow lead to an increase of, 

heat transfer, Fig. 5.10, generally lèss than whe're there 1s a thick 

laminar boundary layer. 

5.3.2 Aver,age He-at Transfer 

The effect of throughflow on average heat transfer profiles for 

Rej ... 35100 1s expressed in terms of NU and St in Fig: 5.'1l. The 

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 reasons' discuss-

ed above. In the absence of throughflow Fig. 5.3 indicated that out-
\ 

side the. stagnation region NU passes through a fIat maximum at about 

S/w-9, S/H-3.6, at aIl Reynolds numbers. Fig. 5.10 and Table 5.4 show 

that at aIl values of throughflow this fIat maximum in NU occurs for an 

impingement surface of about the same half-width, S, of 9w or 3.6ft. 

Thus the highest average heat transfer is obtained for a surface which 

e'xtends about 2w beyond the 7w width need~d in arder ta include the 

secondary maximum in local Nu. 

As the enhancement of local heat tr'ansfer by throughflow, !lSt, 

varies only ta a limited extent with distance from stagnation, Fi~. 

5.10, the enhancement of average heat transfer, !lSt,is almost indepen­
\ 

dent of distance from ~tagnation, Fig. 5. IL !ln varies Iinearly with 

the throughflow parameter, Mus' independentl:y of Rej and of extent of 

heat transfer surface, as expressed by 

ll:S't - 0.18 Mu. (5.5) 

for H/w-2. 5, in the range" 16400<Rej <57700, O<Mu. <0.023 for, heat 

transfer surfaces of half-width, S, up ta at least 6.4H, 16w. Eq. 5.5 

expresses' the important concept that the throughflow effect- on average __ 

1. 
convective heat tran'sfer i5 lineaTly additive. The complet~ 

experiment;al results aL. the present study shown on Fig. 5.12 indicates 

that Eq. 5.5 adequately represents t~e measurements for this wide range 

of throughflow and Reynolds nUmber. 

For a single unconfined slot jet wlth uJ -53m/s and H/w-2 \ at a 

constant u • .IUj ratio, of ..0.0029., Baines and Keffer[1979'] measured the­

local and average shear stress, profiles up ta !ly/w-32· and similarly 

, . 
\ 
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found that shear stress increased throughout t;he entir.e profilé- by , r, 

roughly a constant amount due to, througbf~ow . For a moving "surface 

they expresse~ the inc~ease in average ,wall Shear stress due to 

throughflow as 

where vf ls the mean free stream velocity. 

It is possible, with ~ome assumptions, to predlct appro~imately the , 
effect of throughflow on heat transfer using Baines -- and Keffer' s 

measurements of the effect of throughflow on shear stress. In the 
.. ' 

present analysis relatively low surface velocities, 

- consldered because' throughflow on a rapidly mov1ng surface has 

~ditional effects on the bou~dary layer, Section 5.4.2.2. Jor vs<<Vf 

the enhancement of sk:~n friction due 1:::0 throughflow, ô.'r:; /2, can be 

expresse~ as 

- ô.st. 

Baines and Keffer calculated ~-O.3 (±O.ll) from their hot wire 

anemometry measurements of velocity profiles near the surface. Thelr 

measurements show ~at, _in the range,2<H/w<10, vr ls equal to at least 

half the nozzle exit jet veloclty. Hence one can obtaln ô.Vr /2 - ô.st -

0,.15 Mu •. Although subject to the high uncertainty of the ~ value, thls· 

Rredicted value for ,the proportionality constant for enhancement of 
\ . , "' ... 

~~at transfe; by -thr~\'ghflOW, 0.15, ls remarkably close to that found : ' -'~")' 
in_~~ present stUd~8. . \ 

F~~ H/w-8, 10~<R~.t~29100 and wlth values of Mu. up t'a 0.011, 
"'- , 

Saad[ 1981] meastireû 'the enhaÎ'lcement of heat transfer. by throughf-~ow at 
1 

a stationary surf.ace undèr a single confinea. slot jet l.mpinging on a 

heat transfer surface of half-width, S, of 2.25H, 18w. The values of 

, 

) 
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Saad 1 s average heat tran~fer represented' on Fig. 5.12 were determined 

·by integrating local heat transfer oût to S-l: 5H-~2w. ,. However his Nu 
~ \ 

profiles, like those of the present, study, show that enhancement _9f 

average heat transfer is not a function of width of the. heat transfer 

surface, It is highly significant that in spite of substantial 

differences between the two studies in terms of experimental techniques 

as weIl as H/w spacing,' 8 vs 2.5, the agreement 'evident on Fig. 5.12 at 

.good .. 

~alues betwee~e ~resent. data 

As Saad' s tec~ni4ue to measure 

and tha~ of Saad is remarkably 

heat transfer with throughflow 

was susceptible to systematic errors which increased with throughflow 

rate, only his data at low throughflow are considered reliable. Close 

agreement at low throughflow wi th Saad 1 s resul ts indicates that ove'r 

the: H/w range from 2.5 to 8 the· proportionality constant 0.18 of Eq. 

5.5 is, also independent of fl/w. Thus enhancement of average 

impingement heat transfer due to throughflow may be estimated from Eq. 

5.5 for 2. 5<H/w<~ , l6000<Re j <58000, O<Mus <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 tempera't"ure over a permeable surface of uniform tempera-

ture, enhancement of convective heat transfer due to a unlform through-

flow is t.St-Mus ' In a boundary layer .flow, however, the enhancement of 

heat tran~fer, t.St, is proportiona1 to rather th an equal to Mus' For a 

fIat plate turbulent boundary layer, Mickley et ~1.[19S4J and Spalding 

[1960] independently der.ived the following relat~onship for the ratio 

of local convective heat tt'ansfer at a permeable surface with through-
'. 

-flow, relative to that at an impermeable surface. 

'II. 
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~- -Bi 
where 

Mus 
(5.6) -Bi B ---

Sti , e - 1 i _, Sti 

At very low th't'oughf~ow rates, Mu.<0.OO4, Moffat and Kays[1968] 

found agreement between Eq. 5.6 and their expe:)ntal data for e.ffect 

of throughflow on convective h:at transfer for tu bulent flow over a 

flat porous surface. At .higher tllroughflow, ho ver, thei'r measured 

-,Stanton number was - always lower than the theory. For' turbulent 

impinging jets, Eq. 5.6 a1so predicts much greater effect of 

'~' ~ 
throughflOiJ on heat transfer~""'than that measured by Baines and Keffer 

[1979-], Saad[1981], van Heiningen[1982] and the present work. For 

example, 
\ 

according ta the \ present study, Eq. 5.5. a st enhance~ent of. 

expect,ed for Mu. -~0044-,:at H/w-2. 5 and Rej -20800. The Mickley _ 32.5% is 
.' 

and spaldin~ theory, Eq. 5. 6 pr~~icts' a value of almost four times 

hig~er than( t"his, 116% s boundary layer development under an 

impinging jet differs substant al1y from simple boundary layers it is 

"-
not surprising that the simp11fying assumptions of the Mickley-

Spalding theory 1ead to poor prediction 'of heat transfer enhancement by 

throughflow. 

Because the throughflow 'effect on average convective heat transfer 

is linearly adaitive. average ~usselt number with throughf).ow a,t the 

impingement surface for nt-int~racting. multiple lmpinging jè.t . systems . 

as well as single impinging jkts from elliptically contoured éntry 

nozzles at' H/w - 2.5 can be estimated by ~omb~ning Eqs. 5.2 and 5.5 
/ Nu 

with the relation St - to give 
Re J:»r ' / 

Nülvs-o - 0,0;14 Re~·766 ~~ )-0.22. + 0.18 (5.7) 

vaUd q.ver the r~nge ~6000<Rej<58000, O<Mu.<O.023 artd S/H from 3.2 to 

at least 6.4. For H/\f-6. an analytic exp,ression for mi as a functlon ~-. 

, 
of throughflow may likewise be obtained by combination of Eq. 5.5 with 

--. 
. ' 

,\ 
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the.., corrp.lation of van Heiningen[ 1982J for NU with~ut throughflow at 

F!,r values 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 experimenta~ data available. For values of H/w between 6 

and 8, Fig. 5.4 tndicates that NU is essentially independent of H/w. 

The importance of these results for indus trial application is 

apparent from the finding th'at by uSing Mus -0.0121, the maximum value . .. 
·tes,ted at Re3-35000, the average convective t~ansfer rafe may be 

approximately doubled for heat transfer surfaces of any ha1f-width, S, 

over the broad range O. 8H- 6. 4H, i. e. 2w-l6w. 'These S/w values 

correspond to nozzle areas in the range 3% - 25% of the impingement 

surface. In th:i"s context ït is more informative ta convert the 
1 
1 

throughflow parame\er, Mus , to the equivalent values of the ratio, 

throughflow rate to jet flow rate, Qs-Mus/f-Mus (2S/w). Thus for h~at 

transfer surfaces of half-width, S, in the range of 2w to l6w, the 'use 
• 1 

of Mull,-O. OtH corresponds ta removal by t:hroughflow, QI!' of from 4.8% 

to 38.7% of the jet flow. The abiLity ~o double the convective heat 

transfer rate by removal ~s througl1flow of from 5% to 40% of ehe jet 

flow has considerable practical signific~nce. In arder to obt'ain the 

sarne enhancePlent of Nü' without application of throughflow, Jet inlet 

. 
flow would have ta be incréased -250%. Additiollal ta this impressive 

. 
enhancement of convective heat transfer there 15 of course the further 

-, 

large enhancement of total heat trpnsfer by the mechanisrn of heat 

transfer in the interior of such a permeable media, an aspe.ct outside 

the scope of the present study. 
" 

The present investigation ex tends substantially the only previous 
," 

~xperimental results avaHab,lé' concerning' convective heat transfer 
" , 

" 

, ' 

'. 
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.~: under slot jets impinging on surfaces with throughflow, Saadl1981]. 

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

Saad at low rates of throughflowadds confidence to the present'results 

which apply for throughfll~w 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 Witbout Throughflow 
1 

Operatingl conditions and results givep in Table 5.5 apply for 
J 

impingetnent/ surface velocities' corresponding to quite high valu.es of 

the characteristic nondimensional Înass velocity. ratio, Mv.-v.p./ujPj' 

up to 0.34. 

5.4.1.1 Local Heat Transfer 
1 

For~ jet Reynolds numbers in the range 18100-35400 the surface 

motion parameter, Mvs , was varied from 0.029 to 0.34 by varying the 

heat transfer surface ve10city from OJ5 to 9m/s, i.e. f~om 20 to 362rpm 

for the heat transfer cylinder. The effects of surface motion on local 

heat transfer profiles for H/w-2. 5., displayed for two Reynolds 'numb-ers 

on Figs. 5.13 and 5.14, are: 

1. Even the highest heat transfer surface ve~ociti~s, v,,-9mjs, 
1 

'" Mvll -0.34, cause n~ significant var~ation in either th~ magnitude or\ 

location bf the stagnation heat transfer. 

. 2. The location of the off-stagnation minima and lliS.Xima are 

displaced by a small but measurable extent in the direction of 

surface motiori. 4.12 of ~lie previous chapter shows that the 
\ : 

Fig. 

displacement in position of the ,off-stagnation maxima compares well 
',1 

, . 

• 
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Table 5.5'. Operating conditions and results for single jet heat 
transfer at a moving surface without throughflow 

1 

S for NU 
Rej MVa TJ Tj -Ta Nuo N~in - * Ntlmax 

w 

8 10 .12 14 16 
""t 

18100 0.054 58\.4 11.6 57.6 37.8 39.5 39.4 39.2 37.8 35.6 33.3 
18100 0.119 SB-.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 32.09 
20400 0.176 ,83.7 26.2 '55.8 35.4 37 . {~ 37.4 37.0 35.5 33~ 
20900 0.269 83.4 27.0 54.5 35.2 36.3 36.3 35.5 34.1 32.1 .3 
21200 0.34 79.5 26.9 56.0 34.7 35.5 34.8 33.5' 32.1 3Q 28.7 
21600 0.029 64.4 18.4 62.0 42.4 45.0 44.8 44.8 43.3 .~.9 38.4 

, 21600 0.102 64.9 18.8 56.0 37.9 40.2 40'.1 40.0 3~k-{ 36.3 34.1 
21600 0.143 65.0 18.8 57.0 37.2 39.5 . 39.5 69.1,,...-.--37.5 35.4 33.2 

'21600' 0.199 65.1 19.0 58:0 36.8 38.8 38.8 138~1 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 54.0 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 55.8 55.5 5T.2 50.1 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 51'.6 12.5 84.9 51.6 55.0 54.9 53.6 51.3 48.3 45.6 

* Ntlmu indicates 6ff-stagnation maximum 
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with the results of ,van Heiningenfl982] obtained with an Impermeable 

sensor. 

3. With increasing MY>. the Nusselt number at both off-stagnation 

minima decreases, but at the off-stagnation maxima t;u is not 
~~ 

significantly affected. 
, -. 

, \ 

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

a subs tantial change in the profile in the wall ',j et region beyond the 

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

nozzle centerline, shawn on the le ft in aIl graphs. By contrast, ,there 

is li ttle effect in the comparable region on the side where surface 

motion is away from the nozzle cènterline. - 1 ~ 

These observations on the effect of Mv. in the absen~e of ~hrough-

flow reproduce those of van Heiningen[ 1982]" 'Impingèment surface 

motion affects boundary layer behaviour, including destruction of the 

symmetry k which otherwise applies ta al1 flow and heat t:ransfer 

phenomena around the nozzle centerline. As pressure forces dominate 

the flow in the stagnation region there ris less effect_ of surface 

motion here. 
,,~ , 

Transition tq a turbulent boundary layer 'starts at the 

off-stagnation minimum, Le. at the end ai.' the rpgion of' strong 

pressure gradient in the" stagnation region, and finishes at the 

secondary maximum. An increase in Mv. f~om nearly zero to its maximum 

value causes this transition to occur at a distance from ,the nozzle 

center1ine about 2w shorter and 2w longer for the approaching and 
~ 

leàving sides, respectively. These shifts result from the 

corresponding increase and decrease in velocity gradient at the surface 

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

motion oppos~s the fluid motion, and the leaving side where aiding 

.. 
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Nusselt number for impinging jet heat tran5fer 15 defined on the 

basis of the temperat~re difference (T
J 

-T
5

) While (T j -Ts ) character-

izes the lJ.T for the system as a whole, local heat transfer is a 

function of local lJ.T, fi variable impractical ta 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 system tlT, not the local lJ.T This interpretation of loc.,al Nu 

profiles as being in realitx profiles of local he'at flux provides an 

understanding of the largest effect of heat transfèr surface motion, 

i.e_ the large reduction in Nu (i.e. 
« 

in heât flux) on the approach 

side, between the off-stagnation maximum and the far wall jet region. 

The increase in shear rates due to opposing surface motio.n at the heat 

transfer surface on the approach side in faet accs tu increase local 

heat flux. But l.oeal lJ.T, whieh is maximum at the nozzle centerline, 

decreases with distance from the centerline. Thus on the approach 

side, surface motion drags fluid from regions of Iower local tlT, thus 

decreasing the local /),T relative ta that in the absence of surface 

motion. On the leaving side, the sarne rnechanism causes the opposite 

effect. On the aPl'roach side, the effect of this reduction of local ll.T 

is augmented by the equiprnent end effect noted in Sections 5.2.1 and 

5.3.1, Le. by the boundary layer of cool air which Is dragged by the 

moving impingement surface into the heating jet region through the 

small gap b~tween this surface and the skifulller plate. In the approach 

side wall jet are,a, these two effects tendi,ng ·to red4ce local heat flux 

evidently predomina te over the opposing effect of shear rate increase 

.. 
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at the surface. On the 1eaving side, where there 1s no mechanism . \ 

analogous to the approach side end effect, tlié two opposing ~endencies, 

i. e. enhancement of heat flux by the local IlT effect and decrease by 

the aiding flow effect on shear rate 1 evidently approx1mately cancel. 

According to this view of near- surface heat transfer mechanisms, .4 

the reductions in off-stagnation Nu minima at the approach and leav1ng 

sides with increasing surface motion occur for different reasons. On 

the.. approach side 1 the decrease of minimum Nusselt number· with 

increasiIllg surface velocity indicates that the effect on heat transfer 

coefficient caused by the decrease in local 6.T by near-wall f1uid' 

dragged from the region farther out is more important tha~ the opposite 

effect of increase in shear rate associated with surface motion 

opposing the wall jet flow, On the leaving side the sarne two opposing 

effects apply. However the boundary layer at{ and near the stagnation 

point is so thin that thare i5 li ttle scope for increase in Nu by f1uid 

dragged wi th the surface from the region of higher to lower local IlT. 

Thus on the leaving side the dominant effect at the off-stagnation 

minimum Is a reduction in héat transfer as\sociated with the reduction 
\ -"', 

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

5.4.1.2. Average Heat Transfer 

At ReJ -20800 the decrease in NU in going from negligib1e 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. TIle positiQns 

of off-stagnation minimum and DJaxim~ for 10ca~ Nu on the approac~ and­

leaving s ides are both displaced by about the sarne amount in the 

J 
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direction of heat transfer surface 1llotion. Consequently the locations, , 
-

4w and 9w', of off~stagnation minimum and maximum of -average- profiles, 

~in and ~ax' Table 5~.5 and Fig. 5.15, are es~entially .unaffeèted by 

surface 'velocity just as Fig. 5.3 established·that these locations are 

unaffected ,by Reynolds number. 
\ 

Average Nussel t number 'for H/w-2. 5 was correlated for heat transfer 

surfaces of half-width, S, in the range 3.2H-6.4R, i.~. Sw-16w. in the 

form: - (5.8a) 

over the range 16400<Re j <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 irnpingement surface. For heat transfer surfaces smaller than 

covered by Eq. 5. 8a, in the range 1. 2<S/H<3 .2, i. e. 3<SjW<8; Fig. 5.15 

indicates that NU is effective1y 1 independent of S, i. e . a modified 

equation, S. Sb, applies for which there 1,s no SIR term. 

Nu - 0.0314 Re~·756(1+Mvs)-o.8g (5. Sb) 

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

3w, the nonlinear dependence of NU on SjR or Sjw i8 provided by Fig. 

5.15. In practic;e there' is typically less interest in this range 
. , 

because at the limit 8-1.2H-3w, the' nozzle are a is 16.7% of the 

irnpingernent, sl.Jrface, a value uneconomically h-igh for most indus trial 
~'j , r ' 

application. 

The Fig. 5.16 comparison with the results at the two 'Hjw spacings. 

2.6 and 6, used by van Heiningen[1982], who did not pr'esent a 

correlation of his results, lB' made by ~xpressing Nusselt number in a 

normalized form, Nü,!Nû1 o. v­I 

thereby isolating the surface motion 

effect. The comparison of Fig. 5.16. is for a heat transfer surface of , 

... 
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half -width, S, of 15w, i. e. for nozz1e' ~rea equal to 3.3% of the heut 

transfer area. 
1 

Relative to the line representing the Eq. 5.7 factor. 

(1 +Mv Il y 0 • 89, the extent of sca t,ter of t,he experimental da ta of the-

present study i9 quite good. The somewhat smaller decreases in NU of 

van Heiningen derive from his finding some enhancement of Nu on the 

. 
leaving side at higher Mv. values, an effect not found in the present 

s tudy.. More important, when calculated in this form the van Heiningen 

data indicate nearly the Same effect of Mv. on NU for bath his values 

of H/w, 2 a!ld 6. Thus it appears that the, E'q. 5.7 and 5.8 factor, 

. - 0.89 . 
(l +Mv Il ) , can be used for spac ings over the range 2. 5<H/w<6, and in 

the absence of data. may be used as the only guide availab1e for values 

of H/w beyond those 1imits. 

For the study of heat transfer without significant effect of 

surface motion, Section 5.2.1, the surface motion parame'ter, Mv.,' was 

kept le'ss than 0.05, mostly, in the range 0.02-0.035. From the above 

correlation it ls now apparent that at Mvll -O.05, average Nussel,t 

number differs from that' of a station~ry impingement surface by 
l ~ . 

indeed a small amount, <4%. 

The decrease in NU with increasing. Mv, observed here and by_ van 

Heiningen[ 1982] i5 mainly due-'to the l::;eduction of heat transfer on the 

side where surface motion is towards the nozz1e centerline. By 

contrast to the resu1ts of these two studies. using confined slot jets 1 

for unconfined m':l_ltlp1e jets impinging on a cylinder Fechner[1971] 

found that average heat transfer increased slightly with increasing Mv. 

in tbe Mv, range of the present s,t:\ldy. As pointed out earl:ter .by van 

. -
Heiningen, this may be related tp the effect of entrainment of ambient ------../ 

air ·-in the absence of a confinement hood and to interaction of the 
J 
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opposing wall jets from adjacent impinging jets which -.cured in his 

equipment. As most industrial' applications concern confined jet 

systems, the effect in Fechner' s study attributab1e to the lack of 

confinement limits . the significance of these results. Yet another 

factor which may have significantly enhanced his heat transfer rates, 

eS'pecially l;it higher MVa values, is hi&h surface roughness of his 

cylinder, -O.73mm. 

In 'another study with a single unconfinf'd slot jet impinging on a 

rotating cylinder Baines and Keffer [1979J found no appreciable effect 

of, surface velocity on average wall shear stress for an averaging 

distan~ of f::.y/w-32 in the range O.Ol<Mvs <O.2. The maximum 11mit of 

their investigation, Mv s ",:0.2. is however much l'ower th an those of ~he 

studies of van Heiningen, Fechner and the present study. 

,Suqba Raju and SChl~nde~[1977] measured 1.5 to 2 times higher 

av;erage heat transfer rates when a slot jet impinged on a slow1y moving 

surface instead of a stationary one. In view of the heat transfer 

results of van Heiningen[1982] and the present study, which extend to 

much higher heat transfer surface ve1ocities, _ it seems that' the 

fi~dings of 'Subba Raju and Schl~nder at relatfvely slow surface 

ve1ocities, Mvs <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 Sch1under reported a large 

increase in heat transfer wi th increasing surface ve10ci ty. Fechner 

repor~ed sorne increase. Baines and Keffer found no effect of surface 

motion on wall shear stress" which irnplies no effect on heat transfer. 

Van Heiningen fa und a significant reduction in impihgement heat 
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tra,nsfer with increasing speed of the impingemen surface. The good \ \ , 

of van 

1 
\' 

Heiningen, carried out with totall differ ": ~eX:~~imental eq\:.ipment 

and heat flux sensors, provides a defini:te answ~~ at last to this 

contentious question. lt is now clear that heat transfer from jets 

deereases substantially f;Pm' that for stationary surfaces when 

impingement :"ur:'face speed is increased to the range of some important 
\ 

indus trial applications. For example, at the highest Mv. value of 
\ 

0'.34, the appropriate term from Eg: 5.8 is (1+My.)"O:851 --,0.77. This 

indicates a 23% reduction in NU relative ta that for a stationary 

impingement surface. Thus if the amount of heat transfer surface 

required for an impingement surface moving under a typical industrial , 

confinement hood at a,velocity corresponding to Mvs -O.34 were ta bë 

ealculated us ing Nu data for a stationary surface, the result would be 

,an are a tao small by about 23~, a design error of substantial 

magnitude. 
, 

The present study -uas also contributed an analytic correlation, Eq. 

5.8, for the effect of impingement~ surfa'èe motion on average heat 

trahsfer, a corr'elation of a form applicable beyond the specifie ,H/w 

spaeing used. Finally, the agreement between the present results' and 

C, , 

those of van H~iningen for effeet of surface motion provides anoth,er 

validat:ion of the new heat flux sen~or of the prese~t st~dY wh~ch, . ii 

the subsequent section, is applied to a case for which no previous 

expeiimental results exist. 

'5.4. '2 Heat Transfer wÜ:h Throughflow at a Moving ImpingeDlent S'\rface 
.~ 

Measurement of local and average heàt transfer for a jet impinging 



on a rapidly mov1ng surface at which there 15 throughflow has not 

previously been reported bocause 'n: experimental technique existed" ~)\ 
, -r-

this difficult caSe. \Development in the present study of a unique 

porous heat flux sensqr, Chapter 4, enabled investigation of Othis 

industrially important problem. 

In order to cover a wide range of nondimensional parameters of 

surface motion and thr<?ughflow for a jet wi th H/w-2. 5, the local and 

average heat transfer results were determined for a fixed valu~ of R_e j , 

21000, a parameter thoroughly studied in the precedlng sections. The 

ranges of the sùrface velocity and throughflow parameters, Mvs and MUe 1 

are 0.035-0.348, and 0.0-0.02, respectively. At the nozz'le exit 

velocity of 22m/s for this jet of -RE:!j-21000, these ranges of Mvs and 

'Mu~ correspond roughly to a variation of surface velocitr from O. 7sm/s 

to 8m/s, 'and throughflow velocity from 0 to O.4m/s. 

operating conditions and results is given in Table 5.6. 
'4 

• 
5.4.2.1 Local Heat Transfer 

A summary of 

The effect of throughflow on local heat transfer profiles fo quite 

6. high value 'of t1)e surface motion p~rameter, Mve-O. 27 , ed on 
."_ 'lt 

c· 

... ~, . 

Fig. 5.1:7 is analogous to the effect of 'Mus at very low Mv, s~:.wn on 

Figs. 5.5 to 5 V. The base case of 

'0.035, ls 'ar: displayed on, Ffg. 

,Mus -0 f,or a very low MVa value, 

5.17. T9us in the absence of 

throughflow. Fig. 5.17 shows the shift from the .symmetrical profile for 

the MUe -0" MVe -0.0.35 casë. 

Mu.-O, Mv.-O. 27. For this 

l'emalning profiles of Fig. 

to the highly nonsymmetrical profile for 

high speed of imPin~.ment surface." the 
• \ 4 

5.17 show the e~fect of increasing 

t!hroughflow at constant, high Mv-s . ·'1 

/ 

{ 
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.0 
'" Table 5.6, Operating conditions and resu1ts for single jet heat 

~ransfer at a moving surface with throughflow 

S for Nü , -* W 
~ej Mv. Mu. T.1 T.1 -TI Nuo - Ntlmax 

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. :!-03.0 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 . 6/ 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 81.0 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 

1 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 0.034 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.~ 
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 - ** 75.4 ' 74,4 }2.5 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- 35.5 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 5.3.1 
,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 \ 55.0 34.~ 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 

I!! 

* ~"x indicates off-stagnation maximum 
** Does not display an off-stagnation maximum / 
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~ At high Mv., throughflow incteases the distance o~t to the off-

stagnation minimum and max1:mUm on the approach side. by as much as lw 

in each case, while l.eaving the' location of these features unchanged on 

the ,;.leaving side. With high surface velocity, Mv. -0.27', the application 

of throughflow shifts the loc.ations of the off-stagnation minima and 

maxima of the profiles back towards., the symmetrLcal ppsitions 

corresponding to the base case of no throJ..lghflow and neg1igible surface 
, -. 

Thus throughflow a,t a speeding surface acts to 

neutra1ize the effects of surface motion. Local heat transfer may be -

af.fected by the boundary layer carried by a moving heat" transfer 
. . 

surface. Application of throughflow removes boundary layer fluid, 

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

acts t~h two mechanis~s to de1ay the boundary layer transition to 
/' ' 

t.llrbÛ1ence 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, througl'ïflow removes fluid from the 

boundary- -layer, thus delaying the onset of the instabiii ties in the 

thickening 1aminar boundary layer which lesd to transition. These 

shifts in locatiOn of the off-stagnation features have the effect 'of 

making more~symmetrical these profiles which, at high MV
II 

and without 

throughflow, are quit~ asymmetric. The shifts are substantial on thè 

approach side 1 where surface moti0Il. __ transports the boundary l,ayer, in 

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

'th a. djrection of transport starts from the stagnation point, where the 

boun~ary layer is thinnest, hence the surface motion effect on the 

leaving !1ide is minimal. 

Comparison of the enhanceme-nt of loc~l heat transfer ~1>y throughflow 
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a.t high Mv., Fig. 5.18, and at negligible Mvs ' Fig. 5.10, shows that 

high surface motion causes a mdre pronounced minimum and maximum in llSt 

profiles on the approach side while red,ucing these .features on the 
. 

1eaving side. It was noted earlier that surface motion. without 

throughflow acts ta decrease Nu at the off-stagnation minima a~d, for 

{) 

the approilch' sidé, over the region from the secondary m~imum out to 
, 

the far wall jet are a . Frqm Fig, 5.18, it is seen that the enhancement 

of heat transfer by throughflow is generally greatest in these regions, 
. 

At the _condition of high MV
II 

-no throughflow, a mechanism for the large 

reduction in local heat flux for the approach side is the fluid dragged 

~ith the moving surface, Removal of such fluid, by throughflow 

e1iminates this source of decrease in heat flux, However the higher 

turbulence levels produced by the higher shea;r rates wi th oppo~ing 

motion of' the surface and the fluid flow on the approach s,ide, '.ls 

suppressed by tl}roughf1ow, Thus as Mvs inereases, the turbulence 
" 

damping effect would diminish to sorne extent the heat transfer 

enhancement associated with boundary layer removal on the app<oach 

side. 

For the high Mv. -no thrôughflow case 1 the Ieaving si:de m~nima, of 

the N:, profiles, figs. 5'.13· and t ,14, reflect the reduction in heat 

transfer ca'used by the increase in the maximum thickness of the laminar 

boundary layer st this position. The wi thdrawal of boundary layer fluid 

by thrpughflow 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 maximUlll- at 

-2.5w on the âSt profiles for negl1gible Mvs ' Fig. 5.10. 
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In view of the Interpretation give above it 1s of interest to 

compare the effect of the heat transfer profile for 

two cases, with just a very small thi ughflow, Fig. 5.19, and at no 

throughflow, Figs. 5.13 and 5 14 The Fig. 5 19 conditions of 

Mu,,-0.004 and Re j -2l0DO, correspond ta throughflow and jet, velocities 

of· about ·0.08m/s and 22m/s. As the present study used values up, to 

Mus "'0.Q2, the throughflow of Fig. 5.19 is very low. lt is impressive 

,that the presence of a throughflow velocity even as small as Mus -0 004 

stabilizes heat transter over the entire impingement surface, making 

heat transfer with even a very small throughflow remarkably independent 

of surfa'ce motion This behaviour is in sharp c~mtrast ta the high 

sensitivity to surface motion, ~igs 5 13 and 5 14, in the absence of 

throughflow. As boundary layer phenomena are central ta determining 

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

which sa 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 profiles of average 

... 
Nu for the Rej (<><20700) and Mvs (=0.27) of Fig. 5.17. T.hese profiles for 

an irnpingement 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 by throughflow ls greatest at the 

off-stagnation minimum, this minimum disappears with increasing 

throughflow. The values /~f the offistagnation ~ax listed in Table 

5.6 are seen ta correspond ta the very flat maxima displayed by the 

profiles over the region near 9w, Fig. 5.20. 

On Fig. 5.20 i t i5 seen that the enhancernent by throughflow of .. 
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inte~rated 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 e6hanc~ment behaviour in 

the absence of surface motion effects, as illustrated by Fig. 5.11. 

Thus the conclusion from Fig. 5.],1, i. e. that the throughflow effect 

on NU for a stationary surface is, linearly additive to that without 

throughflow. is seen by Fig. 5.20 to apply equally for an impingement 

surface moving at high speed. 

This heat transfer enhancement, expressed as 6'St, sppears on Fig. 

5.21 as a function of Mu~ for the entire range of surface. motion 

parameter Mvs ' Fig. 5.12 established that, in the absence of surface 

motion effects, the 1inear proportionality of llS't with Mus is -the sarne 

at aIl Reynolds number. Fig. 5.21 establishes that for impingement 

surfaces moving at up to qui te high speeds, the linear-proportiona1ity-

of 6'St with Mus ls the same at aIl values of Mvs ' The linear re1ac1on, 
... 

Fig _ 5.21, for the effect of throughflow on average hest transfer ,ifor 

a~y surface ve10city up to maximum~value used, Mv.-O.35, is' 

t.'St - O. 17 Mu. (!i.9) 

for H/w-2. 5 and Rej -31000, over the range O<Mus <0.02, and independ,ent 

of extent of the impingement heat transfer area over the experimental 

range of S up to 6.4H, 16w. 

Fig. 5.12 establishes that 6'St is independent of Rej over the range 
, 

16000 - 58000, and is represented by 'Eq. 5.5. Fig. 5.21 establ1shes that 

6St is independent of Mv, up to the maximum value tested, Mv.-0.35, and 

is represented by Eq. 5.9. As there 18 no significant dlfferenct! 

between the slopes o~ 
1 

Eqs. is.5 and 5.9, the enhariéement of heat <, 
t/ansfer by throughflow applicabfe over the entire range of Rej. Mv. 

, ' 
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and S/H tësted may thetefore be expressed by the single relation. 

t.5t - O. 175 MUa (5.10) 

-Average Nusselt number under a confined slot jet at av spacfng of 

H/w-2.5 and subject to the combined effects ot' surface motion for Mvs 

up to 0,35 and throughflow for Mûs up to 0.02, for lGOOO<Re j <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 combin~ng Eqs. 5.8 and ~.lO, 
Q 

NU - 0.0314 Re~·756(1+Mvs)-O,89 (~ )-0.22 + 0.175 MUaRejPr (5.11) 

The significance of this correlation incorporating lall . effects on 

average heat transfer for confined slot jets can be illustrated by a 
, 

sample case, 10r the limiting values of MUa and Mv., 0-0.02 and 0-0.35 

respective1y, for which Eq. 5.11 is valid. For a jet with Rej -20000 

impinging on a sur'face l8w wide, i. e. which extendsf 9w . to each side ~f 

the jet nozzle centerline, thereby giving a nozzl~ open of 5.6%, thC. ~ 

values of NU predicted by Eq. 5.10 are, 
~ 

M:l Mus Nü for S-9w 

Q 42.2 
0 0.35 3~.5 
0.02 0.35 80.2 
0.02 0 89'.8 

" 
\ 

Thus when throughflow is applied at the statlonary heat transfer 

surface ta achieve MUa -0.02, which corresponds to removal-- through the 

impingement surface of 36% of jet inflow, hèat transfer ls enhanced by 

about 110% relative to the no throughflow case. When the impingement 

surfac~ without throughflow moves at a high ve10city such that 

~vs -0.35, 'the average heat transfer ls 23% less than for a stati6nary 

surface. However if the same throughflow, Mu. -0.02, i. e. 36%. of the 

\ 
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jet flow, i5 applied for the case of th~ -high npeed (Mvll -O.35) heat 

transfer surface, then the heat transfer enhancement due to throughf1ow 

ls 150%. The higher relative enhancement of average heat transfer by 

throughflow when surface motion i5 present, established by the result5 

of ihis study, 18 particularly promising for indus trial applications 

which combine impingement heat transfer with throughflow at a heat 

transfer surface moving at relatively high speed. 

5.5 CONCLUSIONS 

Both local and average heat transfer under· a confined slot jet 

impinging on a moving surface wi th or without throughflow at the 

surface was determined for a jet spacing of H/w-2.5 and over the ranges 

of l6000<Re j <58000, 0.0<Mus <0.02 and O.02<Mvs <O.35. 

The reliabilitj of the present experimental ~ethods was tested 

through use of operating conditions which have been studied previously 

to sorne extent. As the experimental facility provided the ~ap~bility 

of operating with or without either throughflow or impingement surface 

motion effects, three combinations were used in the verification 

experiments, i.e. operation with neither of these etrects, and with 

each effect in the absence of the other, In a11 cases good agreement 

with. previous results wa; obtained, thus confirming the reliability of 

the" ex.perimental te'chniques. Moreover these new results extend -

substantially the published information concerning these Cases. 

In addition to local heat transfero profiles, complete profiles of 

average heat transfer were obtained with and without surface motion· 

effec ts, and wi th and without throughflow. 
A 

Correlations of analytical 

form for average heat transfer were determined for heat transfer 

'1' 
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surfac~~ of ha1f-width, S, in the range represented by 1.2<S/H~~.4 (l.e 

3<S/w<16) . The corre,ponding' range of nozz1e open are a i9 16.7% down 

to 3.1%. Although in practice hea~ transfer surfaces smaller than this 
" 

would probably be avoided as uneconomical, ave,rage heat transfer over 

~ 
smaller surfaces may be determined from the graphieal ,relations ,_ 

, 
provided. The confined single jet correlation obtained in this study 

may be used also for a confined multiple jet system with individua! 

jets spaced sufficiently apart that their interaction does not 

significantly affect heat transfer. According to Saad[ 1981], that 

requirement is satisfied for SjH-l.5. 

For impingement heat transfèr wi thout surface motion effects, the 

effeèt of th!t'oughflow on convective heat transfer Is linearly additive 

to the heat transfer without throughflow. This proportionali ty for 

- ' 
average heat transfer ia independent of both Reynolds number and' size 

of the heat transfer surface. The proportionality of convective h~ __ 

transfer to the nondimensional throughfloW' parameter .ls much less than 

the Mitkley-Spalding predict:f,.!'-D. The reasons 'for this discrepaney are 

identified, 

The present study contributes a method of, using measurement of the 

effect of throughflow on shear stress' at an impingemerit surf~ce' ln " 
, , 

order to prediet the effect of th~oughflow on impingem~nt ,heat 
. . 

transfer. Rather surprislngly, this prediction ls within 20% of that 

measured expèrimen.tally. 

The present eX'perimental results for effect of throughflow without 
~ 

surface motion effects extend to throughflow rates about two times as 

high the information available from the only previous such 

investigation, Saad[1981]. 

'. 
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For a confined slot jet impinging on a surface without throughflow, 

, , '" 
ti.,A addition of surface velocity was found to decrease average heat 

. 
transfer. a result which corrobor~ates the finding of van Heiningen 

[1982], Thus the present resu1ts substantiate that the heat trapsfer 

rneasurements of Fechner [1971'] and Subba Raju and Schlunder[1977) and 

the wall shear stress Jl\easurements of BaJnes and Keffer [1979] provide 

misleading guides as to the effeet of speed of a moving impingement 

surface on heat transfer rate, The correllition for effect of surface 
" '/ 

motion on average heat transfer, , Eq. 5.8, shows that desfgning the 

heat transfer area for a rapidly moving impingement surface (Mvs -O.34) 

using data available previously for stationary impln\ement surfaces 

would lead to underestimating the required area by 23% " One major 

industria1 process with' a moving impingement E.urface. the Yankee dryer 

for drying paper, 15 operated in this range of Mvs ' , . 
The most important contribution of this study is the measurement of 

convective heat transfer enhancement due to throughflow~ at a fast 

moving impingement surfacê, The îneasurement of profiles of local- heat 

transfer wi th very high" sp,atial resolution serve to identify flow and 
, 

heat transfer effects in the boundary laxer that are' assoclated with 

~ 
throughflow. surface velocity and the combination of th~se conditions, 

• 
As the main interest from an application point of view 18 in average 

heat transfer 1 this was deterrni~,~~, in ,the form of an E!nalytic 

", 
'correlation, Eq, 5,11. \ The result~ es tablish $at ,the enhance~ént of 

average heat transfe!' j expressed as ô'St. is linearly additive to the 

beat transfer without t~ro~ghf1ow. and tbat tbis proportionality 1s li 

, "-
furtction only of tbroughfl'ow ra·tio,. MUa and, over substantial limits, 

i5 independent of MY1l 1 R~j and extent of the heat transfer area. Close 

'-T"-

J 

,i,;., 
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agreement with .result~ at low MUa values of Saad[1981] f~~ a statlonary 

impingement surface at H/w-8 indicates that this correlation for 

throughflow effect should apply. also for Hjw spacings over the range 

2.5 to 8, which covers the extent of major industrial interest. 

/.-'-- - --
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CHAPTER 6 

BEAT TRANSFER UNDER MULTIPLE SLOT JETS IMPINGING ON A MOVING SURFACE . . 

tnTH THROUGHFLOW; 

6.1 INTRODUCTION 

This experimental investigation relates to the indus trial 

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 throughflow at the sur~e in order tf 

further enhance heat 'transrer rates. Industrial impingement heat 

transfer systems involve mu1~1ple jets, and t:hese generally cannot be 

unconfined. Thermal efficiency requirements norma11y dictate the use 

of. a confinement hood which retains the impingement flow a,nd which 

permits heat recovery or reuse of the spent f1ow. The present study is 

the first tci provide heat transfer rates for a confined system of 

multiple slot jets impinging on a permeable moving surface at which 
r 

there can be throughflow. 

In the use 'of multiple jets, one basic design feature is the 

location of the ducting to exhaust the spent flow from the impingèment 

·system. In the arrangement chosen here, the spent flow exhausts at t~e 

confinement hood through siot ports which are located symmetrically 

between the "slot jets and at a jet centerline-to-exhau:;;t centerline 

spacing, S. This location of exhaust ports eliminates the detrimental 

effect of crossflow on impingement heat transfer, Saad[l981] , 

Ahmad[1987] . -Such a multiple slot j et system consists of repeating 

/ 
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flow ce Il units, each of width Sand depth H, the confinement surface-

to-impingement surface spacing. As three· variables S, H and the jet 

nozzle width, w, define the geometry (jf this confined multiple jet 

system, two independent nondimensional ratios define ieometrically 

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 and with 

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 sys~ems. He 

found that for. SjH>l.S, multiple slot jets become equivalent ta an 

assembly of non-interacting single jets while fo~ aspect ra~ios below a 

critical value of SjH-0.7, the adjacent impinging jet and exhaust flows 

are sufficiently close that the flow and heat transfer characteristics 

are affected over the entire impingement surface. 
\.§: 

Based on' data for a wide range of jet Reynolds number, Rej' (3000-

c' 

30000) and geometrical parameters Saad obtained a general correlation 

for average Nusselt number, NU, which indicated that jet maxim~ value 

~~ul~~e obtained for a multiple jet system with geometrical,parâmeters 

H/w-S, S/H-O, 5 . However these are only predicted conditions for 

maximum NU because this Hjw- S/H combination was not included in the 

experimental study of Saad for' a stationary impingement surface, nor 

indeed of any other investigator. In view of the above noted aspect 

ratio critical value, S/H-0.7, the predicted condition for maximum NU, 

1. e. _.5/H-O. 5, evidently corresponds to a multiple j et system in which 

the entering jets and leaving spent flows lnteract signlficantly. 
r 

The présent study was thus undertaken to examine the 'effe~t of 

,1 
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throughflow al: a surface moving at high speed under confined .multip"te . 

impinging jets. The particular system Used was chosen to provide the 

first experimental measurements of heat transfer at values of the 

geometrical parameters H/w and SIH 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 ~nder the multiple jets 

were measured with the unique heat flux sensor, Chapter 4, for a moving 

surface at which there may he throughflow. The principal fixed 

dimensions were B-50mnun. S-25mm. w-lOmm., and the range of various 

parameters is given in Table 6.1. 

Table 6.1 Range of parameters 

w (mm) 10 

H/w 5 

S/H 0.5 

TI -Tj t~ 9 ta 23 

Rej 8100 ta 25800 

uj (mis) 13.8 to 40 

u l (mis) 0 to 0.4 

Vs (mis) 0.45 to 8 

~ ~ 

~ 

Heat ~ransfer under multiple jets but without either throughflow or 
1 

effects of surface motion is discussed in Section 6.2; the effect of 

throughflow without surface motion effects' in Section 6.3; and the 

1 
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effect of surfAce motion wÏth and without thrpughflow in Section 6.4. 

h.2 HEAT TRANSFER WITHOUT THROUGHFLOW OR IMPINGEMENT 

SURFACE MOTION EFFECTS 

These experiments without 'throughf1ow were carried out at 

sufficiently low values of the surface motion parame ter , Mv. «O. OS), 

to make the effect of surface motion 0L heat transfer negligib1e. 

Table 0.2 summarizes operat~ng conditions and heat transfer resu1ts. 

The profiles of local heat transfer, Fig. 6.1, çorrespond to three 

jets located at positions, y. of -Sw, 0 and Sw, or -lH, 0 and lH, 

relative to the centerline of the middle jet, with the exhaust ports 

located symmetrically at -7.Sw, -2.Sw, 2.Sw and 7.5w, or -1.SH, O.SH , 

O. SH and l. SH. The off-stagnation minima and ma~dma seen in local 

profiles of single impinging jets over this ~ange of .Re j with H/w-S do 

not occur for jets as closely spaced as in the present case with 

S=2. 5w-O. 5H. For a stationary impingement surface, Saad[1981] showed 

that in flow ce1ls of aspect ratio as narrow as S/H-O. S, interaction 

between jets and adjacent exhaust flows acts to depress jet centerline 

Nu by -10% and to enhance exhaust çenterline Nu by -2S% relative to 

profiles of Nu for a single jet. Fig. 6.1 demonstrates -th.ese two 
/{ 

.. 

" 1 effects by reference to the Nu profile of Saad[1981] at H/w-4,\ t .. e. at ,) 

a nozzle-to-surface spacing which close1y corresponc!s ,to H/w-S. 

Because of these two effects the Fig. 6.1 profiles are more uniform 

th an for the equiva1ent single jet. Thus a system of multiple jets as 

closely spaced as that of the present study yie1ds v'il1ues of average 
,~ 

and stagnation Nu number within 10%, Table 6.2. 

Average Nu number, the main interest of the design engineer, is 

Il 

.', 
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Table 6.~. Operating conditions and results for multiple jet heat 
transfer wi thout throughflow or impingement surface 
motion effects . 

Rej Mvs Tj T
15 

-Tj Nuo Nu 

8100 C.038 39.7 18.8 48 4~8 
8200 0.039 37.1 10.2 45 . 41.4 

10350 0.038 36 9 22.3 57 51.5 
12000 0.026' 38.3 .lB.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 l'l .. 8 84 77 7 
25800 {).019 25.3 9.3 97 90.4 

\ 
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obtained by integrating the local heat transfer distribution for the 

middle jet over thé"'heat tra~sfer surf~ce of width 2S, i.e. from -2.5w . 
to 2. Sw , from - 0 . 5H to O. SH. Thus each experimental profile of local 

heat transfer yields one value of average Nusselt number. Saad[ 1981] 

demonstrated that the center slot jet of a three-jet system is 

representative of a jet in multiple jet array. 

ln Fig. '6.2, the resul ts for aver!!ge heat transfer at H/w-S. 

SjH-O.5 as a function of Re j < are displayed with the results of 

correlations proposed by Saad[198l), Martin and Schlunder[1973], Schuh 

and Pettersson[ 19b6] and Gardon and Akfirat[1966]. The range of 

vali:,dity of the geometrical and flow parameters of these correlations 

is shown in Table 2.2. Saap' s correlation is for H/~8 but by 
, 

reference ta his data for H/w-4 he eoncluded that a 5% increase in Nü 

above that for .Hjw-B would constitute a satisfactory estimate of Tu àt 

'] Hjw-5. The Fig. 6.2 line for Saad corresponds to this recommendation. 

Gardon and Akfirat's correlation ia limited to a percent open area of .. 
nozzles, f~6.2S% and to Hj~8. The values of the present study, Hjw-S, 

SjH-0.5 or f-20% are outside these limits. Sinee mi Is not much 

affected by H/w over the range 4<H/w<8. ~ at H/w-S, S/H-O. 5 should be 

approximated by NU at Hjw-B, S/H-O. 5, for which f-12. 5%. Thus thE' -line 

for Gardon and Akfirat[1966] on Fig. 6.2 corresponds ta their 

correlation evaluated st Hjw-8, f-12. 5%. As the çorrelations of Schuh 

and Pettersson[l966 J and Martin and Schlundek(1973] apply for the 

conditionS of the Pl'esent study, i.e. 

.correlations can be applied directly. 

for ,H/w-S, SjH-O. 5, f-20%, these 

ft. 
l, 

" Schuh and Pettersson[19661 and Gardon and Akttlrat[1966 J stu'died 
\ -

-
unconfined multiple 'jets white Saad[1981]: M~rtin ~ ~chlUnder[l973~ 
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and the preserit study used confined jets. The experimental system of 

Martin cand Schlunder introduced a deleterious crossflow effect from 
.,1-

their design of exhausting the ~ air 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 loW'est heat transfer rates. 

As this type of crossflow exhaust also causes a second disadvantage 

1. e. nonuniformity of heat transfer in the cross machine direction, 
~ : 

this. àrrangement is unacceptable for those indus trial applications 

where uniformity of the dried product ~s essential, for example paper 

drying. The other studies exhausted the spent air between the jets, 

without èrossflow, in the direction normal to the impingement surface. 

Heat transfer data' from. un1fined ~ ets genera1ly provide ,an unreliable 

basis for designing conf~d impingement systems because unconfined jet 

heat transfer is subjelt to several effects specifie to the equipment 

~sed, Le. 'the relayi'onshiP 'between three temperatures- nozzle exit, 

impingement surface, ambient- as- weIl aè equipment dimensions near the 

nozzle exit that influence the amount of ambient air enttâinedb~ the 

jets. 'However the cl~ser the internozzle ~spacing, S, in a multiple jet 
, 

system, thé le~s is the deviation of unconfined jet results from the 

per~ormance characteristics of a confined j et system. With a flow cell 

aspect ratio, S/H, as small as in the pres-ent ,case, impingement heat 

transfer without' confi_~ement should differ Iess than usuai from .. thst 

for confinecl jets. Thus for the caSe .of very ciosely spaced jets, Fig. 

6.2, the unconfined jet results are' never more than 10% lower than 

results with a confinement hood.' In most indus trial llpplicaÙon~, 
. 

including paper • drying wi th impingement s'Ys tems, use of confined jets 
\ 

is essential for containment and r~covery.of spe?t air to achieve good 
Q 



o 
,'. 

o 

h ~L t ~,~ " 

160 

thermal efficiency. 

The foUowing correlation applies for the results of the present 
• 'v 

study at H/w.S. S/H-O. 5 it} the absence of surface motion effects 

NU - 0.0938 Re~·8·1D (6.1) 

for 8l00<Re j <25800. This equation i8 ,the limitin~ form for Mv.-O of 

\ the.subsequent correlation t Eq. d. which inClud~l the surface moti(Sn 

~ffect. The Rej exponent, 0.679, is in .the middle of the range of a11 
. 

other studies, i.e. from 0.598" (Schuh and Pet~ersson[1966]) t-o 0.8 
~ ~ ~ '-

(Saad[1981]), ~able 2.2, 

From his :corre1ations Saad[ 1981] predicted that average heat 
. 

transfer rate would be a maximwn at H/w-S and S/H-O. 5, but it Is 

important to note that he made no measurement of heat transfer with 

this combination of H/w and S/H.' For narrow flow ce1ls, of as'pect 
- J 

ratio, ;,S/H, in the range 0.375-0.75 Saad's experiments were aIl for 

1 ". 

much larger spa~ings, in the range 8sH/~24. .At H/w-4, the narrowest 

aspe,ct ratLo used by Saad was S/H-I.5, and mu-lÙptè jets spaced this 

far apart act effectively as single jets. For Rej-10SOO '. Fig. 6.3 

compares the NU value from the present study with ~Saad' s results " The 
d.'-) • 

observation of Saad' that the maximum 'in NU' occurs between spacings, 

H/w, of 4 and 8 i8 substantiàted by the Îneasurement of present study st 

H/w-5. The' Une for NU at H/w-S ~resumably paraUels the Unes on Fig. 

6.3 fot' other ,values of the H/w spacing .. ' In conclusion, for a system' 

of multiple confined slot J~ts interspaced sYmmetrically 'with slot 

exhaust ports th-e' present study. provid,es the first experimental measure-.. ~'\'. 

ment of NU forH/w-S', S/H-O. 5, and tht~ measurement. made over a rangè-
f • 

of Rej' i8 .~onsistent 
~ 1 

with the prediction by Saad that the highest Nü 
i 'Il ~ 

would be obtairred for a s~stem with t~e spacings H/w-S', S/H~O.S. 
1 

" , " 
1 
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6. 3 HEA! TRANSFER WITH !HReUGHFLOW 

" The effect of throughflow on local and average heat transfer under 

single slot jets has been studled b, ,Saad[l9.8l 1 for the case of a 

stationary heat transfer surface, and with and without the effects of' 

impinge~eflt sffàce motion in Chapter 5 of the present, study._ Saad 

vari,ed throu~ve1ocity from 0 to 0.3m/s in the Rej range of 10200-

29100 for a heat transfer surface of half width, S, of 2. 25H, l~w. 
. 

In the . present case, the effect of t~roughflow on heat transfer 

under multiple jets was~ studied by varying the throughflow parameter. 
, 

Mus, over the ~ange 0 to 0.0235 for values of Rej of from 8100 to 

25'800. These limi ts of the nondime~ional parameters correspond to 

throughflow ve1oc.iti...es from 0 to 0 :35m/s and nozzle exit vel6"cities 
. 

from 15. 6m/ s to 47. 7m/s. ..... At the 'maximum value of the throughflow 

parameter, Mus ·0.0235, only about 12% of the jet flow is removed 

1 
through the he~t' transfer surface. Operating conditions and results 

'! 

are summarized in Table 6.3. 

a 
For each value of the' 1=hroughflow parameter. 

, '\ 
Mu., every profile of 

local Nusselt number under multiple jets 1 when compared to profiles 
, 

determined wi th no throughflow.' were found to increase by a uniform 

amount over" the entire impingement surface. 
r 

Nusse.1 t, number at: "various v<3,lu~s of Mu. ~re 
• , " ...... 

• 

Sets of profiles of local 

not shown because visually 

~~, ~ 

they .are indistingu:L.shable from sets of local Nu prôfiles at various 

Re J " _ Fig. 6 . 1. Thb ,effect of ,throughflow on local 'profiles -of 

multiple Jets is consis,tent with the, throughfJ.ow effect for single j/ets 

MfI' .... ,S reported by Saad and by the present $tudy, Section 5.3.1. 
( 

l'he enhlilncement of heat transfer by - throughf1ow ls most appropri - .... , . 
ately .expressed in terms of Stanton number for' ressons ,.docurilent'ed for 

" 

, , 
i' 

\ 
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• Table 6.3 Operating conditions and results 'for-multiple je",t heat . transfer with throughflow 

" 1 
1 

R.e j : Mv. Mu. Tj Ts -Tj NUa Nu 
,,r-

8109 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 o~ 36.9 22.3- . 57 51.5 
10350 0.039 0.0060 36.8 22.8 6.6 59.4' 
10320 0.037 O. 125 36.8 22.8 73 ' 68.1 
12000 0.026 O. 38.3 18.5 60 55.8 " 

1 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 q.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 
1'5750 0.025 0.0114 36.'6 12.0 95 87.7 
15950 0.024 ~.Q.14 ~ 37.0 12.1 96 91.0 
20000 - 0.027 0.0 3S .3 9.4 83 76.9 

""--'\ 
19930 '0.027 0.0027 35.8 10.0 91 81.9 
1~700 0.027 0.0068 37.4 10.3 97 90.4 
19600 0.026 0.0099 39.0 10.5 . lOS 98.0 
195pO ,0.026 0.0116 39.9 10.6 106 _ 99,.~ 

. ''\ 20600 -a.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;~ MO 105.1 

.. 25550 0.019 0.0051 27.5 10. ' 1?t 102.2 
25400 0.018 .. 0.00'86 ,29.1 10.4 • 110 108.3 
25000 0.018 0.0095 30.7' 10.2 114 "'-, 110.0 

. 24860 " ,/1,\5 0.018 . 0.0101 31.7 10.1 112.3 

... 

. ' 
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Fig 6.4 shows that for multiple jed, 
, - /, ~ the enhancement of averag~ Stantôn nUJîlb~r due to throughflow is 1 a 

Hnear function of the throughflow parame ter , Mu., 
• ç 

ASt -0.16 Mu'. (6.2) 

Moreover, the linear r4Hationship between llst and Mu. is- independent 
9; ~ 

of Rej for a multiple confined slot jet system at H/w-5, ,S/H-O.5,. just 
';\ . 

-
as was found in Seet:ion 5.3.1 to be the case for a single slot jet. 

J • 

Comparisot;l of Fig. 
/ 

6.4 and Eq. 6.2 for this mu~tiple confined jet . . . 
system with Fig. 5.12 and Eq. 5.10 for a 5ingb ~onfined jet at H/w",:,2.5 . 
and with heat transfer surfaces. of , half -width, S, up to 6. l.H 1 16w, 

shows that essentially the same proportion~ity factor, ll'Sej-Mt,ts' 

app1ies for the single and multiple jet cases. The 1ine on Fig. 6.4 

re~resenting the single .jet results of S~ad- for Mu.<O.012- ~grees at 

lower values of Mus and diverfès at higher Mu. for reasons given in 
u 

Section 5.3.2. It is striking that the propord.onality"between average' 

convective heat transfer enhancernent and the th:ç-oughflow parameter 1 

Mu., is essentially the same _ for a single jet and for very clos,ely 

~a~ed multipl~ jets, over a wide range of Rej and width of heat tranS"­

fer surface, and for nozzle spacings, H/w, over the range 2.5 ta 8. 

As enhancernent of heat transfer d)le to throughflow is' a 'linear' 

function of throughflow velocity, u., the fraction of the jet flow rate 

which must be removed througli' the surface, 'Qs-Mu. If 1 

. 
to produce. à 

particular arnount of heat transfer enhancement 1 m, is inversely 

prop or:ion'a1 to the fr~ction ope~ nozzle are~L' f. Renee. thé present 
. 
arrangement of closely spaced multiple jets, .s1H~O. 5, S(w-2. 5, f-O. 2 t 

. . 
chosen for th~ objective of ·àchieving thè highest'average heat transfer 

rate, has also the advantage of producing a high ratio of heat transfe,r 

o 

i' 
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~ enhancement to the o fractioI}~of jet f10w removed lJ.s throughf10w, Q •. For 

/ il 
example, for ~ej-25800 with as 1ittle as 12% of Qs average heat trans-

:Eer',enhances 75% as compared to a 16% enhancement in a widely spaced 

jet systeI}! with S-6.4H, calcu1ated using Eq. 5.11 for a single jet at 

H/w-2.5 .. 

As the throughflow effect on convective 'heat tran9fer is linearly 
." 

, -
additive, average Nusselt' number in the presence o'f throughflow fot' a 

multiple confined slot jet system at H/w-5, _S(H-O.5, obtained by 
\, 

combining Eq. 6.1 and 6.2 with the relation St-ReN~r' iS r 

NU- 0.0938 
0.61 9 

Re j + O. 16 Mus Rej Pr (6.3). 

for 8100<Re j <25800 an~ 0.0<Mua <O.023.5. Excellent agreement between 

u 
this correlation and the experimental measurements over the entire 

experimental range of Rej ls demonstrated wi~ 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 

are treated. 
j 

/ 
j 

IJ 

6.4 HEAT TRANS FER AT A MOVING IMPINGEMENT SURFACE 

. 
6.4. 1. Wi thout Throughflow 

_ Operating conditions a~d heat transfer results for the effect~ of 

impingement surface velocity on multiple jet heat transfer are given in 

.Tab1e 6.4. Surface veloeity wa9 varied to acl}ieve valu~ of the 

nondimensional surface motion parameter, Mv.. i~ the range 0.019- 0.38. 

which corresponds to 'surface velocities from 0 to 8m/s for 

8200<Rej <16200. 

With the close internozzle spacing S(H-O. 5 1 chosen for tth~ present 

study 1 profiles of local Nu reveal)no important 'inforJll~tton concerning. 
p \ • 

-/ 
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Table 6.4 Operating conditions and'results for mUltiple jet heat 
transfer at a mO"ling surfaçe 

Rej r My. Tj T. -Tj 

37\ 1 
c 

8200 0.039 10.2 
8100 0.038 ' 39.7 18.8 
8200' 0.063 3&.7 10.1 
8200 -0.139 36.9 10.0 
8200 0.189 36.9 10.2 

10200 0.033' 29.5 16.5 
10350 0.038 36.9 22.0 
10050 0.053 33.2 17.1 
10360 0.099 36.4 21.9 
10200 r 0.117 29.7 16.3 
10200 0.164 \ 29.8 16.3 
10500 0.192 35.6 21.9 
10200 0.229 29.9 16.2 ' 
10100 0.286 32.6 16.8 
10600 0.295 34.9 21.'5 
10700 0.380 32.8 19~ 8 
16200 0.024 34.6 10.8 
16200 0.033 34.7 '10.7 
16200 0.069 34.6 10.7 
16200 0.089 34.6 10.6' 
16200 0.118 34.6 10.7 
19200 0.168 34.6 10.7 
16200 0.211 34.6 10.6 
16200 0.2,67 34.6 10'.5 
16200 0.329 34.6 10.8 

\ 

. , 

. \. , . " " . 

without throughflo~ 

Nuo Nu 

45 41.4 
48 . '- 42.8 
44 40.3 
40 , 38.1 
40 37.1 
53 48.4 
57 51'05 
52 47.2 
53 47.3 

'"47 43.8 
46 42.6 
48 43.1-
46 41.8 
43 41.0 
48 43.2 
52 43.0 
75 , 68.7 
75 67.2 , 
69 . 63.2 
67 

. . 
63.2 

68 60.9 
66 60.2 
65 • 56.2 
65 ,58.2 
65 / 57.!> 

/ i 
/ 
, 

f 

> 

, ,. 

, 1 
-, 

~ 

, 

. - . o 
• 0' 

'.1' 
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heat trans fer mechanisms at the impingement surface, hence simply 

provide the basis of determining the measurement of prime interest, 

average heat transfer 

Average Nusse l t number, dètermined for H/w-5, SjH-O. 5 by integ-

.. 
ration of the experimentally determined profiles of local Nusse1t 

number, was correlated in the form. 

NU - 0 0938 Re1 61g 
-0 611 

(l+MV
15 

) (6.4) 

over the range of 8200<Re j <25800 and MV
15 

values up to 0.38. Eq. 6.4 

converges ta Eq 6. 1 for the limi ting ca'se of a stationary impingement 

surface. Fig 6 6 displays the excellent agreement between the above 

corfelation and the experiments 

Nu profile~rOUgh two meèhanisms, Surface motion affec ts local 

its effect on wall shear stress and on local t.T Wall shear stress is 

increased on the s ide where the surface motion is towards the nozz1e 

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 

direc tion 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 t.T by dragging a fluid 

layer of different temperature in the direction of surface motion. The 

change in local t:.T by surface motion reduces heat transfer rate on the 

apprqach s ide and enhances it on the leaving side. Thus on the. 

approach side of the nozzle centerline, local Nusselt number tends to 

increase because of the wall shear stress effect and deerease because 

of the change in loe~l fiT, while these opposing effects each 

ae tin the oppos i te way on the leavi ng s ide. The experimentally 
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determined overall effect of surfaée 'motion ·on average Nussel~ niunber, 
o 

Eq. 6.4, is, as fo):" the case of the single jet, to deerease NU. Thus 

the roechanisms noted are not linear ~nd, although opposite on the two-

sides of the nozzle cent~rline, the effects do not cancel. 

':\ 
The average Nusselt nurnber data for the single jet., Chapter 5, _wc!!.s 

correlated for a heat transfer surface half width of from 3. 2H to 6.4H, ç- J-

i. e. in the wall jet )egion inclu\ij.ng the off-stagnation minima and 

maxima of the local profiles. For the present multiple jet system the 

half width of the heat transfer surface is only O.SH, 2.5w, Lé. within 

the stagnation region of a corresponding single jet. As pressure 

forces dominate the flow in the stagn4ition region of a single jet at 

small H/w spacings. the effect of surface motion on Nusselt number is 

less in this region than its effect on Nu in the wall jet region, Fig. 

S 15. Thus the exponen t of the 1/ (l +Mva ) terro, Eq. 6.4, for the 

present multiple jet system, 0.69, is as expected smaller th an that, 

0.89, for the single jet, ~qs. 5.8a and 5.8b. 

Haslar and Krizek[ 1984) measured average mass transfer rates from 

. 
an impermeable rotating cylinder under multiple unconfined slot jets at 

H/w-8 5, SjH-O 6 for Rej values in the range 1300-3300 and MVII values 

up to 0.4. For these low values of Rej they reported that the average~ 

rnass transfer rate at a slowly mo'Ving surface was substantially higher 

than that ~ 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 inerease in surface veloe! ty. 

In light of the extensive results of the present study \ on the effeet of 

surface motion on irnpingement heat transfer Haslar and Krizek"s 

findings in the narrow Rej range of their study are not realistic ~nd 

" 
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may be presumed to derive from some eq'uipment specifie aspect of their 

mass transfer experiment. 

\ For the study of heat transfer without appreciable effect of 

stl{face motion, Section 6.1, the surface motioj1 parame ter , Mvs ' was 

kept 1ess than 0.05. Indee"d at Mvs -0 05, Eq 6.4 gives a NU value 

which is only marginally less, 3%, than that for a stationary heat 

transfer surface. On the other hand, one important indus trial 

application of multiple jet impingement systems, the Yankee dryer, 

operates wÙh quite high values of Mve , about 0 3. 'Eq 6.4 indicates 

that in the design of a multiple j et system for the case of Mvs -~. 3, 

use of heat transfer data obtain.ed wi th a stationary impingement 

surface would leàd underestimating the heat transfer area required by 

about 17%, not a negligible amount in the design of expensive 

equipment. 
; 

6.4.2. With Throughflow 

Resul ts 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 i5 varied over a wide range and 

which is moving at up ta qui té high speed under multiple impinging 
: 

jets. The effect of througnflow on impingement heat transfer for a 

broad range of surface velocities was stud'ied for a constant Rej' about 

10000 , by determining profiles of local heat transfer for 27 

combinations of the throughflow parame ter 1 Mus' from 0 to 0.022 and the 

surface motion parame ter , .. 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. 



• 

F 

o 

173 , . 
Al though that ls not a process used in the paper -industry. resul ts have 

been reported by Burgess et, -al. [1-972a, b] for experiments with a 

prototype of a combined impingement and through dryer, ·calle? the 

"Papridryer", ope.rated at \ conditions which are listed below for 

comp,ari~on wi th those of' the presen~' study, 

Present investigation Papridr::rer 

us' mis 0-0.35 0.046-0.269 

uJ ' mis 18 12, 7 - 97 

vs' mis 0.7-8 2-3.~ 

Rej 8200-25800 1000-300b~ 

Mus 0-0',0235 0,0005-0,0054 \ ' 

Mvs 0.038-0.38 0.035-0.48 

Qs ' % 0-12 2,7-34 

Operating, conditions and hea~ transfer results are summarized in Table 

6.5. 

With multiple jets as closely spaced as in the present study, i.e, 

of flow ceU aspect ratio S/H-O. 5, the profiles of local heat transfer 

provide no :i.ndication of flow and heat transfer conditions along the 
< , 

impingement surfac'e. In the presence of surface motion these profiles 

become simply the nonsyrnrnetrical equivalents of the profiles shown on 

Fig,' 6.1. Thus in this part of the study the local heat transfer 

profiles simply provide the basis of determining the aspect of prime 

interest, average heat transfer, by means of the Integration procedure 

described .. earlier. 

The average h~~f transfer results with throughflow. again expressed as 

-, 

.' 
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Table 6.5. Operating conditions and results for mUlt1:ple jet heat 

transfer at a lJloving surface with through~~ow 

,~~ 
, . 

,{ ........ JJ(.~ ('~~ .. 
Rej Mvs Mus Tj Til -Tj Nu~ Nu 

;, 

10350 0'.038 0.0 36,9 22.3 57 51. 5 
. ·1'()350 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 _ci"" 

9940 0.054 0.0050 33.0 17.6 55 51.1 
9920 ;0052 0.0138 33.4 18.5 68 60.0 
986,0 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 

1 10320 0.188 0.0217 36.4 24.1 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 l 

10140 0.228 0.0116 31.0 17.5 60 54.3 
;; 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 
10570 6.296 0.0 34.9 21. 5 48 43.2 
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 él 35.8 23.6 66 62.1 

'1e. 

R? 
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'" Stanton num'Î)er, are differenced at each of the 8 levels of Mv. used~ in '. . 
order to obtain the average Stanton number enhancement, â'St, due to 

throu~hflow at the moving impinge~ent surface. These results, displayed 

on Fig. 6.7, show that for multiple jets the linear relation b~t~een 
~'i •• • ,{' 

6'St. and Mu. found 
. ., 

for operation 'without surface iIlotion effects applies 

also for impi~gement ~urfaces' moving at speeds up to that corresponding 

to Mv ll -O.38. Thus the proportionality factor, .â'St/Mull • is shown to be 

independent of MV
II 

• 1 

(Fig. 6.7) as well as of Rej (Fig. 6.4) • Hence a 

single equation, Eq. 6.2, correlates all the experimental data for 

enhancement of cortvective heat tr&tlsfer by throughflow independent of 

Rej and Mv s' in th~ range of variables 8200<Re j <25800. O. 038<Mv, <0.38 

and O<Mu. <0.022. Although the data on which Eq. 6.2 ls based were 

deterrnined for multiple jets, at H/w-5, it was noted in Section 6.3 that 

Eq. 6.2 a1so applies for the single jet'of Chapter 5' ~at H/w-2.5 and 

for Saad's single jet data at H/w-8. 

As throughflow provides a linearly additive effect on convective 

heat transfer, the com~rehensive relation 

NU - f(Re j , Mv., Mu., Pr) 

for average Nussel t nurnber due to multiple jets at H/w-5, S/H-O. 5 

impinging on a moving heat transfer surface where there is throughflow 

may be given as 

]'ru - 0;0938 Re~·670(I+Mv.)-0.611 + 0.16 Rej Pr Mu. (6.5) 

valid for 820O<Re j <25800, D<Mv.<0.38 and O<Mu.<0.0235. ~ The excellent 

agreement between the experiments with throughflow at a high speed 

impingement surface and ,Nusselt number calculated ~m Eq. '6: 5 at 

l)Mvs -0.3 is disp1ayed in Fig. 6.8. 

The effect of throughf.low on convective heat transfer, has' now been 

j 
..... 1 

'; . 

\ 

\ 
. ' 



--,y 
Y' 

'/ 

~ 

.. ' 

~ /~ 
r.-;:J/'/ 

-,.---_...-' . 

c' 

. ' 

<\, 

,/ 

lm 
<l 

• o 
Z 

c 
2°·004 
'0 
+' 
CIl 
mO•ŒO 
Cl 
a 
L 
m 
> a:O.OO2 
\t-
a 

FIGURE 6,7. 

cr 

.'. . 1 .~ ~_ •. " -'1 
. ' 

--~ . 

• 

MYe 
$ ---~-.,.. 

o 0.038 
A 0.063 
o 0.100-
• 0.190 
+ 0.230 
~ 0.2QO 
II. '0.380 

'. Eq. 6.2 ~ ::--- -
i}--

"" A 

~/-

.~:-;/ 
-.7o/~; .. 

''1'; 

O.(JJ) 0.005 0.010 0.015 0.020 0.026 
Throughftow Parameter. Mus 

\ 

Effect Of throughflow on enhancement of average Stanton Qumber 
at a moving impingernent surface 

"~ 

1 

~=-~-

.,:. 
;-.:" 

~ 

( j 

~ ~:. , . 
'",\ 

..... 
....j. 
m 

\ 
'< 

't- . -
- "" . • 
~ 

c-

t. ~ .. " .. ;--::, 



o~ 

... 

.1 
... 

-.:: 

li 

.... 

;. 

" . 
,.. 

\ 

"'. 

'" 
", 

'" 100 

12 o Experimentai -
Rai -10200 

- Eq. 8.5 . Mv - 0.3 . 80 e 
L. 
m 

~ 1 ." ~ ., 
Z 00 
-tJ 

ID m 
~ 

Z t;.,-

m 
Dl 
0 

20 L. 
ID 
> ~ 

CI: 

8.00 
.. , - 0.01 o.œ e 0.00 

'. Throughf 1 OW Parame ter • Mu . e 
, . 

FIGURE 6.8. Effect of throughflow on average Nusselt number at a 
moving impingement surface: Correlation and experiments 

~ 

" 

'. 

1-' 
-....J 
-....J 

~ 

~ 

.; 

.>--~I 

7~. ,fi 
".~..o..'" 

, ' . 
.i :: 

-J..L!" , 

I,)~ 

<;l 

" , 
~~;; 

~; 

t"..." , 
..... ~ 
~~J 

)·11 

" \.i; 
-"~ .) 

1 . ~ 
... ~ ~'I; . '~ 
:~; " . 

t --~ 

~~ 
,j 
. ~it· . , ~ 
c'" 

-. 



' ..... 

, .­. 

. , . 

178 

documeoted for single and for multiple confined jets impinging on heat 

transfer ~urfaces moving at speéds from near stationary up to quite 

high velocities. In a11 case!t throughflow is found to provide a 

linearly additive enhancement of convective heat transfer, with the 

amount of enhancement being u~form over the entire -impingement surface 

'from the stagnation point out. The amount of the throughflow 

enhancement, expressed Most appropriately in terms of Stanton number, 

1s found to :vary directly with the throughflow parameter Mus' The 

propor·tionallty. Ast/Mus ' is found ~o be independent not only of jet 

Reynolds number,' Rej' but also of Mvs ' the parameter which describes 

impingement surface speed. Mdreover the proportionality factor, 

. 
ô5t/Mull , is found to be 0.16 for closely spacea multiple jets at H/w-5, 

S/H-O.5, while for single jets the 'proportionality of 0.175 found in 

the present study ~t H/w-2 5 appHês al 50 for the low throughflow rate 

results of Saad[1981] at H/w-8. These findings indicate that the 

enhancement of average convective heat transfer by throughflow for a11 

confined impin.r;ing jets, from single jets to closely spaced multiple 

jets, can be adequately expressed ~ 

ô'St - O. 17 Mus 

at ~ spacings from 2.5' to 8 in the Rej :-ange of 

(6.6) 

8000- 58000 and with 

impingement surfaces that can be either stationary or moving under the 

. Jets at high speed, up to Mvs-O. 38. 

In the absence of such information previously the proj ection of 

convective heat transfer rates for combined impingement and throughflow 

d~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 

, 'j 
1 

• 
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, [1979] and Randall[1984]). As shown in this study, when Mv.'valu~s are 

in the 

effect. 

range attained in paper machines' this is not a neg1igible 

For example a 'reduct~ of 17% in impingement heat transfer is .., 
found at Mv.-O. 3, a value app1:1;.cable to Yankee dryer. 

Moreover, the Crotogino and Allenger [1979] mOdil of combined 

impingement and through drying assumes that, with part of the jet flow 

wi thdrawn as throughflow, the rate of convective heat transfer by the 
~ 

multiple confined impinging jets wou1d decrease linear1y with the 

fraction of jet flow which becomes throughflow, Fig. 6.9. A comparison 

of this assumption with the experlmenta1 data now avallable may he made 

for the present multiple jet system with Mu.-O. 0235, for which the 

fraction of jet flow removed as throughflow, Q., Is 12%. The linear 
. 

proportionality assumption of· Crotogino and Allenger, which implies the 

temperature of the exhaust is independent of Q., indicates that the 

average convective heat. transfer rate by Impingement would be red~ced 

by 12% relative to the case of no throughflow. The present study 

establ1shes that in fact the trend is just the opposite, and that with-

drawal of 12% of the jet flow as throughf1ow would actually enhance 

average convective impingement hea~ transfer by from 53% to 76% in the 

Rej range tested. Thus relative to the pr-esent finding on the effect 

of throughflow on convective impingement heat transfer, -Crotogino an4-. 

Allenger' s model underestlmates the impingement heat transfer contribu-. . 
tion to drying by 65% to 88% for this range of jet Reynolds number. 

In another model of combined implngement and throughflow drying of 
~ -

paper, Randall [1984 J assumes that impingement and throughf10w transport 

phenomena take place in sequence, 1. e. first impinging air Is giving up 

its heat to paper then throughflow air. This model predict-s neither 
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reduction nor enhancement of impingement heat transfer rat't~ by 

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\ underestlmates the .. 
impingement heat transfer contribution to drying by 53% to 76% in the 

Rej range tested, Fig. 6.9. 

6.5 CONCLUSIONS 

lndustrial hea'l: transfer applications of impinging' jE:ts typically 

involve systems of multiple jets, and these are usually housed under a 

confi,nement hood for containment of the spent flow to obtain good 1 

thermal efficiency. Moreover, in important' commercial processes the 

impingement surface moves at relativelyt high speeds under the array of 

multiple jets. Onlya few investigations of multiple jet,heat traftsfer 

to s tationary impingement surfaces have been reported. The 

significance of several of these studies is limited either by the use 

of unconfined jets, for which entrainment effects on the heat transfer 

are not easily identifiable, or by the use of an exhaust flow 

arrangt:'!ment producing crossflow of thet spent air under the jets, which' 

is strongly deleterious to heat transfer. The present s.tudy was 

carried out to avoid these shortcomings which make the results of 

several earlier i~vestigations of limited industrial significance. 

In the most extensive previous ~tudy~f confined multiple slot jet 

heat transfer on stationary impingement surfa'ce~d[i981] obtained a 
, 

correlation with which he pr'edicted that with such a system, des~-gned 

to avoid crossflow of the sp_~nt flow,- the value of average Nusselt" 

number would pass through a· maximwn for a nozzle- to- i.mpinge~ent 

'" . • 
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surface spacing, H/w, of 5, and for a nozzle centerline-to-exhaust 

centerline spacing, S/H, of 0 5 Sa~d's experimental measurements did 

not however inchrde this cornbination of geornetrical parameters The 

present study, the first to provide a direct experimental measurement 
, 

for the H/w-5, S/~-O 5 conditIon, documents NU over a wide range of jet 

Reynards number, 8200<Re
J

<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~creased by a factor of l 5 to 2 with increasing speed of an 

impIngement surface Fechner[1971] and Haslar and Krizek [1984] 

reported sorne inc rease in convective mass transfer rates with 

increasing speed of an impingement surface under' multiple slot jets 

Baines and Keffer[ 1979] found no effect of surtace motion on average 

wall shear stress under 
-' 

/ 

that Nusselt number decreases 

jet. Van Heiningen[ 1982] found 

increasing speed of the heat 

transfer surface moving under a single con' ed slot jet. The present , 
"--> 1> 

study, carried out in such a way as to avoid factors which contribute 

uncertaini ty to sorne of the aarlier 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 

indus,trially important case of confined multiple impinging slot jets. 

This effect is not negligible for the range of surface motion 

, . 
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For example, for the conditions of 

one important indus trial 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 transfe:r; 

coefficients of a multiple impinging jet system by a substantial 

amount, 17% 

The effect of throughflow on convective heat transfer for jet 

systems impinging on moving surfaces has previo~sly 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 t~me Tlle effect of surface throughflow on 

impingement heat transfer is shown to be linearly additive for the 

confined multiple jet system of closely spaced jets, SjH-O.S, H/w-S, as 

was established in the earlier part of this study for a single jet at 

Hjw-2.5 for heat transfer widths up to S/H-6. 4 The fact that tSE 

relates, ta Mus with nearly the same proportionality constant for 

multiple jets and a single jet indicates a conclusion of considerable 

s~ope, namely, that this constant, 0 17, appears to be applicable over 

a much broader range of parameters than was tested in the present 

investigation 

Wi th 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[l979] and Randa11[l984], of a 

combined irnpingernent and throughf1ow dryer were reexamined. Both 

modeh neglect the effect of surface motion which i,s shown to decrease 

impingement heat transfer by 17% at Mvs -O.3, a value comparable to that 
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of Yankee dryer. 

Crotogino and Allenger [1979] assumes, that impingement heat transfer 

decreases linearly wi th increasing Qs' 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 fi.est mo'del underestimates impingement heat transfer 

rate by 65% to 88% and the second model by 53% to 76%, indeed very 

substantial amounts, in the Rej range tested 

A comprehensive analytical correlation, Eq 6 5, has been obtained 

with which average convective heat transfer rate may be predicted for 

the range of parameters 8200<Re j <25800, O<Mus<O 0235 and 0.019<Mva <O 38 

for a multiple jer: system with H/w-5 and S/H-0.5. In this expression 

the proportionality constant for the effect of throughflow, 0 17, and 

- 0 7 ) the (l+Mvs ) factor for the effect of surface motion are applicable 

in a much wider Rej' 'H/w and S/H range iÏ e , 8200-58000, 2 5-8 and 0.5, 

6 4 respectively. 

c· 
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CHAPTER 7 

NUMERICAL STUDY OF TURBULENT SLOT JETS IMPINGING ON A SURFACE 

WITH THROUGHFI1)Y , 

7.1 INTRODUCTION 

De-sign of an impinging j et system for a given thermal applIcation 

requires specification of a rather large number of geometric and flow 

parameters e. g. j et type (round/slot), j et configuration, nozzle- to-

impingement surface spacing, nozzle-to-nozzle spacing, jet ~eynolds 

number Depending on the application there may be additional important 

effects such as surface motion, nozzle design, mass transfer at the 

irnpingernent surface, induced or imposed cross flow, large tempe rature 

differences between the j et and the impingement surface. With this 

irnpressive 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 numerical studies, Polat et al. [1988] . 

This is not so with predictions for the more, difficult case of turbu­
/' 

lent impinging jets Iterative solution of the exact transport equa-

tions for turbulent flows i5 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 necessary 
\ 

alternative of using a turbulencè model to prediet the turbuience 

'.-
quanti ::ie~ that appear in the time - averaged .transport equations for 

turbulent f10ws. As for turbulence models, aIl have shortcomings. 
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For the compleJ\. f10w structure under impinging jets. the earlier 

" 

use of one-equation models of turbul~nce has been replaced by higher 

order turbulence models which solve transport equations for various 

turbulence quantities, i e. turbulent kinetic energy, turbulent kinetic 

en~gy dissipation or individual Reynolds stresses 
\ 

Table 2.3 summa-

rizes numerical studies on plane and axisymmetric impinging ·jets. AlI 

recent work uses the high Reynolds number version of the k-( turbulence 

model except for Agarwal and Bower [1982 J, who used the corresponding 

low-Re version to predict flow characteristics of a eompressible 

impinging jet. As flow in the impingement region is pressure driven, 

mean flow characteristies are generally predicted well regardless of 

the turbulence model. By cotltrast, f~ heat and mass transfer rates 

under impinging jets, an aspect of great engineering interest, there is 
., 

great variation between results of various studies as weIl as between 

predictions and experimental measurements. A eontributing factor is 

that a separate model must be'used to treat the near-wall boundary when 

a high-Re turbulence model is employed. Discrepaneies may .drive from 

either the turbulence model or the near-wall model. Comparison of 

results is hindered by the variety of specifications of condltions at , 
~ , . 

the several boundaries. Finally, there remain the sources of error 

related to the particular ~umerieal solution technique used . 

Van de Meer [19~7] now suggests that the assumptions to model the 

turbulence generation term in the k equation are not valid in an 

impingement region, hence k- c type models should not be used for 

impi~gement flows. He proposed an anisotropie model 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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. 
c, and the anisotropy term, is calculated by solving an 

additional equation for this term. Hdwever this model did ~ot improve 

the heat transf~r distribution under an impinging jet relative to that 

predicted with conventional k-c models. 

A test by Looney and Wals~[l982] of the algebraic stress models of 

Rodi[l972] and Ljuboja and Rodi[l979) indicated that predicted heat 

transfer in the impingement region 'was infèrior to that, with t~ k- E: 

model. A more complex turbulence model thus does not ne'cessarily 

improve predictions. The k-E: model retains a reasonable combination of 

economy and accuracy even for the complex configuration of impingement 

flow, 

For single and multiple confined turbulent plane jets, the present 

study predicts heat transfer rates along the impingement surface by 

solution of the two-dimensional Navier-Stokes, energy and turbulence 

model equati,ons using an upwind fini te difference scheme. The turbu-

lence model used was the high-Re version of the k-E: model. Of various 

l , 
near-wall ~odels tested, a modified version of the two-layer model of 

Chieng and Laundèr[1980] g~ve the best overall ,agreement between 

predictions and experimental data at low values of nozzle-to- surface 

spacing, H/w, where prediction is most difficult. 

The mathematical formulation, boundary conditions, grid layout, 

grid independency tests, and numerical scheme are outlined prior to 

presentation of results for single and multiple jet cases. 

7.2 MATHEMATICAL FOftMULATION OF' THE PROBLEM 

A general form for the governing equations including the equation 

of continuity i5: 

" 

.. 
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a(pu~) + a(p~) = 
ax 8y, 

8 a~ .Ê- 8~ 
8x (r~ 8x ) + 8y (r~ 8y ) + S~ (7.1) 

where ~ re'presents the variables u, v, h, k ltnd t:. 1r~ is the transfer 

coefficient associated with ~, and S~ the co::-~p!:ponding source term. 

In order to e~press the governing equation of a particu1ar variable in 

the above generalized form, the terms other th an those in the forro of 

"convection" and "diffusion" terms are collected in the source term, 

S~. The terms r~ and S~ are shown in Table 7.1. - As turbulent 

viscosity, P.T' is determined by flow conditions, it must be modeled in 

terms of measurable flow quantltles. This Is done using the two equa-

tion k-( turbulence model of Jones and Launder[1973]. 

In the k-( model P.T Is related to the turbulence terms K and ( as 

(7.2) 

The transport equations for turbulent kinetic energy, k, and i'ts 

'diss ipation rate, l:, are summarized in Table 7.1. 

7.2.1 Boundary Conditions 

The two flow configurations, Figs. 7.1 and 7,2, are: 

(1) a single <;c:>nfined plane turbulent jet impinging normally on a 

stationary surface and exhausting symmetrically in the direction normal 

to the plane of ~ne jet, .and 

(2) a j~t in an array of multiple confi:ned impinging slot jets, 

. with exhaust ports 1fl the confinement surface and located symmetrically 

between adjacent jets. 
, 

The boundary conditions are as follows~ 
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Equation f 

..... 
Continuity 1 

x-momentum u 

y-momentum v 

Energy h 

Turbulent ·k 
Energy 

Turbulence 
Ene~gy 

t; 

Dissipation 

where 

C,,=O.09 

Table 7.1 Summary of equations solv~ 

r~ S~ 

A, 

0 0 

JJL + /Jr Q.Q a ( au) a ( av ) 
ax + ax (JJL+ JJr?ax + ay (/JL+ JJT)ax 

/JL + /Jr ~+a 
ay ax 

( au ) 8 ( av -) 
(JJL+ JJr)ay + ay (/JL+ JJr)ay 

JJL JJT 
0 + 

UL ur 

JJL 
/J +-L Ut G - pt; 

JJL ~ ~2 JJ +- Cl kG ... C2 ~ L Ut; 

, 
G _ f ( au + av )2 + 2 (ÔU)2+ (ÔV)2l \ 

JJT \ ay ax 8x ay J_f 

C1=1.43 ; C2=1.92 ;-ot=1.0 ; 0t=1.3 ~ 0T=0.9 
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FIGURE 7.1. Flow configuration for a single impinging jet 
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Nozz1e exit: 

~niform profiles fpr the jet at the' nozzle exit are specified 'for 

r 
both veloclty, uj" and nondime,nsional" ,~emperature, hj =1. , The boundary 

conditions for v, k, and ( are: 

v j = O· kj :: 1
2 2 l:j = CI' kj'2j(O.03 ~ ) , j ,uj , 

c' 

Symmetry Axes: 

8u 8k al: ah 
0 v = - = -8y = 

8y 8y 8y 

At the I~ingement and Confinement Surfaces:' 

The high-Re version of the k-( model of turbulence impl~es 

negligible effect of visçosity on the energy containing motions. and 

negligible effect of the mean strain field on ~he dissipative' ones. 

While these assumptions are valid in mo~t of the flow domain, in the 
1 

immediate vicinity of the itnpingement and confinement surfaces direct 

vis'cous effects are influential due to the no-slip condition. Thfs 

very thin viscosity-affeate~ flow region near the wall must be handled . 

separately 4~e to the requirements of the turbulence model used. Hence' 

the actual boundary e'onditions f~r the variables are specified at the 

nodes closest to the wall. 
~ 

Various near-wall models were tested, both those categorized as one-

layer (Mod,els i and 21 and two-layer (Models 3, an~ 4). Olle-layer 

models assume uniform shear stress' and ~urbu~ent kinetic ~ner~ , , 

distributions near thè wall. 

kinetic energy varies in a 
" 

Two-1~yer models' assume that turbulen:: 

" parabèli~ manner 
• 

lJithin the viscous 

sublaye .. , then increa'ses linearly with distance. 
., ' 

In two-layer models 

, the turbulent shear stress, zero within the viscous sublayer,.undergoes 

> ' , 

~, 
) . , . 

, 
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an abrupt increase at the edge of the sub1ayer and varies 1inearly over 

the remainder of the cell. The model equations are summarized in Table 

7.2, with detailed derivations in Appendix 3. When there i5 

throughflow at the rmpingement surface, the bilogarithmic expression 

used to predict the shear stress at the wall is: 

T ~'"}PV k'" / ('n(Ex+) 
ua 

tn 2 (x+)) (7 3) 
4ICC 1/ "k1 /2 W IJ P P 

jJ P 
where 

C l/4 p x k 1 / 2 

x+ }J P P 
E 9 0.4 K. =: 

IJL 

The following condi tions were specified at the confinement and 

impingement surfaces, respectively: 

u =: 0 or ua; V ~ 0 ; hcon ::: 1 h imp ::: 0; k::: 1: ::: 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 van 

Heiningen[1982], Huang et al. [1982], Looney and Walsh[1984] and Polat 
~ 

et al.[1985] used Model 2. Amano and Sugiyama[1985] trièd various near-

wall models, including Models 2 and" 3, and a near-wall model they 

deve10ped in which the generation and dissipation terms for e are 

calculated by integrating appropriate equations in the viscous sublayer 

and turbulent layer. They found the latter model superior to Model 3 

where 1: is calculated at near-wa1l grid nodes assuming equilibrium 

between k and 1:. 

Outflow: 

Single impinging jet: 

u = av = Bk Be = ah =: 0 
8y ~y ~ 1Y 8y 

outflow- boundary ~ridi tions , To apply these it had previously been 
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Table 7.2 Summary of equations of near-wall models t 

k equation: Madel 1 
G~neration; G ::: 1',. v e I:J.Yns P,,, 

k equation: Model 2 
Generation; 

G,., ::: 2 1',. 
r," 

(u - u ) Â~_ + 1',. v e Ay 
n s We ns 

+ ~T ( (~; 1~)2+ 2 ( (~ 1 ) 2 + (I:J.V 1 ):2 ) ) ÂX-_ 
ÂX P l:J.y P -Ve 

k equation: Common to Models 1 and 2 
Dissipatj.on; C p2 k~ ve 

(pc)p,,. ::: If I:J.Yns 
"" av where 1',. ::: J.4T -ax 

i 

Models 3 and 4 k equation: Common to 
Genera-tion; 

where 
" = "! (au + av )', 11.5 V 

CAi4~/2 

2a{kê/2_~/2) +'b} p ~e I:J.Yns 

kp - kE 
; a ::: kp - x

p 
_ xE xp lof r- ay ax Xv = 

and where l if 

b:::l.if 

MOdel 3 

Madel l, 2 and 4 

c-equation: 

Ener~y equation: 

-ct,. 
St ::: 

(hp-hw)pvp 

a>0 

a-O 

a<O 

'(kê 12 -

<4 /2 
-

o 
2(_a)3/2 

Cl/4 kl/2j ( 
E" C~l4p xp 

'T ::: .. K. ~ pVp v Ln 

'T .. ::: K. 

E 
cl14 kl/2! L ( 
~ pVp P n 

Common to al1 models 
C

3/4 k 312 

t: ::: If P 
P K. xp 

J.'L 

1/4 
CJ.' P X p 

J.'L 

k l/2 
V 

) 

k
l/2 
P 

) 

l' (pv2 

= a
T 
[1+P(~.,/P;p>1/2] ; P:::9[(aL!or)- l](oL!aT)-l/4 

\ ' 

--, 
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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 
• 

this boundary, the heat transfer distribution at the impingement 

. -- surface does not change appreciably provided that 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 

Bk ae ah v=-=-=-=o 
8x ax Bx 

and u - uout ' a uniform velocity calculated from the overall mass 

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 to achieve efficiency in terms of computational time 

as weIl as accu~acy in regions of steep and 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 syffimetry line to 

the nozzle corner a uniform grid spacing is used 50 that the nozzle 

wa1l coincides with a control volume boundary. Downstream of the 

nozzle, an expanding y-direction grid 1ayout (factor 1.05-1.1) was 

adopted. In the x-direction, Le., fr~m confinement to impingement 

\ 
\ 

-'- \~ 
~ 

~~~~~ ... -;"f_., ... .;o ,..,":,",: 
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surface, the grid layout is uniforrn. 

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 

resul ts. ,.. 

1 High aspect ratio meshes (as high as 35) in the wall jet region 

did not create computational difficulties and did not affect the 

. accuracy of predicted Nu distributions. 

2 The nondimensional distance, x+, from the impingement surface 

to the first grid line is an important param~ter. As a high Reynolds 

number turbulence model is used, the first grid line must be 

sufficiently far from the wall to be within the fully turbulent regime, 

while the intermediatè 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 Nusselt 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. t Centerline ----... ;:.,.....-, ' 

velocity decay and surface pressure profiles are less dependent on this 

near-wall grid spacing. ~ 
. 

3. Grids located in the jet nozzle parallel to the ~enterline must 

be quite dense, at least 5 grid lines in t!.e half jet nozzle width,. to 

achieve grid independent results. 
,. 

4. At the highest value of jet Reynolds number tested, .Re j -44300, 

decre~sing the total number of grid nodes from 1000 (25x40) to 600 

(20x30) caused a maximum difference of only 3% in local Nusselt number. 

/ 
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7.2.4 Finite Difference Solution 
i 

d 
Of the two f common alternatives for solution of finite differ'ence 

equations. the upwind and hybrid schemes. the former yields better 

computational ecorl>my and stabili ty, faster convergence A nurnerical 

error, "false diffusion", may however occur at locations of the solu-

tion domain where the strearolines are not perpendicular to the grid 

lines As the error due to false di ffusion is then max'imwn 10r 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 upwind schemes were therefore empIoyed to solve an 

identical single impinging jet case As the difference between the two 

Nusselt nu.rnber 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 ri!te considerably Patankar [1980 J states that 

faise diffusion roay not be a problem if sufficiently small grid size is 

used and if the actual diffus ion terro is much larger than the false 

diffusion term In the stagnation region small g\""id meshes were used 

ta 8ccomodate the steep velocity gradients Moreover, turbuItmt 

diffusion coefficients are at least one order of magnitude higher th an 

the larninar coeffic ients Thus in this case various factors probably 

contribute to making the false diffus ion error negl igible. Numerical 

procedure detalls are given in Appendix 3. 

7.3 EFFECT OF NEAR-WÙL MODELLING ON NUSSELT NUMBER 

In Fig 7.3 the distributions of local Nu for ReJ ==30000 and 

H/w-2 6, predicted using the four near-wall models listed in Table 7 2, 
1 
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l 
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In these runs the number of grid nodes was 15(uniform)x 25(1.05), and 

the nozzle exit turbulence intensity, 1% 

Models land 2 differ only as to the calculation of Gp ,Model l 
,w 

makes the Couette flow assumption, Model 2 retains a11 the ve10city 

gradients in the G term. As expected, gradients other th an 8v/8x are 

important only in the stagnation region where the flow turns sharply 

and acce lerates along the impingement surface The large underpredic-

tion of Nu in the stagnation region indicates the inadequacy of the 

Couette flow assumption for G (Mode l 1) The profiles predicted by 

Models 1 and 2 become coincident beyond -3w from the nozzle center1ine, 

but neither mode1 gives predicted heat transfe,r close to that measured 

experimentally until beyond the location of the off-stagnation maxim1..Oll, 

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 Madel 4 closely follows the 

experimentally measured profile, with bath the off-stagnation minimum 

and maximum values of Nu prédicted at about the correcJ locations and 

about the correct values of Nusselt number. Beyond the off-stagnation 

minimum st about y Iw-3, Model 3 predicts ve,ry low values of Nu, as low 

as 1/3 the experimental value. This model, used by Amano [19BO) for 

flow predic tians for a c ircular 4.mpinging jet, deri ves from a bas ic 

concept firs t suggested by Chieng and Launder [1980) . As comparisons . 
indicate that such ~rnéan 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 I\ot sufficient- -to 

. establish the validity of this model. 

.,.."" 
The present study shows that the predicted Nu number and shear 

stress profiles near the surface are, by contrast, very sensitive to 

the near-wall lmodel used (Figs. 7.3 and 7.4), and establish that Model 

3 Is not reliable for heat transfer prediction. Nusselt number 

calculation involves vp and T w via the Stanton m"unber re1ationship, 

Table 7.2. As the development of maximum veloci ty parallel to the 

impingement surface. is not affected appreciably by the near-wall model 

used, T w is clearly respons ib le for the variation between the Nu 

profiles wi th Models 3 and 4. The only difference is that for 

calculation of Tif' Model 3 uses kv Model 4 uses kp' Use of kv leads to 

large errors in both Tif and Nu. Clearly kp i5 the correct choice. The 

similar T w ,and therefore Nu profiles predicted by these two models in 

.the stagnation region can be explained by the domi~atLng effect of the 

unmodelled term 2~T(~~ 1 )2+ (~I )2) in the generation·term of the 
p y p 

k- equation. The k and l<v 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 and 

dissipation rates near the surface, Figs. 7.6 and 7.7, due partly to 

the Tif definition' in these models. In Model 2 T" is proportional to 

(av/ax) , in Model 4 Tif ~s proportion~l to (8vj8x+8u/8y). Corresponding-

ly, in Mode l 2 auj 8y appears in the Gp expression as an extra terDJ. 
." 

Another important difference is that in Model .2 t\lrbulence generation 

occurs throughout the near-wall cell whereas in Model 4, more 
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realistically,' there is no turbulence generation in the visC'ous 

sublaYer. 

The (P()P .... term is calculated in Model 2 using the PT expression 

given in Eq. 7.2. This expression with a constant CJ.I is valid only 

for high Reynolds number flows. Al though i t can be modified for a 

near-wall flow by making Cp tl function of the local turbulence 

~eynolds numbel;' , as in the law-Re version of the k- € model, this 

practice i5 not followed here. Model 2 also assumes kp as an average k 

in the whole near-tAUI cell. perhaps overestimating -it. - Assumption of 

Cp and kp both constant. in the near-wall cell is probably the primary 

reason why, the values of predicted (P()p by Model 2 are much greater 
,If 

than by Model 4. The results of the runs perf0rIl!ed using Mode l 2 as 

the near-w'all model have been reported earlier by Polat. Mujumdar and 

Douglas [1985] : 

Complete isotropy of flow assumed by the turbulence model fails in 

the stagnation region. i . e y<3w. resulting in large differences 

J 
between predicted and experimental Nu values. Moreover. very near the, 

stagnation point the predicted Nu profiles decay faster due to the 

choice of sepan~te modelling of near-wall flow. The value defined as , 

stagnation point Nu number is actually C'omputed at the grl.d node next 

-'Ii. to the true stagnation point, hence its value 15 very sensitive to the 

loca tion of this no de because .,. w and v P both approach zero as the true 

stagnation point is approttched. 

In summary. the choice of a near-wall mo.del for distributions of 

shear stress and turbulent kine tic energy is shown to be of extreme 

importance. The choice of alternate. and apparently reasonable models 

resul ts in large differences in the predicted distributions of local Nu 
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and wall shear stress. Of four models tested, that identified as Model . -
4 in Table 7.2, gives', thé best overall agreement with experimental 

resu1tl? The predict~ons obtained are sufficiently good that this model 

can be accepted for prediction of impingement he·at transfer 

characteristics in the present investigation. 

7 .4 RESULTS AND DISCUSSION 

7.4.1 Single Jet Heat Transfer without Throughf1ow 

Table 7.3 summarizes parameter values for runs performed using -
Mode1 4 as the near-wall mode1 for shear stress and kinetic energy 

distribution. 

Table 7.3 Parameter values for single jet simulations without 
throughf1ow at the impingement surface 

Run no H/w Rej Ij x100 NX NY Ymax/w 

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) Predi"€tion of Pressure and Velocity 

Predicted normalized profiles ,of statie pressure at the impingement 

surface are compared with experimental measurementa for close nozzle-

to- surface spacings, H/w, on Fig. 7 .8a and ;01' an intermediate spacing, 

on Fig. 7. 8b. The only measurements for a confined impinging slot jet 
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are those of Saad(198l). Cadek' s [1968] nozz1es were only partially 

confined. and a11 other studies. used unconfined jets. Confined and 

unconfined impinging jets show qui te different s.tatic 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, 1. e. atmospheric 1 but by j. 

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 

pressure at the outlet of the confinement system. Comparison of static 

pressure dis tributions be tween confined and uncol1fined j ets ... _for small 

values of H/w must reco~nize this basic difference. The reference 

value in computations of pressure was that at the central grid node of 

the nozzle. In Fig. 7.8a and 7 Sb the refere.nce pressure for llP and 

llPo 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 .ôPo ' stagnation 'pressure. 

Fig. 7. Sa displays the excellent agreement in normalized pressure 

profiles, between that predicted at' H/w-2. 5 and the experimental 

profile of Gardon and Akfirat (1965] at H/w-2. At H/w-8 the agreement 

between the predicted f:,P/I1P 0 profile and the several experimental 

profil~s at H/~8, Fig 7. 8b, is within. experimental error. The , 
boundary conditions of the experiments of Saad and Cadek are closest to 

those used in the prèdictions, i. ~. comple~ely or partia11y confined 

... 
jets, and the flat nozzle exit velocity profile produced by their 
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nozzles (ASME, elliptically conto~ed entry) , yet agreement with their 

pressure profiles is riot particularly good. The pressure profiles of 

Cadek st H/w of 2 and 4, 'so close as' ta be indlstinguishable, are lower 

th an the predicted profile at H/w-2. 5, Fig. 7. Sa, but the profiles of 

Saad and Cadek are higher than that predicted at H/w-S: Fig. 7. Sb. The 

predic ted location of zero é,P when H/w-8 shows ~xcellent agreement with 
;t 

the position found by Saad, 4w-5w. 

The predicted locus of normalized maximum lateral velocity along 

the impingement surface for spacings, HI"", of 2 and S 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 ta kinetic energy as the flow accelerates paralle;l to 

the impingement surface and static pressure drops correspondingly. 

When an impingement surface is loca ted at a pos i tion corresponding to 

the potential core of a free jet, as for example wi th H/w-2, this 

process leads. to a maximum value of unit y for the v/u j ratio at the end 

of the stagnation region, i e complete conversion from u j ta Po and 

back ta maximum v. As an impingement surface at H/w-8 is outside the 

potential core region, the v/uj -1 condition is never reached. The 

predicted and experimental profiles of u/uj ' Fig. 7.9, agree ,weIl up 

ta the peak values, beyond uhich t:hey 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 gradient with an unconfined jet is always zero but with fi 

confined jet is positive in the pressure recovery region. This 

difference in pressure gradient causes a faster decay of lateral 

velocity at the beginning of the wall jet region for a' confined than 

\ 
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f or an unconfined jet, which is the trend apparent on Fig. 7.9 . 

For a nozzle spacing of H/\P-S 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. This process results in a decay of lateral velocity, after 

the peak in v/u j ' which is faster for an unconfined than a confined 

jet. This effect is correctly predicted in the pr~sent study, Fig. 7.9. 

In Fig. 7.10 the development of profiles 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[l968] for a free jet. The 

nozzle ~~y Cadek was the ASME standard elliptical contoured 

entrance nozzle which gives a fIat velocity profile, the nozzle exit 

boundary condi tion used in the present numerical predictions. 

Agreement between pred~cted and experimental results is excellent. The 

agreement at x/w-6 when H/w-8 shows that the eff~ct of the impingement 

surface on mean axial velocity is not transmitted a distÉmce more than 

2w, O.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 O. 25H from the impingernent surface. 

Saad[198l] documented the sarne behaviour for a confined slot jet. In 

terms of ~ength of the potential core, Fig. 7~11 shows that this region 

sprinks from about 6w for H/w-8, to about O. 5w for H/w-2. 5 1 and 
, 

disappears for H/w-I.25. Thus at the H/w-I.25 spacing the presence of 
1 

the impingement surface is felt by the jet immediately after the nozzle 

exit whilé for the h1gher spacings its effect is not felt ~ntil about 
o 

0.25H from the surface. 

, 
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b)' Prediction of Nusse1t Number 

411t. In Fig 7.12 the predicted Nu profiles at nozzle spacings, H/w, of 2 

, -

<r 

and 2.6 are compared with experimental data at comparable Reynolds 

numbers. Only van Heiningen[1982] used confined jé'ts. The variation 

Ibetween experimental studies is greatest in the range 3 <y/w<1 0 , where 

i t 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-S by Kumada et al. [1972], as Nu-24 at 

y/w-8 by Gardon and Akfirat[1966]. 

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, fQr reasons noted 

earlier. The value and location of the off~stagnation minimum Nu, on 

the other hand, is predicte? surprisingly weIl. As for the off-stagna-

tion maximum Nu, its predicted location, about 7w from the nozzle 

centerline, agrees weIl 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. 

In Figs·. 7.13 througH 7.15, the predicted Nu profiles for H/w-2. 5 

and for somewhat higher values of ReJ' 21800-44300, are compared with 

the present experimental results for the identical conditions, and with 

c earlier experimental results for similar conditions. At these higher 

"-

valués of Rej the Nu profiles are predicted qu~te weIl from stagnation 

through the off-stagnation minimum to the secondary maximum, 0s.y/ws.7, 
r 

but beyond the secondary maximum the prediction is consistently high. 

The lower heat transfer rate in th~ wall jet region for the unconfined 

---cooling jet of Cadek is attributed to the lack of a confin~ment 
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surface. The impingeme}lt surface is flat for the predictions but 

c,!lindrica1 for the present e'Xperimental study and that of van 

Heiningen. Curvature of the impingement cy1inder, expressed as the 

ratio of its diameter, De' to nozzle width, w, correspo~d to De/w, 

values of 24 for the present case, 34 for van Heiningen. A wall jet 

spreads faster over a convex than a fIat surface, an effect which 

reduces the para11el ve10city near the, impingement surface. A1though 

heat transfe~ rates in the wall jet region are therefore expected to be 

t ' 
lower over a cylindrical than a fIat, surface, no data exist which 

quanÙfy this reduction as a funct~on~of De /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 1aminar at stagnation to turbù1ent 

at the end ~f the impingement region. The phenomenon of transition i8 

beyond the ability of the present turbulence and near-wall mode1s. The 

predicti.6\ of Nu~selt number in this region is therefore coincidental 

to the near-wall modelling of the turbulent kinetic energy generation 

and dissipation terms . This point is discussed further after 

. examinatlon of the predicted Nu profiles a~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 nozz1e-to- ~ 

surface spacings, 1.25w-2.6w, to spacings in the range 6w-8w, Figs. 

7.16 and 7,17 provide comparisons at nozzle spacings of 6w and 8'11, 

respectively, between predicted and experimental Nu profiles. As no 

claim of accuracy for the Nu prediction~ in the ·~sta.gnation reglon can 

be made, Nu predictions with the present turbulent mode1 are not 

examined in the y<3w reglon. As Rej ls decreased or, as in this series 
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of tests, H/w i5 increased, the off-stagnation features gradually 

disapp(!ar. . 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 yjw-7, the Nu 

prediction is again quite good. Ideally the present predictions should 

be reliable beyond about 7w from stagnation. In the region from about 

7w to 12w from stagnation the predictions show Nu increasing wi th 

distance from stagnation but aIl experimental results decrease. For 

the wall. jet region beyond y/w-lO the results of Cadek and of Gardon 

and Akfirat fa11 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 Jet by entrainment of the 

ambient air surrounding their equlpment. Van Heiningen's results in 

the wall jet region are likewise lower than the model predictions but 

his experiments, although with a fu11y confined jet, were made over a 

cylindrical impingement surface which acts to reduce Nu in the wall jet 

region by an amount which, again, is not known . . 
There is only one investigator. Saad[ 1981], who has used both a 

t 

fu11y conf~ned jet and a fIat impingement surface. It is then highly 

significant that Saad' s experimental measurements 1 Fig. 7.17. agree 

with the results predictions of the present study for the region 

starting at about lOw from stagnation. 

c) Prediction of Turbulence Characteristics 

As prediction of the', Nu distribution °at the surface depends greatly 

on the k distribution, it i5 of interest to examine in Figs. 7.18-7.20 

the lateral profiles of turbulent kinetié energy at various levels 

1 , 1 

.' 
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FIGURE 7.20. Effect of distance from nozzle exit on lateral profiles 
of turbulent kinetic energy: Hjw-8 
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between the impingement s~face and the nozz1e ex1t':confinement 

./ 

surface 1 for each of three nozzle spacings. For each value of H/w 1 the 

lateral k profiles are p~otted at about the sarne x/H location in order 

to compare turbulent kinetic energy development wit)1 increasing nozzle-

to - surface spacing. It should be kept in mind tha\. the correspondi-ng 

values of x in terms of nozzle width, w, are quite different for each 

case. 

High \Telocity gradients under the nozzle edge, y /w-O. 5, generate 

high turbulent kinetic energy. Because of substantial veloci ty 

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 O.5w from stagnation, Le. under nozzle 

wall, the recirculation region extends out to 3. 5w from stagnation for 

H/w-l. 25, out to 14w for H/w-2. 5, while for H/w-8 the lateral extent of 

the recirculation region exceeds the 46", width of the confined system. 

With H/w-8 then, some cinflow occurs near the ~onfinement surface at the 

outf~ow boundary, 46w from stagnation. The coordinates of the eye of 

the recirculation region move from (x-O. 6w~ y-1. 5w) for H/w-l. 25, to 
\ 

(x-l. 2w, y-2 .7w) for H/w-2 .5, and to 1 (\ -4w, ,y-l3w) for H/w-B. 

Similarly the peak of the high k region moves away from the stagnation 

poin.t as H/w increases. As can be s~eran in t ese figures, the closer 

- , 
the spacing bétween the nozzle and impingement surface, the faster the 

diffusion of turbulence kinetic energy. from nozzle wall, 

where it is generated, into the recirculation reg on. 

Looney and Walsh [1984] reported that the tur.oulence characteristics 
. ~ 

of a plane free jet were not predicted weIl' by the standard k-c model. 

They -recommended the algebraic stress model of Rodi[1972] for this type. 
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of flow. In their predictj.on"of i.J.Ilping-ement heat transfer, however., 

they ob~erved that the k- €. model, gave better predictions vith specifi-
/1. 

cation of in1et. conditions from free j et predictions at -O. 55H from the . . 
surface. When the whole flow domain pf an impinging jet' from nozzle 

exit to impingement surface is considered, such as in the present ., 
• study, Nu predictions with this model are' probably less satisfactory at 

highet than lower spacings due to the inability of the k- €. model to 

pred~ct t~:rh~lence characteristics accurate1y in the free jet region. 
,.-

The extent to which convective t~..nsfer rates might be increased by 

increasing turbulence at the nozz1e exit remains an important question 

in impingement heat transfer. 

compares the predicted effect of jet in1et turbulence intensi-ty on Nu 

profiles with the experimental results of Gardon and Akfirat[1965]. 

"-
For H/w<8 they reported that by increasing the turbulènc~ ~eve~ 

artificially at the nozzle exit, the heat transfer was increased, most 

in the stagnation region, but increased s,:bstantially eVen out to' ahout 

8w from the nozzle centerline. Beyond 8w from stagnat~on, Nu u was 

unchanged. A similar observation was made by Saad[ 1981J. who varied 

turbulence intensi ty at the nozz1e exit by varying thé width of slot 

1 
nozzles over the range 2.5mm-13.3mm. 

o 

The predictions of -t-hê- present study show a cùrious nonlinearity, 
J 

in that over the region of ~reatest sensitivity, 4<y/w<9 j Nu 1s 

essentially unaffected by an increase in c nozz1e 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 

stagnption region Gardon and Akfirat' s measurements for the same Hjw 

and Rej show a strong and continuous effect of nozzle exit turbulence 
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leve1 for their values of 2.5, 6 and 18%. In' the present study nt) 

predicted profile cou1d be obtained for 18% 'turbulence because of 

convergence problems. Gardon and Akfirat observed that at 18% nozzle 

-~.,.turbulence the increase in stagnation. region heat transfer was so ~ 
large that the secondary peak completely disappeared. ~v'e~ a~ 6% 

. 
turbulence intensity the heat transfec increase in the stAgnation 

. 
region was ~ufficiently large that only a slight hump remained of the 

secondary peak. The inability of the k-t turbulence model to simulate 

the actual anisotropy o~ turbulence in stagnation f1~ws·. may be t;he 
.. \ . 

reason, why the' present model underpredicts the effec't of inlet 

turbulence on heat transfer. 

7.4.2. Single Jet Heat Transfer with Throughflo~' 

,\e range of parameters for .simulations to predict 

throughflowat the impingement surface is listed-in Table 7.4. 

effect of 

/ 
/ 

/' " 

Table 7.4 Parame ter' values 
throu-ghflow at the 

Run no Rej NX 

6 21800 15 
n 21800 1;5 
12 21800 15 

7 35800 20 
13 35800 20 

8 44300 25 
14 44300 25 
15 44300 25 

for single jet simulations with 
impingement surface. Hjw-2.5, IJ-7%. 

, 
NY -ll.',m/s u./u j 

30 0.0 0.0 o' 

..3~ 0.094 0.OO44( 
30 0.256 0.012 
30 0.0 0.0 
30 0.109 0.0.9 .. 32 
40 0.0 0.0 ' 
40 0.095 0.0023 
40 0.237 0.0058 

/ The nozzle-to- impingement surface spacing. H/w-2.5, and the values 'of 

jet Reynolds number and throughf1ow rates were selected to duplieate 

the conditions of experimental runs p~esented in Chapter 5. The nozzle 

'.,. 

... 
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- exit turbulence Intensity used, 7%, ls wlthin the range below which the 

model ls Insensitive to this parameter, Fig. 7.21. As the simulations, 

were fOl: a constant fluid densi ty the . throughflow parameter, Mus'''' is 

equal to the velocity ratio us/uj • 

Fig. 7.22 disp1ays Nu profiles predicted f6r Rej-44300 with 

throughflow velocity fr0!I' 0 to 0.237~/s (O%<Mus <O.58%). Relative to 

·the no-throughflow profile, application of uniform throughflow predlcts 

a uniform increase in Nu a10ng the impingement surface, e~act1y as 1s 

measured experimentally, Chapter 5. Comparison wi th experimental 

t'esul ts , Fig. 7.23, is therefore made on the basis deve10ped in 

Chapter 5, i. e. as enhancement of avex:age.·- St,anton number due to 

throughflow, relative to the nondimensiona1 measure of 

throughflow, Mu
ll

• Fig. 7.23 sh.)ws profiles of enhancement of average 

~ heat transfer by throughflow, âStjMus ' as a function of the half-width 

of the heat transfer surface, S/w, on eithèr side- of tpe nozzle, 

centerline., The second feature documented by the experimental 

measurements, Chapter 5, ls that the ratio zrnt/Mu, -0.17 5, inde pendent 

• 
of Mus' Rej and S/w. If the predicted results for Ast/Mu. at S/w-8 are 

cross-plotted with respect to Mus, they show the enhancement, ASt/Mus ' . 
increasing with MU

II 
rather than 4independent of throughflow rate. As 

Mus"O, the predicted Zi"S"tjMus approaches the experimentally measured 

val~e, 0.175. Within the range of Mus measured experimentally in 

Chapter 5, Le. O<Mu.<O.002, the predicted enhancemént, ~/Mu., agrees 

within 10% of tha,t measured experimentally, but for Mu. >0 . 002 the mode1 

overpredicts the enhancement in average heat transfer by throughflow. 

This limitation Is not of much importance because ~he range Mu.~O.002 

covers throughflow rates of part:lcular interest for indus trial 

.. 
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application . 

The reason why the predicted values of ~/Mu. increase th Mu. i8 

probably the fixed values of A and B in the bilogarithmic form la used 

to calculate' wall shear stress in the case of with throug flow. 

Al though the values of A and B in Eq. A3. 27 should depend on 

throughflow velocity" " (Black and Sarnecki[1958]), as de tailed i . 
Appen:dix 3 these values were instead taken as the réspective values for 

no - throughflow . The data o'f several studies for boundary layer 

velocity with throughflow are not suf.ficiently consistent to permit 

correlation of A and B in terms of us' One such 'attempt, presented in 

Appendix 3 using the data of Favre et al'. [19661, was not 'mplemented 

due to the limited nature of the experimental data. Until dditiQnal 

studies of the effect of throu~flow on the boundary layer app ar, this 

problem restricts the maximum throughflow rate for which tlle mo 1 May 

be used. 

As the model gives remarkably goôd predictions ~ enhancement. irt 

average heat transfer by throughflowT it is<"of interest to examine the 
" 

preqicted effects of throughfiow on axial veloclty near the im~~ngement 

surface, 'Fig. 7.24, on profiles of lateral veloclty, Fig. 7.25~. and on 

turbulent kinetic energy very close to the impingement surface, Fig. 
~ 

7.26. 

\ 
From a comparison of predicted lateral profiles of axial veloctty 

at positions O.5w (O.2Hf and O.lw (O.04H) fr~m the impingement surface, 

Fig. 7.24, it is seen that at a nozzle-to-surface spac1ng, H/w, of 2.5 

almost no effect of throughflQw is predicted even !lS close as O. 5w from 

the surface. At O.lw from the impingement surface, throughflow " 

incréâses axial velocity by an almost unlform amount everywhere,""i.e .. 

/ • 

\ 

. , 

\ 
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wi th a relative increase which becomes very large by aven 3w from th~ 

nozz1e centerline. As this throughflow velocity, u.-O.237, is so small . -'" 
compared with the nozzle ex~t velocity, u j -42m/s. a plot of çenter1ine 

axial ve1ocity, such as Fig. 7.11, vith and without throughf1ow would 
, 

show n.o apparent effect of throughflow.· For a confined' slot and- an 

unco~fined round jet, respecfively, Saad[1981] and Obot[1981] measured 

the .lateral profiles of the axial velocity at a position 2w (O.2SH) 

. ' . 
from the surface when the impingement surface was spaced 8w from the 

nozzle. Saad's measurements show, that at a unifctrm throughflow 

veloci ty of 0'. 3mjs, axial velocity increased by a constant amount 

everywhere, independently of Rej (11000<Re j <30000). At a jet Reynold~ 

number of 38000 and for a uniform throughflow velocity, u.,lof 0.17Sm/s 

and O. 25m/s, Obot observed the sarne effect. Contrary to the -results of" 

these two experimental studies. predictio~s show no a~pre~ effect· 

of throughflow on axial ve19city at a location O. 2H away f~ the 

impingement surface. 

The Fig. 7.25 comparison of predicted profiles of latéral mean . "'Cf 

velocity across the wall jet, with and without throughflow, indicates, 
../ 

, 

negligible effect out to 3.7w from stagnation. By lOw from stagnation, 

this alnount of throughflow is predicted to decrease the lateral 

ve10city near the ~mpingement surf~ce slightly, by 5%. For Mu.-0.0058 

the cumulative amount of air removed by throughflow by y/w-lO is 12% of 

the jet inflow. The experimental ineasurements of SaadI 1981] ·and Obot 

[1981] indicate that throughf·1ow increases the strearnwise velocity ~ear 

the surface. A similar observation was made by Baines and Keffer[1979} 

for an unconfined slot )et impinging 'at a fixed u./uj value of 0.29'. 
4-

Thus the predicted effect of thtoughflow on wall jet velocity profiles '.,-
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adjacent to the impingement surface is opposite to three experimental 

observations. Limitations of the turbulence model may be a factor. It 

is wéll known that the distance from the impingement surface for the 

~ositions of z~ro shear stress and of maximum wall jet 
~ 

coincide. HOw throughflow affects .this relation~hip 

velocity do not 

i5 unknown. A 

turbulent-viscosity model such as used here cannot predict the correct 

location of the wall jet velocity 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 transhr are estimated 

using wall functions, so detailed features of the near-wall flow cannat 

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 sarne effects as Saad for both axial and streamwise turbulence. In 

Fig. 7.26 the predicted nondimensional turbulent kinetic energy 

profiles along the gr;id Une "pext to the impingement surface, i. e. 

about O.lw from it, are. displayed for the same throughflow rates as 

those of Fig. 7.25. Thus beyond the impingement region the numerical 

model ts found to predict a decrease in near-wall Nelocity, 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 übot . Thus except at quite high throughflow 

• 
rates, Fig. 7.23, the lIlodel predicts about the correct enhancement in 

average heat transfer by throughflow but, paradoxically, the me~hanisms 

by which the .. model does this, Figs. 7.24, 7.25, 7.26, are not 

• 
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consistent with the experimental evidence . 

7.4.3 Multiple Jet Reat Transfer with and without Throughf1ow 

The model was used to predict Qeat transfer for a multiple confined 

j et configuration with exhaust ports located symmetrically between the 

jet nozzles, Fig. 7.2. The width of exhaust ports Is twice that of the 

jet nozz1es. For such a multiple jet system" composed of repeating 
~\ - -, 

units, or flow cells, 'of dimensions SxH, Saad[198l] established that 

~ . 
flow cell aspect f~at1o, S/H, i5 a basic parameter whicn defin~s / . 
condi tians of geometric similari ty for flow and heat transfer. 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 ha1f the 

flow from a nozzle. The simulation was again performed using Model '4 

as the near-wall model, , results using Model 2 having been repor'ted 

• 
previously by Polat, Mujurndar and Douglas [1986] . As the only 

comparable experimental data are those by Saad[198l] wlthout 

throughflow, and those of the present study with and without 

throughflow, two series of simulation runs were made, Tabl, 7.5, one 

matching the conditions of each of these experimental studies. 

Table 7.5 Parame ter values for multiple jet simulations 

Run no H/w Rej Ij NX NY SIR US ,mis us/uj 

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[l981] measured local Nusselt number profiles for multiple 

confined slot jets at Re-2l000, H/w-B, for flow cell aspect ratio, SIR, 

of land 0.75, the model was used to predict Nu for these conditions. 

Two lower values of S/H, 0.5 and 0.375, were added to provide results 

for very closely spaced nozzles and exhaust ports. In these 

c 
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 

turbulence intensity at 1%. Saad used elliptically contoured entry 
~ 

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 reasonable. 

The sha~p increase in predicted Nu. within about O.25w of the 

centerline of both the 'xhaust port and the jet nozzle, Fig. 7.27, is 

the sarne characteristic apparent very near the nozzle centerline for 

the single j et profiles displayed in section 7.4.2. The inabili ty of 

r the simulation ta predict Nu satisfactorily 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-exhaust centerline 

spacing, S, 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 

e~perilllental 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 

"-
that average heat transfer rate at any H/w would pass through a maximum 
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The runs for SjH of 

0.5 and 0.375 were performed to deterpline pre~icted trends in this 
v 

range. The Fig. 7.27 results indicate that heat transfer rate increases 

as S/H is decreased from 1 to O.7~ 0.5. For S/H-O.375, i.e. S/w-3, 

the simulation predicts a lower Nu over the central region 1<y/w<2. 5 

for whlch' the simulation 15 not distorted by the near- centerHne 

problem discussed above. Thus the simulation model is consistent with 

-< the experimentally based prediction of Saad that NU passes through a 

maximum for a spacing about S/H-O.5. 

The effect of throughflow on multiple jet impingement heat transfer 

was predicted in a second set of runs at SjH-O.5, H/w-5 and with the 

o~her conditions correspondirig to th~ experimental' measurements of the 

present study, Chapter 6. In these runs the number of grid nodes was 

20x25, the inlet tùrbulence intensity was 5%. For the case wi thout 

throughflow Fig. 7.28 displays both the predicted and experimental Nu 

number profiles. For a flow cell this narr~w, the two critical regions 
~ 

with aniso.tropic characteristics, i.e. the impingement and exit flows, 

are immediately adjacent. Prediction of such a flow configuratiçn with 

a turbulence model which asswnes isotropy is expected to be less 

satisfactory. Yet agreement between experimental and predicted Nu 

profiles i5 surprisingly goOd, within 15% over the central 80% of the 

impingement surface, 0.25<y/w<2.25, Le. excluding the two near-

centerl1ne regions for which the model is riot relfable. 

A detailed comparison of near-wall models was not performed for the 

multiple jet configuration aS was done for the single jets (Section 

7.3) . However, relative to the results of Po lat et a!. [1986] with 

Model 2, use of Madel 4 improves the agreement between predicted and 

'\ 
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experi~ental Nu profiles signifieantly, by as much ~s 20%. 

The predleted effect of throughflow, Fig. 7.28, 111<e that measured 

experimentally, Is for local enhancement of heat trsnsfer by,an slmost 

uniform amount across the. impingement surface, excludlng thé 10% of the 

surface adj aeent to the two centerl1nes where, for reasons noted 
~ 

eariier, the sImulation is! not valid. For the average heat transfer 

comparison of Fig. 7.29 • .'the 'predicted values of mi were calculated by. . 
., 

" 1 

excluding the region of invaUd predictions within O. 25w of the nozzle 

and exhaust port centerlines. The agreement between pre die ted and 

experimentally measured average heat transfer due to throughflow Is 

good for Mua<O.Ol. At higher MUa values the predicted NU becomes much 

too high for the sarne reasons noted in the single jet case, Le. 

constants of the Eq. A3.27 of Appendix 3 are not adjusted for 

throughf1ow velocity because of a lack of reliable studies on the 

near-wall flow. Hence for' this multiple 

jet system t 18 near-wsll model can be used on1y for values of the 

tht'oughflow p rameter, Mu., smaller than 0.01. For a single jet, 

Section 7.4.2, the model gives good predictions of the hest trat:lsfer 

'enhancement by throughflow up to a much smaUer throughflow rate about 

Mu. -0.002. It Is pertinent to note that, because the slmulations for 

the single jet were performed a~ much higher j et Reynolds numbers, 

22000-44000, this li~iting value of MUa for a single jet corresponds to 

a throughflow velocity, ua' about the sarne ~s that for the multiple 

,-- )ets at ReJ1.200 and Mua-O.Ol, i.e. us""O.lm/s in bÇ)th cases. 

In summa~." the tests performed es tab li sn' that for multiple 

confined slot jets the present model predicts Nusselt numbe+; t9 within 
, T 

15% of that measured experimen.tally, and shows trends close to those 

1 

, \ 
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observed experimentally for the effe~t of internozzle spacing, 

for the effect of the throughflow up to quite high values of us' 

"" 

-, 

Tests were made of severa1 schemes for the numerical prediction of 

--.., 
impingement heat. transfer, a1l involving solution of the two 

dimensional Navier-Stokes, energy and turbulençe mode1 equations using 

an upwind fini te differ1hce scheme. The turbulence model used was the .. 
high-Re version of the k-c model. Various near-wall models were 

tested. Two configuration of confined plane jets were us·ed, a single 

jet and a multiple jet array with spent flow exhausted symmetrically 

between the jet nozzles. The ability of the computer simulations to 
J 

predict the effect of throughf1ow at the impingement surface was tested 

for both configurations. 

The effect of choice of near-wall mode1 on mean flow properties' 

such as pressure distribution, mean axial velocity and maximum lateral 

. velocity slong the impingement surface was found to be\negligible. For 

shear str~ss ,<' and Nu di§..fribution, however, the prediction~ are 

sensitive to this choice. Among the near-wall models tested a modified 

Chieng-Launder model gave the' best agreement of predicted Nu 

d~stribution with experiments, including the location and Nu value of 

~he off~stagnati~ features _ which occur for sma~l nozz1e-to-surface 

spacings. lt must be rea1ized, however, that at t,he current state of 

development no n~erical simulation technique involving any combination 

of a high-Re tur1?~lence mode! and a near-wall model is capable of 

simulating the phenomena that c!l'eate t~sEt, features, Le. the growing_ 
\, 

1aminar boundary layer from the stagnation point fa the off-stagnation 

, 
\, 
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minimum, and the boundary \ayer transition from laminar to tut:bulent 

f~Qm that point to the location of the secondary maximum - -In Nu. 

Therefore obtaining good agreement between predicted and experimental 

Nu' profiles for these off-stagnation features at lçw H/w values is 

coincidental to the modelling of shear stress and turbulent kinetic 

energy near the wall. 

Calculation of nêar-wall generation of turbulent kinetic energy 
'" 

according to the earlier used Couette flow assumption is completely 

invaUd for predicting heat trânsfer in the stagnation region. This 

assumption, Model l, produces an unrealistic minimum for heat transfer 

Il 
around the stagnation point.'; Near-wall models that do not make this 

assumption produce results which are independent of the near-wall model 
1 

used due . ( Bu 2 av 2) to the dominatl.ng effect of unmodelled term 2J.'T (ai) +(ay) 

in this region. Moreover, prediction of heat transfer in the 

stagnation region, where the turbulence is known to be highly 

anisotropie, "i- by a mo~l which as'~es isot.ropy may not be sound. 
, 

Predictions of Nu in this region, however, in general agree acceptably 

with experiments, except within about O. 25w of the nozzle and exhaust 

cen~erlines due to reasons which have ~een identified. 

Extensi~e testing of the ability' to predict pr~files of local Nu at 

" '" close nozzle-to-surfaee spaeings, 2~/W!!02.6, established the 

acceptability of the numerical technique which ~ncorporates the high-Re 

version 'of the k-c model with a modified Chieng and Launder near-wall 

mode1. Testing of predictions at wider spacings,_ 6Sl/w.s8, showed that r 

- ,1 

the model continues to predict off-stagnation minima and mp.xima for 

combinations of- H/w and Re for which such features no long~!' uc..eur. 

Beyond the location of the secondary maximum these predictions of Nu 

\ " 
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ar~_ \~th~r about correct or somewhat overpredict Nu, as there is 

con!!îderable disagreement between the experimental data. The t~~tr~ 

by Looney ~nd Walsh[1984] of various algebraic stress models as w~llla, 

the standard k- c model for a plane turbulent free jet showed that the 

k-c model is inferi~r for that case. At larger nozzle-to-surface 

spacings the inability of the present numerical ~echnique to repro~uce 
/ 

the experimental trends is therefore attributed to the deficiencites of 

the k-c 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 prediet the enhancement 

of impingement heat transfer experimentally observed out to about 8w 

fr~~ stagnation, This defici~ncYv ~y pe related to the inability of 

the technique to predlct bo~.mdary layer' phenome~a 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 
î 

substantially overpredicts the 

enhancement. The source of the error for high throughflow rates ls 

probably that, due to l:ack of studies on the effect of throughflow on 
{'.; ~, 

the near-wall flow, the parameters of the bilogarithmic formula used 

for wall shear stress cannot be related to throughflow rate. 

For the case of a confi!1ed multiple jet configuration with exhaust 

ports located symmetrically between the jets, the predicted Nu profile 

is as much as 30% lower th an e)tperimental 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 ceU aspect râtio, SjH-O. 5, as 

was indicated by the~ experimental measurements of Saad{1981]. The 

predicted effect on heat transfer of throughflow at the impingement 

surface agrees qui te well wi th experimental measure,nts for values of 

the throughflow parame ter up to ,Mu. -0.01. The limiting value of Mu. 

for good agreement between predicted an~ experimental results for the 

effect of ihroughflow is quite different for single and multip~e jets 

but,j int~restingly, the throughflow veloci ties corresponding to these 

lirniting values of Mu. are about the sarne, u.~O.lm/s. 

In conclusion, the mean flow characteristics of a turbulent 
( 

irnpinging jet can be predicted accurately with the present numerical , 
technique. Prediction of impingement heat transfer varies with nozzle­

to-irnpingement surface spacing, reasonably good at llose spacings but; 

poor at larger spacings. The enhancernent of convective heat transfer 

due to throughflow at the irnpingement surface can be predicted with 

reasonable accuracy up to substantial throughflow rates of O. lm/s but 

overpredicts the enhancernent at higher throughflow. The model does not 

predict the heat transfer enhancement with increasing nozzle exit 

turbulence which has been experimentally ~""'" measured. 

-
Therefore the 

present technique, which incorporates a high-Re ve~sion pf the k-l: 

mode~ with a rnodified Chieng-Launder near-wall model, lâèks t~e 

generality which ls sought for numerical prediction rnethods. Use of a 

more complex .turbulence model rnay be justified in view of the complex 

turbulence structùre of a confined irnpinging jet system. However such 

models, not âaequately testecl, are still in the development stage. 

Prediction of heat transfer under impinging jets remains astringent -

test for the performance of any such turbulence model. 

, \ 
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CHAPTER 8 

CONCLUSIONS 

8.1. CONTRIBUTIONS TO KNOWLEDG~ 

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 measure rapidly 

changing heat flux at a surface wioth~ or with()ut throughflow at the heat 

~t:ralJ:s,fer surface. This senSOT anp the associated measurement system 

was shown to produce accurate results for a specifie case, one where 

the rapidly ehanging heat flux is due to jets impinging on a heat 

transfer surface with throughflow and whieh is 'moving at h~gh speed. 

At the hlghest surface ve10city tested, the sensor measures Nusselt 

number to an rms accuracy of 5% for a heat flux whieh cycles from its 

lOWést to highest value in as little as 3.1ms. This new type of heat 

flux sensor is nOD restricted to this partieular case but Is of genera1 

applicability for the measu~ement of rapidly ehanging' heat flux at a 

permeable surface at which there may be throughflow. 

2. Multiple slot jets: condition of maximum heat transfer 

Multiple jet heat transfer is a function of two geometrie parame-

ters, nozzle-to-surfaee spacing, H/w, and nozzle-to-~xhaust port spae-

Ing, S/H. The correlation of Saad[ 1981] indicated that the geometrie 

condition for maximum average heat transfer would be H/w-5, S/H-O. 5. 

The present study, the first to provide an experimental measurement 

f~r,this geometry, documents NU over a wide. range of jet Reynolds num­

ber, 820O<Rej <25800, for this condition of maximum heat transfer rate. 

h '.J_ 

,1 
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" 
3. Effect of impingement surface motiàn~ single slot jets' 

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 Schlunde-r[1977] reported that convective heat ~ 

transfer ratds for single slot jets increased by a factor of 1.5 to 2 

with increasing speed of an impirrgement surface. Fechner[1971] and 

Haslar and Krizek[1984] reported some increase i~ convective mass 

transfer rates with increasing speed of an impingement surface under 

multiple slot jets. Baines arlaX€ffer[1979] found no effect of surface 

motion on average wall shear !?tre~s 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 

_ i 

jet. . The present study, carried out in such a way as to 8.void factors .. 

which contribute uncert~inity ta sorne of the earlier studies, has con-

fi rmed and extended van Heiningen' s finding tha t convec ti ve transport 

coefficients for a slot jet decrease significantly as impingement sur-

face motion inareases. The decrease of NU was found to be a unique 

function of the nondimensional surface motion parameter, Mv., independ-
o 

ent of jet Reynolds number, Rej' and width of the heat transfer surface 

over a wide range tested. For a rapidly moving impingement surface_CMv. 

-0.34), ave~age héat transfer ls about 1/4 10wer than for a stationary 
~ 

impingement surface. 

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 fndû~trially important case of 
Î 

confined multiple il1\pinging slot jets. As for single jets, NU dec-

/ 
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reases as a unique fùnction of Mvs ' independent of Rej' For a multiple 
\ 

slot jet system of closely spaced jets at the geometric condition of 

maximum average heat transft!r, H/w-5 and S/H-O. 5, Nu is som~what less 

sensitive. to Mvs ' than for a single jet 
1 . 

The sensitivity of NU to 

impingement ',surface speed is however flot negligible for the range of 

surface motion parameter, Mvs ' used in industry. For example, for the 
, 

condi tions of one important industrial application, the Yankee dryer 

for drying paper, an impingement surface movi~ at the velocity found 

in a modern high 'speed paper machine would reduce convective heat 

t'l"ansfer coefficients of a multiple,- impinging slot jet system by a 

subs tanUa1 amount, .17%. .. 

5. Effect of throughflow: single and multiple slot jets 

The effect of throughflow on impingement heat transfer at a 

stationary surface is shown to be linearly additive, independent of 

Reynolds number, for both systems tested, a single confined slot jet at 

Hjw-2.5 and a c,onfined multiple jet system of closely spaced jets at 

SjH-O. 5, H/w-5 For both the single and multiple jets the direct 

proportionsli ty between enhancement of average heat transfer by 

1 
throughflbw, expressed as ôst, and the nondimensional throughflow 

parame ter , MUs' Is found to have I?ffectlve ly the same value, 0.1'7. 
" 

.:1' 

6. Effect of throughf1o~ at a moving impin~ement surface: single jets 

The effect of throughflow on convective heat transfer for jet 

systems ~mpin·ging on mov1ng surfaces has !preVi?Usly not been open. to 

experimental study for "'lack of li h:~ sensor ap'pl:i.cable to this 

r 
diffictllt combination of condit-ions. With the unique heat Uux sensor 

\ 

, 
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developed' in th~ ptesent study, such measurements are reported here for 
1 

the finIt time. tor a jet at H/w-~.5 the measurement of profiJ..es ·of 

local heat transfer with very high spatial resolution served to 

identify flow and heat transfer effects in the boundary layer that are 

associated with throughflow,' with surface velocity and with the 

comb ination of these condi tions . The single jet results establish 

that, over the substantial limits tested, the enhancèment of average ,. (, 

heat transfer wi th thro.ughflow at a moving i'lnpingement surfacé, 

expressed as the ratio Â5t/Mus ' is a constant, 0.17, independe1}t of 

Mvs ' Rej and extent of the heat transfer area. Close agreement of the 

enhancement ratio ~ toSt/Mus' witp the results at low MUa obtained by 

Saad [1981) for a stationary impingement surface at H/w-8 indicates that 

t'jfs correlation for throughflow effec t should apply a1so. for H/w 

~ac ings l'ver the range 2.5 to 8, which covers the extent of maj or 

\industria1 interest. 

7. Effect of throu hflow a1> a movin ets 

The effec t of throughflow on imping,ament heat transfer at a moving 

surface is shawn to be 1inearly additive for the confined multiple jet 

system of closely spaced jets, SjH-O.S, Hjw-S, as w s established fo~ a 

single jet at H/w-2. 5 with heat transfer ,~idths ·up The 

fact that tl5t relates to Mus with effectively the same p portionality 

constant for multiple jets and for a single jet, indepèndently of jet 

Reynolds number or extent of heat transfer surface, indicates a conclu-

sion of considerable scope. Specifically, the evidence obtained 1s that 

the throughfiow enhancement ratio, lIStfMu.-O .17, appears applicable 
r , 

over a lhach broader range of parameters than tested in the present 
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investigation. 

"8. Comprehensive correlation for heat transfer: single slot jets 

Local' and average heat transfer under a confined slot jet impinging 

on a s tationary or' moving surface, wi th or wi thout throughflow, was 

determined for a jet spacing of B/w-2. 5 and over the ranges of 16000 

A correlation of ana1ytica1 

form for average heat transfer was determined 'for heat transfër 

< 

surfaces of l!alf-width, S, in the range represented by 1. 2<S/H<q.4 

(1. e. 3<S/\oi<16). The corresponding range of }lozz le open are a is 16.7% 

down to 3.1%. Altho~gh in. practice heat transfer surfaces smaller than 

this wou1d 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 throughf}-ow which was obtained in this study, the first such 

,1 correlation to be published, may be used also for a confined multiple 

jet system when individual jets are spaced sufficiently apart that .. 
th~ir interaqtion does not significantly affect heat transfer. 

" . 
9. Comprehensive correlation for haat transfe!: multiple slot lets 

For. ~ multiple jet system with H/w-S and S/H-O.S, the geometric 

,> 
" 

condition for maximum heat transfer, the first comprehensive analytic,a1 'J.ç", .. 
éorrelation, Eq. 6.5, has been obtained with which average convective 

i' 

heat transfer rate may be predicted in the pr~éJlce of surface motion 
1 

~md 'throughflow for the wide range of parameters 8200<ReJ<25800, 

O~ua~0.0235, and O<Mvs <O.38. 

~' 
.. 

\ 
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10. Mode11ing of an industria1 application 

With the present findings on t};le effects of surface motion and 

throughf10w on impingement heat transfer, the assumptions of the two 

mode1s, Crotogino and Allenger [1979] and Randall [1984'] , for a paper 

dryer incorporating combined impingement and 
, ~ 

throughf10w were 

reexamined, In the absencè of reliab1e data, both models neg1ected the 

effect of surface motion, now shown to'-' decrèase impingement heat-

transfer by 17% at Mva -O,3, a value comparable. to that of a Yankee 

d.fyer. Again in the absenclL of re1iab1e data, Crotogino and A11enger 

assumed that impingement heat transfer decrea'ses 1inea.r1y with 

increasing Q." the fraction of jet f10w removed as thJ::oughflow,' while 

Randall [1984] assumed no effect of throughflow -on impingement;: heat 

transfer. '7he present resu1ts indi~ate that in the Rej 
li 

range tested 

both models substantially underes.timate convective héat transfer rate, 

the fir~t' model by 65%-88%, the second mode1 by 53%-76%. Thus the 

reSults of the present investigation have a substantia1 positive impact 
\ '\ ' 
i' 

on the';; economics of ~ potential1y maj or new industria-l process . 

. -

11. Numerica1 prediction of impingement heat transfer: near-wall models 

The effect of near-wall models on predictions for 

impinging slot jet was tested for the first time when the choice of 
, 

~ turbulence model is the high-Re version of the k-t model. Shear stress 

And Nu distribution, w-.. shown to be high1y sensitive ta the choice of 

near-wall mode1, ~hne Mean flow properties such as pressuré~'r distribu-

-
-tion, mea~ axial ve10city decay and.maxim~ ve10city development. along 

)the impingement surface ~re independent of ' the mode1. 
--

lt has beeri 

demonstrated that among several near-wall mode1s a Chieng-Launder type 

~., 



" " " ' 

i ~ ~ 

~ 256 

~model, mOdifier as proposed her,e 1 i,e, us1ng kp instead of kv in the 

equatiox; to pr~d1ct wall sheij,r stress 1 gives much improved -agree,ment 

between 

locatiol\ 

pred~:~Nu distribution and experim~nts. including the' 

and Nu value of the. off-stagnatior,t features which occur for 
" 

smaii nozzlè-to-surface spacings, 

12. Numerical prediction of impingement hest transfer: Couette flow 
1 • 

Calculation of near-wa11 generation~of turbulent kinetic energy by 

assuming Couette flow has been shown to be comp1ete1y inva1id for 

predicting heat transfer il} the stagnation reglon. 

13. Numerical prediction of impingement heat transfer: multiple jéts 

After application of the new v~rsion of near-wall model with the , 

equat10ns for the high-Re version of t~e k-c turl:)!-11~nce model for, the 

prediction of heat transfer under C,onfined single slot. jets 1 • the model 
, 

was ,applied for the first time to the prediction of heat transfer, for 

( 

the industria11y important case of multiple impinging turb-tlent jets. 

For a confined multiple slot. jet system' of closely spaced jets with 

ft/w-S. S/H-O. 5. the geometric condition for maximum heat transfer, 

predicted heat transfer was found to agree within 30% with that 
• r' f, fi 

.' experimentally measured over the central 80% 'of the itnpingelJlent surface· 

between adjace~t jets and exhaust flows . 

. 14. Numerical prediction of impingement heat transfer: turbulence èffect , 

lt 1s shown that 
<!- -, 

in sp1te of its positive features. this most 
, 

re'cent' form of numerical modé! fOl; impingement heat transfe'r shares an 

\ '- , 
Gndesirable feature of a11 such ~o\ proposed ~o ,date. in that it 

-- .. : 
,"l.' 
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, increasing nozzle turbulence inten~,ity which, at small nozz~e-to-

surface spacings, has been ob's,erved experimentaily out ta about 8w from 
l " 

stagnation. The source of this deficiency 1s identified . as the 

,inability of this ~odel to predict the bounda~ layer phenomena that 

create this enhancement, which thus",...points the direction req~red for 
/ 'U 

resolution of''''thi~ long 'standing problem.}' " , , , , 

, 

15 .• Numer~cal prediction of impingement heat transfer:' throughflow effect 

" ,"'.. , 

~e first prE1diçtion of the\ enhancement ;of ~mpingement hÙ,t transfer 

by throughflow. has been obtained. For both single ~nd multiple j~ts_ 

this nunierical model i8 shown ta predict enhancement' by thro).1ghflow at, 
, 

the' impinge~ent surface with an accuracy within 10% up to throughflow 

ratés, beyond which it is bélieved that the 
, , 

substantially overpredicts the' erth';lncement. The . source of the error 

-fot; high' throughflow ,rates is identified as the use of constants in the 
, 

bilogarit;hmic form~la. for wall shear stres$ which, in .tpe absence of 

quant i.tat ive , studies of the eff~ct of throughflow on th~ n~a.r-wall 

flow, could not be ~elated to throùghflow,rate: . 

8.2 RECOMMEND~TI0NS FOR FUTURE '$TUDIES ' " 

. 
1. The permeabie ~ensor developed and vaHdated for measufement .of 

impingement, -h~at transfer in' this, s~udy can be used .in .flow , 
, . 

,configura.tions other t~an impinging jets whe're meàsureQ!.ent of rapidly . ~ 

chang~ng heat transfer" ùnder thr~ughf1oW conditions··1s oi lnterest .. 

The possib;11ty of using this sensor under ,blowing conditions mây a:1so . .. 
be inves tiga1:ed . 

.,' 
, 

_:-...1--. . 
f 
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, 
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2. The heat flux measurements~ with the SIMT~ST III ~~paratus should be 

extended 1;0 other combinations' of H/w and S/H for 
\ 

mUftiple slot' jets 

and other value~ of H/w fot a single confined slot jet. ' 

\ 

3. 
\ 

The pos~ibility of measuring heat flux for multiple rpund jets in 

t\e SIMTEST III. apparatus sh~uld be considered. 
0-'" 

4. The effect of alternate shapes of slot nozzles on impi.ngement heat 

transfer at small noZ'zle-to-surfac~ spaci!1gs should be investi.gated. 

In this context the enhancement 'of heat~ transfer with 
, 

nozzle exit 

, ." .. 
turbulence should l?e ,considered. Such heat transfer measurements must 

be accompanied with detailed turbulence"' rneasurements at the nozzle exit 

as -well a~ in entire t"low domain . 

.., 
5. Measurements' Qf velocity and temperature profiles near a petmeable 

impingement surface with and without througl1f1.ow c,onditions should be 

conducted in drd~r to understand the mechanislil of hea t transfer 
1 

enhancement with throughflow. 

6. Continuing efforts towards developing a reliable general numerical 
\ 

technique for th~ heat transfer ~haracteristics of impinging jets are 

required. A low-Re turbulence model that does not requi~e use of wall 
:l'v' "". 

functlons would (remove the am~;igulty as to whether the wall !~nctiOn$ .. 

or the I-t;~lence model itself; is the cause of the discrepancies 
~ - .-

\. between prediction and \ experimént. Recommendations 4 and. 5 would 
1. 

. pr7 ~tron~ bas!s for comparison~' 
f 

, 'r 

/ , 
1 

/ 
; 

/ 
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APPENDIX l 

DETERHI~TION OF ·THERMAL 'PROPER'tlES OF -i1m POROU~ GlASS CYLINDER 

Three principal thermal properties, tq.ermal conduétivity, ;specific 

heat and therm'l di ffus ivity , of the' 3M porous' glass materis.l, (Grade 

50) are needed in order to dettermine the transient surface heat. flux. <; , ~ 

The following"procedures were followed. 

l 

... Thermal Conductivity 

Two independent.techniques wer~ used: 

A. 
, ~ 

Trans ient method of lofie and loffe [195-8] 

" Equipment based on this me thod was bui 1 t, as shown, i~ Fig. Al. 1. 
~ 

r 

It consists of: r 
'1. Lower copper cylindrical block 

2. Upper copper block 

3. lnner stainless steel cover-for the'upper copper block 

4. Test sample 

5. Higp thermal conductivity material .. 
r, 

6. Copper-constantan thermocouples to measure the temper~~ure of 
, 

upper block and the temperatUre difference between upper- and 
1 .' 

lower blocks.' 

7. Teflon screw to clamp the sample between'b1ocks 

Teflon insulator between the lower block and th~ stafnless steel . . 8 . 
• 

covers , . 
,: 

9. Outside stainless steei cover 

. . 

In order monitor th~ tempexatur~ continuously 1 the thermocouple'B 
, 0 

were connected to a three-pen chart recorder (Y~kogawa E).ectrlc -Co. 

-'II 

,\ 
1 

\ ' 

...:;:...., ' 

} 
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FIGURE Al. 1. Test assembly for thermal conductivity measurements 
using transient method of Ioffe and Ioffe[1958] 
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Madel 3(66) with adjustable chart speed. A . chart speed of 10 cm/s 

gave satisfac tory outputs. Room temperature reference for the upper 

bloc-k thermocouple permited to adjust the recorder pen sensitiv;ity 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 

" L Measure the dimensions of the sample 

2. Apply the highly conductive paste (Omegatherm 201) on the 

~ two surfaces of the sample in arder t~inimize contact 

resis tance 

3, Replace the sample centrally between the blocks 

4. Clamp half of the inner coyer and tighten the teflon screw on 

the upper block 

5 Clamp the other half of the inner coyer to isolate the saiilple 

and the upper copper black from surroundings 

6. Replace the outside cover 

7. Walt until ternperature difference between blocks is zero and 

upper b lock temperature ls s te~dy . 

8. Immerse and retain the lower block in a continuous1y stirred 

ice bath unti 1 temperature difference between the two b10cks 

begins ta fal1 This indicates the end of the experiment. 

A typical output is shown in Fig. Al.2. When temperature difference 

llTu 
between the blocks reaches a maximum (AB on (Tu -Td curve) , -t- 1 (Tu -T~) 

remains almost constant. The slope of the Tu curve at the corresponding 

interva1 (CD) is found and the effective thermal conductivity Ts-

calculated from the fol1owing relation: 
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FIGURE Al.2. Typical output of t~ermal conductlvity e~periment 
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where 

Âtu ', 

Cu . .?it 
(tu -T() 

Cu heat capacity of upper copper block (194.41 J/oC) 

ke!!= effective thermal conduçéivity (W/m _oC) 

La thickness of the sample (m) 

S = surface area of the sarnp le (rn2 ) 

Tu temperature of the upper black (0 C) 

Tt . = temperature of thé lower block (0 C) 

" 

ATu = change in upper black température in time interval lit (0 C) 
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In order to ensure that the equipment worked properly, the thermal 

conductivities of pyrex and teflon samples were" determined using the 

a~ove procedu.re except, in~teàd of the paste, about r mm thick circular 

- f 

lead foils were us'è"d on both sides" of the' samples. Betwe"en the foil 

and the copper block and the sample and the foil. a thin layer of 
. 

~lycerine was applied to ~rovide good' ,çontact. Thermal conductivities 

of pyrex and teflon pamples werê determined to be 1.14 and 0.221 W/m-K 

respectively, within 6% of the 'the reported lIt:erature values. The 

reproducibility of the experiments was within 5%. 

The porous glass samples used in thel:'m~l conductivi ty experirnents 

were cut from the same porous 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 éxist 

between the block and the sample does not effect the resul ts. 

With this unsteady state method the thermal conductivity of the 

porous glass was found to be O. 377W/mo C at an average temperature of 

Reproducibility of the experiments was within 9% with the 

porous sarnples. This average thermal conductivity value was not used 

, -
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in the ca1culati:ons because the temperature at which the thermal 

conductivity cou1d be obtained was much lower than tbe av~rage 

temperature of the impingement sùrf~ce attained during experiments. 

B. Steady-state apparatus of Toutoungi[1983} 

This apparatus, avai,lable frôm the Chemiea1 Engineering Polymer.' 

Laboratory. of MeCill University, is shown in Fig. Al. 3. It consists 

- of' .1 

1. Heateo: 
r ,~ 

2. Test samples 

3. Guard plates , 

4. Thermocouples 

i 
. To make sure that the guard plates were at a uniform temperature 

.1,':: 

throughout the experiment, this cell was placed" in' an ,'oven at the ", 

selected temperature. 
, '. 
The fol1owing ~rocedure was fo1lowed: 

1. Measure the dimensions of the samples. The two sarnJP1es should 

be identical to ensure equal heat flux into the samples from' 

the heater. 

2. App1y the highly conductive paste (Omegatherm 201) on the 

two surfaces of the samples in order to minimize çontact 

resistance. 

3. Replace the samples centrally between the heater and the guard 

plates. 

4. Close the'oven door and set the temperature of the oven. 

5. vMonitor the themocoup1es on each side of th~ samples. ( 

6. Al10w some time (usually -10-15 minutes) to reach steady·state. 

~"!!- i-: 
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FIGURE AI.3. Schematic of the apparatus of Toutoungi [1983] 
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7. Turn on the D. C. power supp1y of the heater to 4pp1:y a high 

intensity current to the heater nichrome wire. 

8." Again allow 10-15 minutes to reach steady-state. 

Power supplied to the nichrome wire is caleulated using 

U x l 
q - 4. 18x2A 

wherè U is the voltage. l the current and A the heat transfer area, 

i. e. the sample' surface area.. The thermal conduetiovity of the samples 
r 

are calculated fr;.om the steady state temperature variation using q 

L. 
k - q -liT 

where t.T i5 the temperature difference between the two surfaces of 

each sample. 

Sinee the temperature dependency of the thermal co~ductivity in the 

range from 40°C to 50° C wa5 within the experimental reprocÏucibility, 

10%, an average value of O. 414W/mo C, as measured wi th this method was 

used in the calculations. 

Specifie Heat 

Specifie heat of the porous glass was measured by Differential 

Scanning Calorimetry (OSe). This standard procedüre i5 available in 

the li te rature (O'Nei11[1966]) and need not be 'repeated here. 

Standard ""!:-eference material used in the measurements was synthetie 

• 
sapphire (A12 03 ) • The following equation was obtained from the 

Unear regression analys is of the data. 

Cp - 875.51 - 6.48 T.+ 7.23 x 10- 2 T~ 

where T. and Cp are in Oc and JfkgoC respeeltively. 

• 
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Density 

In order to evaluate thermal diffusivity of the porous glass 

'-'material its density must be known. .TI\~ density Was found to be 
, . 

with a reproducibility by weight and volume 

measutentents of the po:ç:ous glass samples. 
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APPENDIX 2 

ERROR ANALYSIS 

, , , 

Total rms error 1s expressed as: 

ErrQr analysis for Nu: 

Hence, 

Nu 

8Nu ~ 
aT j Tj -Til 

8Nu Nu 
" -Mx l1x 

hw 
Nu --

~ 

8Nu Nu 
8kj - - kj 

Nu 
k. ff 

274 

. (A2 .1) 

rms error in Nu due to uncertainties in Tj • T., w. kj and k. ft fs 
, 

calculated for two Rej' one low and 'one high. These calculations 

showed that the rrns error in Nu i's about 5% independently of Rej and 

Nu. Table 1 sununarizes the resul ts of rms error calculation at the , 

stagnation point of Nu profile'for Re j -20400. 
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.1 

, , 

% 

and 

Tj , Oc 
T. ' 

Oc 
w, m 
kj .- Ym- 2° C-1 

k. ff • Wm- 2 0 C- 1 

Nu 
rms error: 

T\e A2.1 

! " 

86.15 • \ 
59.99 
0.02 
0.027 
0.414 

55 
5.4 

Error analysis for Rej: 

." ".{ "\ 

..... 
Enar ana1ysis for Nu 

~ . 

aNu/8x i 

~2 

35 
274'9 
2037 
133 

8xi 

0.15 
0.0005 
0.00025 
0.00054 
0.0207 

0.099 
0.9003 
0.472 
1. 210 
7.560 

Sum : 9.35 
(Sum) 112: 3_06 

mor is ca1cu1ated by the fol1o~ing.equation: 

275 

Table 2 gives the summary of the error ana1ysis for mor and Rej at 

Rej -20400. 

. " 

; 4 ''Pi 
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Table A2. 2, Error analysis for Rej 

Xi 

C 0.61 

A2 ' m2t 0.00811 
h , m 0.016 

mo r ,kgjs: 0 . 094 
% rms error: 5.5 

-xi., 

-mo r 1 kgjs 0.094 
L, m 0.203 

Rej 20400 
rms error: 5.7 

8(mor )/8Xi 

0.154 
11. 59 
'2.94 

. 8 (Re) /ax i 

217021 
- 100492 

"-, 

6x i 
- ( (8 (mo r ) /axi )6xi ) 2 

0.01 
0.00047 
0.0005 

Sum: 
(Sum) 1/2: 

0.0000026 
0.000022 
0.0000022 

0.0000268 
0.0052 

6xi (a(Re)/8xi )SXJ2 

0.0052 1273536 
0.003 90889 

Sum: 1364424 
Sum 1/2 : 1168 

Error analysis for St: 

St- Nu 
Rej Pr 

and 

\ 
a (St) St 
8(Nu)- Nu 

a (St) .;.. St 
a (Rej) R~j 
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\ 

Table 3 summarizes the results of the rms error calculation for Stanton 

number for the case considered for Nu and Rej error analysis. /è \.-. 

Table A2. 3 Error analysis for St 
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APPENDIX 3 

\ 

CO~ATION~ ASPE~S 

A3 . l' MATHEMATICAL FORMUIATION 

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 incompressib)e 

slot jet impinging on a flat surface. 

Continuity equation. 

8 + 1-8x (pu) 8y (pv) - 0 (A3.1) 

Navier;Stokes equations 

x-momenturn : 

a (puu) 8(pvu) 8 
(J1eff 

au ) + .Ê.- (lJeff 
8u 

) ~+ s* + - ax -8x ay ax 8y 8y 8x u 
(A3.2) 

where 

s* 8 au 
) +1- av 

) -8x (/Jeff 8x (~eff ax u 8y 

y-momenturn: . a (puv) a(pvv) 8 av 
) 

a 
(/Jeff 

av 
) - .§.E+ + -- (J1eff ax + s* 8x ay 8x 8y aY, 8y v 

(A3.3) 

where 

a au a l av 
s~ - ax (lJeff. 8y ) + ay (jJé.Jf 8y ) 

and where 

(A3 .4) 

In the k-c model J1 
T 

15 related to the turbu1~nce quanti ties k and l . -
in the following 'manner: 

(A3.5) 

where the turbul.ent kinetic energy, k, and the turbulent kinetic energy . , 

dissipation rate, c, are calculated by 501ving the following 

differential equations. 
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Turbulent kinetic ene-r~y equation: 

a (puk) 8 (pvk) 8 
(/J + 

PT 8k + 8 
C"'L 

/Jr ) ak'+ G (A3.6) + -- -) +- - pe. 
8x 8y ôx L O'k 8x ôy u

k 
ay 

Turbulent energy dissipation rate equation: 

8Cpuc) 8(pvc ) 8 /JT 
) 

ac +1- (PL 
PT 

) 
8e. 

+ 8x ("'L + +-ax ay u ax 8y ~k 8y 
e. 

(A3.7) 

) 2 

+C
I 

! G C
2 

p 
c 

k k 

where " 

{ ( au + av 
2 

G - I-'T ) + 2 
8y ax (1 au ) 2 + ('CJv ) 2] \ 

8x ay 1 (A3.8) 

The àsymptotic high-Re values of the coefficients in atove équations 

are listed in Table A3.1. 

Energy equation: 

8 (puh) + 8 (pvh) 
ax ay 

where 

a 
ax 

"'L 
+ 

/JT 

u u 
L T 

T - T 
h - -r _ s 

T 
j s 

ah a 
( "'L "'T 

1 ah 
ax 

+- + 8y ay a u 
L T 

(A3.9) 

(A3.10) 

A constant turbulent Prandtl number, UT' of 0.9 was used in the 

computations (Pun and Spalding[1977]). 

A3 . 2 NEAR -WALL MODELS 

" " 

Turbulent f10w near a solid boundary has different characteristics \ 

than flow away from solid boundaries. Because of the no-sltp condition 
...... 

at .t.he solid surfacp., the gradients of the dependent variables vary 

rapidly wi th distance from the wal1-. Local isotropy, which is the 

basic assumption of high-Re modeling, is no longer vaUd and molecular . 
transport coefficients, which are negligible compared to turbulent one.aw. 

away from a solid surface, dominate the flow as the soUd boundary is \ 
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Table A3.1. High-Reynolds -number values of empirical constants 

411: in turbulent kinetic energy and energYtdissipation 

equations (Jones and Launder [1973)) 

., 

a 
C 

o 09 1 92 1 0 1 3 

approached 

Two methods to hand1e the near-wall flows have been suggested 

These are 

l, the law-Re modelling m~thod and, 

2. the wall-function method. 
//- ~ 

a very fine grid conftgurat~ 

the cast of the computation '-~ 
The first method requires use of 

near s,olid walls w,hich increases 
1'1 ... 

appreciably. Convergence problems may also arise due to the increased 

number of grids (which are usually highly irregular) required (Chieng 

and Launder[1980]. More signliicantly, ~ese types of models have not 

been tested as extensive1y as the high-Re mode1s. 

The second method ls usually preferred because of lts cpmputational 

advantages. It also allows introduction of empirical information easily 

for special types of f10ws. One disadvantage of this application ls 

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. 
---\ 

In this study, two types of near-wall models w~re used in the 

computations. They will be referred to as "one-layer' models" (Model 1 

and M~.del 2) and "two-layer models" (Model 3 and Model 4). 

A3.2.l One-Layer Mode~ 

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 app lied at the wall, we need a relationship between 

the ve loc i ty v and the wall shAar stress '1 . 
w 

When there is no flow 

through the irnpingement surface this relationship is assumed to be the 

universal logarithmic law of the wall which is derived from the Couette 

flow assumptions 

(A3.ll) 

where ~ - 0.4 and E 9.0'for smooth walls, and 

v+ - v I(~ /p)1/2 
W 

aud (A3.l2) 

~ 

The effect of turbulence quanti ties is introduced to this 

relationship by assuming the thin flu.i.d layer close to the wall to be 
\ • 

in local equilibrtum 
1 

Then the following rela~ionship exits between 

" 
T' 

W 

k _ Ir 1 I( C
l/2

) 
P w P J.' 

Incorporating Eq. A3 13 into Eq. A3.11 

equation for r i5 obtained: 
w 

1 
W 

( 
E ~ 

ln . 

(A3.13) 

and rearranging the following 

(A3.14) 
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J \ 
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x ............................................ .. p 

... 

Tw x 
><p ............ . 

k 

FIGURE A3.1. Control volume and near-wall distibutions of T. and k 
for Models land 2 
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In Model 1 ~nd Model 2 the turbulent kinetic e~ergy generation term 

in the grid cell next to the wall i5 obtained using 

Model 1: 

Model 2: 

where 

dv 
1'w - J.'Tdx 

(A3.15a) '0 

......... -........... 
'. 

(A3.15b) 

Dissipation of turbulent kinetic energy term in Eq. A3. 6 1 pc. 1 is 

approximated using Eq. A3.5 for c, i.e. 

/ C p k~ 
C _ -L..JJ __ _ 

/JT 
Then by assuming ~ -1' /(8v/8x), and 

T w ' 

contro} volume, we obtain o, 

C p2 k 2 V 

integrating 

( Il pC)p,w· 
P e Il 

r Yns 
w 

,. (A3.16) 

in the near-wall 

(A3.l7) 

The energy dissipation term at P is calculated from the following 

relation (Spalding[1967]): 

(A3.l8) 

We a1so need a relationship to relate the wall heat f1!JX, iIw to 

the dimensionless temperature at the grid node P. This re1atlonship-

ls given by Jayatilleke[1969]: 

where 

St 
w 

-4w rw j(pv~) 

(hp - ~) p IVpl - °T [l+P J "w j(P:vpJ 
.. 

(A3.19) 

1 • 
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" 

A3.2.2 Two-Layer Models 

"' 

Again a scalar node P whose associated volume i5 bounded on the 
r~> 

west side by a wall is considered as shown in Fig. A3.2. The near wall 

flow is considered viscous il'). the laminar sublayer and fully 

turbulent beyond this point. The thickness of d-e laminar sublayer 

ls calculate\assumii1g the value of the dimensionless distance from 

the wall, x+, is constant and equal to Il S st the edge of this 

layer 

x 
v 

11. Sil 
L 

(A3.20) 

The ~eneration and the destruction terms of the kp . equation are 

'" 
calculated in the following way (Chieng and Launder [1980]). The shear 

stress at the wall, l' , which is constant and equal to the wall shear 
w 

stress in the laminar sublayer, is assumed to increase suddenly at the 

edge of this layer due to the turbulence contribution. Beyond this 

a linear variation of T with distance from the 
w 

wall is 

considered. The precise .form of this linear variation is obtained by 

connecting the turbulent shear stress at th.e outer edge of the celI, 

~~, 

'1' 
e 

with the wall shear stress, 
Ji 

l' 
W 

The wall shear 

calculated usin~Eq. A3.14 by Model 4. In Model 

ca1culated using t~e same equation by replaqing kp with 

3 1 
W 

k . 
v 

stress is 

is again 

Since there is no turbulence generation in the viscous sublayer 

Gp i5 ,w evaluated as 
X 

G -P,w Je(f'w 
x 

v 

+ (r -.,)~) (aV + aU) dx) ~x.. l!.y 
e w x 8x 8y We ns 

e 
(A3.21) 
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FtGURE A3.2. Control volume 'and near-wall distibutions of rw and k 
for Models 3 and 4 
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+ ff 2 ~T((~~)2+(:;).2)dx dy 
v 

Using Eq. A3.14 to calculate ôv/ax, G can be obtai~ from Eq. 
Pl'W 

A3.21 as: 

r (v . v ) r (r • r ) x 
G [w : 

v w e w (~ . v J t + pltCl/4kl/2X P,w x 
e JJ v e e 

(A3.22) 

f 
x 1 

x 
\ LIu Ip (1 . 

v J+ (r • r ) (1 
v 

) 2 V 2 XI f L1y w x e w 
e e 

\ 

f (~~) 1 2 .. + (~;) 1 2 }] L1~eLlYns + 2Jl
T 

\ 

P P 

where 

au av 
rw-JJr(ay + a) 

Here the turbulence kinetic energy at the edge of the viscous 

sub1ayer, k , i5 used as the approxima te average k in the celi. 
v . • 

The dissipation rate of turbulence energy in the viscous sublayer 

15 given by €-2v(akl/ 2 /é.lx) 2. Pope and WhiteIaw[1976 J • By assuming a 
\ 

parabolic 
"­

distribution of k in the 1aminar sub1ayer, k-k (xix ) 2, the 
v v 

following expression Is obtained for the dissipation rate inside the 

Vi5COUS sublayer: 

€ -

2 v k 
v 

x2 
v 

CA3.23) 

In the turbulent region, by assuming linear variation of k with the 

distance, ~rom tl-e wall- beyond the edge of the vt'scous sub1ayer, Eq. 

r-"--, A3. J..8 is integrated between x and x to obtain the mean value of L 
'~ V e 

over the ce11. Including the contribution of dissipation in the laminar 

sublayer the following expression i5 found for ë 

2 Cl/4 ~/2 [ 
ë _ li + 1 . ~(k3/2 

x 11.5 It C~3/4X 3 e 
v J.' e 

- k 3 / 2 )+2a(kl17 .'kl/ 2 )+b) (A3.24) 
v e' v 

where 

~, 
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and ( 

tn [ 

(k 1/2 _ a1/2)(kl/2+ a 1/2 ) 

1 - a 3/2 e v 
(k 1 /2'_ a 1/2 )(kl/2+ a 1/2 ) 

J v e 

b - 1 0 

for a > 0 

for a-O 

[ -1 . k 1/2 
-1 

k 1/ ? . e v (_a)3/2 tan (_a)1/2 - tan (_a)1/2 l for a < 0 

Note that l:p is calculaterl us'ing Eq. A3. 18 while the dimensionless 

temperature at P, hp ' is related to the heat flux at fhe wall, 4w via 

Eq. A3.l9 as in the caie of the "one-layer" models. 
, ... 

With the help of the wall function formulae the wall shear stress, 

the heat flux from the wall, q , and the turbulent energy dissipation 
w . 

rate at the grid node P can be calculated and introduced into the 
1 

1 

fini te difference equations as /boundary conditions via the source 

terms, The details bf 'this procedhre are given in Section A3.6. 

/ 
A3.2.3 Near-Wall Models fo~ 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 ~odified to 

account for the effect of mass transfer at thls boundary. This ls 

accomplished in the follo~ing way. 

Assuming that u. av/ax is much greater tnan vav/8y. in the neighbor­

hood of the wall we write the boundary layer equation in the following 

form: 

av 
u. 8x 

1 81' 
P 8x 

According to Prandtl's mixing length hypothesis 

1" -p ft? x 2 (~~) 2. 

(A3 ;'25) 

(A3.26) 
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Substituting Eq. A3.26 into Eq. A3.25 and splving for v, the following 

~flogarithmic expression is obtained: 

where A and 

1 u. 
v+ - A + B Ln x+ + --- -- Ln 2 x+ 

4",2 v 

and v 
l' 

l' 

(1' /p)1/2. 
W 

(A3.27) 

Eq. A3.27 reduces e no throughflow expression for v+ when U o 

is set equal to zero. eoretically, A and B should be functions of 

the throughf1ow ve1ocity, s' In an atternpt to find A and B in terrns of 

u., the data of Favre et a1.[1966] were used. Fig. A3 3 displays A and 

B plotted against the di ension1ess throughflow velocity, us/v. It is 
r 

seen that B does not jvary appreciably with throughflow whereas A 
1 

1 
di.splays a maximum. The average value of B was found to be 2.5 which 

1 
is equal to inverse of the von Karman constant, ",-0.4. As a first 

approximati?n A was chosen in such way that the constant 'E' in the log 

law of the wall retai:ned its original value of 0.9 for smooth, non-

transpiring walls. 

1 

A3.3 GENERAL FORM OF DIFFERENTIAL EQUATIONS 

The governing eqhations including the equation of continuity can be 

expressed in thé fo~lowing generai form: 

a(eu~) + a(ev~)' 
ax 8y 

a (r ~)+l...(r ~)+s ax ~ 8x ay ~ ay ~ 
(A3.28) 

CONVECTION DIFFUSION SOURCE 

wher.e ~. stands for the variables u, v, k, r. and h. For continuity 
.4 

equation ~ - 1. r~ ls the exchange coefficient associated with ~ and 

S~ is 'the corresponding source terro. In order to express the governing 

1 

J 

1 \\; 
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Equation 

Continulty 1 

x-momentum u 

y-momentum v 

Energy h 

, 
Turbulent 

Energy k 

Turbulent 

Energy l: 

Disl!jipae-~on 

\ 

II 

Table A3.2. Summary of equations solved 

o 

/Jl 
+ 

/JT 
a a 

L T 

/J + 
L 

/JT 
a
k 

/JT 
/J + 

L '0 
l: 

.. 

S1> 

0 

~ +1- ( (Ill -tilT) 8x 8x 

a av 
+ -ay (/JL +/Jr ) Bx ) 

+ 

~ a 
( (}.\ +/JT ) + -8y 8x 

a 
8y (/JL +Ilr ) 

o 

pC - ,l: 

c e!:. G 
1 k 

• 

âv ) ay 

1 > 

J' l '" ,':1 

au ) 8x 

au ) 8y 
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equation of a particular variable in the above generalized form, terms 

other than those in the form of "convection'" and "diffusion" terms, are 

collected in the source Jerm, S~. r~ and S~ terms are shown in Table 

A3.2. 

A3.4 GENERAL FORM OF FINITE-DIFFERENCE EQUATIONS 

~y ,integrating the general differential equation given in 

Eq. A3. 28' oyer the control volume shown in Fig. A;3. 4 one obtains the 

following general finite difference equation at node P (Pun and 

Spalding[1976]). 

(A3.29) 

where l: means summation over the four neighboring nodes N, E, W, S. 
1. 

f\ expresses the combined effect "of convection and diffusion. As an 

example, consider the west face of the controf volume shown in Fig. 

A3.4 The fini te difference expression for the diffusion flux at this 
1'-

faêe is the following: 

where a is 
w 

aw J:. w - -aw r~.w (~p - ~W )/ow 

the area of the we~t face and o is w 

,(A3.30) 

the distance 

separatin&, nodes W and P. The finite difference equation for the 

convective flux is 

where 

~ - ~ w W 

~ -~ w P 

a 
w 

(pua) ~ 
w w 

for (pua) ~ 0 
w 

for (pua) < 0 
w 

l 
l 

(A3.31) 

-J 
in "upwind difference" 

(A3.32) 

scheme 

Hence, the total flux expres~ion at the west face using the "upwind 

scheme" is 

.' 
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FIGURE A3.4. Control volume for scalar variables 
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Cw ~ 0 Ay a J w iI>,w 

C < 0 Ay a J w w iI>,w 

where 

C - (pua) and w w D 
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- ( D + C ) ~y - D ~ w w w P 
(A3.33) 

D ~W - ( D Cw ) ~p w w 
(A3.34) 

'" 
- r~ a / 0 ,w w w 

, (A3.3S)· 

Sirnilar AE AS ~ equations for the east, south and north surfaces , , 

can he written following the sarne procedure. 

For each node in the flow domain there is one equatioD of the forro 

of Eq. A3 29 for each ~ These equatioT's are coupled together through 

Ai' sand through Sp or S;. The next task is to discretize the source 

terrns and then ta solve these equations iteratively until convergence. 

is ohtained 

A3.S 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 fin~te difference forrns. 

The following linearization procedure is adopted in the code. 

The source terros for u, v, k and c are derived as follows: 

Source Terrn for u-velocity 

II 
v 

S u,e dx dy - If (- ~ax. + s* u,e 
v 

- S u + S' PeP 

) dx dy 

By refering to the' control volume for u as shown in Fig. A3.Sa, 

(A3.36) 

(A3.37) 

f 1 p 1 !lu.: 1 E 1 !lv 1 EN 1 } S - \ p -- + (J.' -) -- + (/J - ) àXEpàyns P E !lx.EP eff!lx p àXEP eff àx. ES' àyns 
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FIGURE A3.5a. Control volume for velocity in x-direction 
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FIGURE A3 .5b. Control volume for velocity in y-direction 
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and Si> - O. 

r-P l, ~J~ .J ,,- .... ~ 

::;,-

Source Term for v-velocity • 

Jf dx dy - J f (- Q.E + s* ) dx dy ay v,n 
S v,n 

v v 

- S v + S' 
P n P 

By refering to the control volume of v as shawn in Fig. A3. Sb, 
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(A3.38) 

(A3.39) 

f 1 p l1u ) 1 EN l l:J.v 1 N l \ 
Sp- \ P l:J.yl + (J"eff l1y l:J.x + (J..Ieff l:J.y) 6y f l:J.xwel:J.YNP 

N NP WN we P NP 

and S' - 0 p 

Source Term for the Turbulent Kinetic Energy 

fI \ dx dy - II (G - Pc.) dx dy 
v v 

- s' k + Sp P P 

By refering ta the control volume shown in Fig. A3. 4 

and 

Sp - l 5 Gp + (C2 -1) Pp l:p) l:J.Xwe l:J.y sn' 
, 

(A3.40) 

(A3.41) 

Note that k~ is the value of kp obtained from the previous iteration. 
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,. 

c 
Source Terrn for the Turbulence Energy Dissipation Rate 

where 

. 
and where 

ff S dx dy c­
v 

JI (Cl~ G - Cz P ~2) dx dy 
v 

- s' c. + Sp P P 

c.* 
Sp - (Cl Gp + (C2 -l)pp c. p ) k; 6xwe 6Ysn' 
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(A3.42) 

Note that· c.~ is the value of cp obtained from the previous iteration 

A3.6 NUMERICAL TREATMENT OF NEAR·WALL BOUNDARIES 

Veloci ty Component Parallel to Wall 

Fig. A3.6 illustrates the boundary condition for velocity v 

As described previously in Section A3 3, the wall 

shear stress i5 calcu1ated using Eq. A3 14 or Eq. A3.27 for each scalar 

grid node on the line next ta the wàll. These equation5 are valid only 

if the flaw i5 fully turbulent, i. e. x+ > 11. 5. 
-

However, during an 

'i teration x+ may drop below 11.5, in which Case the following larninar 

relationships are ~mployed for the no- throughf1ow and throughflow cases 

respectively. 

(A3.43) 

(A3.44) 

Sincf' Eqs. A3. 14, A3. 27, A3. 43 ànd A3. 44 determine how the shear 

stress due ta the pres.ence of the wall 1s re1ated to the velocity v p one 
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FIGURE A3. 6. Near-wall control volume for velocity component 
parallel to wall 
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may set the fini te coefficient of the wall grid node, Ay, in 

Eq. A3. 29 equal to 0 and add" the wall shear stress to the sO,urce term 

in the fo'llowing way. 

Sp - 'Sp + . 1 Il fW n YNP 
(A,3.45) 

where T 
ln 

is obtaihed by averaging T terms at 
w w 

the scalar grid 

nodes P and N. 

Turbulent Kinetic Energy 

Fig. A3:7 illustrates the near-wall control volume cell for k and ~. 

The source terms of the finite difference equation for k.p at the 

grid nodes next to the wall are modified to inc1ude the wall effects. 

AU mode1s: 

Sp - Cp ,w 
(A3.46) 

Models 1 and 2: 

Models 3 and 4: (A3 47) 

S' - - ~ (volume) 
p kp 

Turbulent Kinetic Energy Dissipation Rate 

The turbulent kinetic energy dissipatiop rate at point P of Fig. 

A3.7 is given by Eq. A3 .18. l t shou1d be noted that cp is the boundary 

condition for ~ not c
w

' In the code ~P is defined as follows: 

Sp ... 1010 Cp (A3.48) 

S' _ - 1010 . 
P 

Energy 

Yith throughflow at the impingement surface 1 if during an iteration 

'. 

!4 

) 

......... -
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FIGURE A3. 7. Near-wall control volutne for scalar variables 

\ 

o 



299 

c 
x+ drops below 11.5, ~, is calculated using 

(A3.49) 

For no-throughflow Eq. A3.l9 applies. 

The following modifications to the source tenns are made 
\ 

to 

implement the calculated heat flux at the wall to the main flow by 

sétting Aw-O; 
Sp - Sp + St p vp Ây h w ns w CA3.50) 

S' - S' - St p vp Ây . P P w ns 

A3.7 SOLUTiON OF THE FINITE DIFFERENCE EQUATIONS 

A3.7.l Line-by-Line Procedure 

Equations of a particular variable ~ for nodes on a Hne are solved 

sim~ltaneously using TDMA <!ri-Qiagonal ~atrix ~lgorithm). While ~ 

values along a line are being updated, ~ values on both s ides of the 

line are kept unchanged. Therefore, the general fini te difference 

equati9n càn be rewritten in the following form for a point, on a 

particular line in SoN direction (see Fig. A3.8): 

~p - Elp ~N + b p , ~S + cp (A3.5l) 

where 

~ 
, bp -

AS 

" 
ap t A- Si> ~ A - S' 

'" ~ i P 
(A3.52) 

and cp includes the terrns related to ~E' ~W and Sp terms which are 

assumed to be known at this moment. For convenience in preénting TDMA, , 
it ls necessary, to use somewhat different pomenclature. Suppose the 

grid points in Fig. A3. 8 were numbered 1,2,3 , ..... N wi th point:s 1 and 

N denoting the boundary points. The 'Eq. A3.51 then takes the following 
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form: 

~i - 8 i ~i+l + b i ~i-l + ci (A3.53) 

for i - 1,2,3, N. 

An expression in 
l' 
the following -form is used in the backward-

substitution process 

~i - Pi ~. 1 + Qi (A3.54) 
~+ 

Substi tution of the sarne expresJion for the (i_l)th node into 

Eq. A3 . 53 leads to 

--~i - ai ~i+l + b i (P. 1 ~. + Qi_l),:r c. , (A3.55) 
~- 1 1 

which can be arranged to look like Eq. A3.54. Hence the following 

expressions for Pi and Q. can be obtained 
~ . 

ai 
(A3.56) 

biQi_l + Ci 
Q. - (A3.57) 
ll-biP i _l 

These are r~currenee relati<llTIs sinee they give Pi and Qi in terms oJf 

Pi - l and'--\t_1' At node i-1, ~L is defined by a boundary condition, 

therefore at i-2, P2 and Q2 are given by 
b2 'c2 ~1 + d 2 P - - _ and Q-

2 - a 2 2 
(A3.58) 

Now, by forward-substitution, P...Itand Q terms for a11 grid nodes on the­
-t-' 

line can je obtained using recurrence relations. At no de N, which is 

the end of the Pi' Qi sequence QN - ~N' Now the back substitution 
~ 

~ process can be started ~ Eq .. A3 . 54 to obtain '~N -1 ' ~N _ 2 , ..... ~ 2 

The flow, turbulence and energy quantitles are uPdatei by the TDMA. 

process on each .Hne in a predefined arder which will be described 

next. The ~ld values are replaced ~ immediately by the updated 

quantities; so, the latest information is \pidly transferred to the 

'.' 
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c~upling equations. This computational arrangement is o~en called the 

•• ~EAT Œearly-~xact ~djustment of !erms) algorithm. The line-by-line 

procedure is repeated in -the west-to-east direction" until ~ the 

prescribed number of sweeps arè completed or 'until pre-set convergence 

criteria are met. 

A3. 7.2 Order of Updating the Variables 

The order of updating thé variables is done in such a way 0 that it 

• actually promotes"faster convergence. By réfering to Fig. A3.9 a forward 

step in the code can be described in the following manner. 

1. At start u l ' s afid P2' sare "known". 

2. Calculate u 3 's from guessed values of v 2 's and~ P4's 
" 1 

3. Solve the momemtum ~quati7n 

4. Update k2 's and ~2's . 

" 

5. Update h 's 
2 

6. Update J.L T 
using k 's 

2 
and c. ' s 2 

7. Correct u' s, v' sand p's for corttinuity errors. 

8. Go back to step (1) for the next line. 

Since incompressible, constant property flow is considered, h' sare 

updated only in the last 50 Iterations of the total number of sweeps 

for each run. 

The' 7th stcp of the above sequence requires special atte,ntion. 

Therefore the next section is· devoted to the process of making 

adjustments for ,"cell-wise continuity". 

o 
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FIGURE A3.9. Order of updating the variables 
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A3.8 CELL-lJISE CONTINUITY 

A3 . 8 .1 Fini te Difference Formulation of Momentum Eq\:Jations 

. Control volumes for the x- And y-momenturn equatHms are ~l:town 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 staggered in x-

and y- directions respectively. Since pressures are stored at the main 

gr.id nodes. the differences (pp - PE) and (pp - PS) can be used to 

calculate the pressure forces acting on the . control volumes for 

velocities u and v correspondingly. This is one of the main advantages 

of the staggered grid. 

The discretization equations for u and v velocities C1m be 

written in the following form. 

(:E A - S' ) u - ::E A u
nb + (pp - PE)ae + S (A3.59) nb e e nb e 

(:E A
nb

- $') v - ::E A vnb + (pp - PN)an + S (A3.60) n n nb n 

where A 's 
nb 

represent the combined convection-diffusion effect from 

neighboring nodes. Here the r calculation of diffusion and convection 
~,~ 

terms at· the control volume faces require" appropriate interpolations. 

These equations are very similar to Eq. A3. 29 ex.cept that the pressure 

gradient terms are not included in S'and S . 

.... ~ The momentum . equations can be so 1 ved corree tIy only when the 1 

pressure field is known. UlJ.less the correct pressure values are used 

in the computation, the resulting velo,Çity field will not satisfy 

-,. 

continuity. Therefore the- computed t1' s, v' sand p' s using guessed 

values need to corrected to satisfy continuity in each control volume 

cell. 

Suppo'se u*'s and v*'s were obtained,-using a guessed pres~ure field: 

p*, solving the following discretization equations. 

. ' 

\ .. 

1 • 

'. 
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(L A - S') u* - l:: Anb u* + (p; - p*) a + S (A3.61) 

C· 
nb e e nb E e e 

(L A - S' ) v* - l:: Anb v* + (p* p*) a + S (A3 .62) 
nb n n nb P N n n 

Let the correct pressure p be obtained from 

p-p*+p' (A3.63) 

where p' is called the "pressure correction term". In a similar 

manner, velocity corrections u' &nd v'can be added to the velocity 

components 

u - u* + u' v - v* + v' . (A3.64) 

If we subtract Eqs. A3. 61 and A3. 62 from Eqs. A3. 59 and A3. 60, by 

substituting Eq. A3.64 the following equation i5 obtained 

(L A - S' ) u' - l::A u'-+ (p' - p' ) a 
nb e e nb nb P E e 

(A3.65) 

---~ ..... ---

.. 
(L 4nb - S' ) v' - l:: Anb v~b + (p' - p' ) a 

n n P N n 
(A3 66) 

---- .... --- ,-

At this point the underlined terms on the right hand side of these 

equations are dropped. The reasons for doing 50 are explained by 

Patankar[1980] and will not be repeatèd here. We may simply note that 

the final eonverged results are not affected by this ommision. The 

result is 

(L Anb S') u' - (p' p' ) 'a 
e e P E e 

(A3. 67) 

(L A - S' ) v' - (p' - p') a 
nb n n P N n 

(A3.68) 

or u' - d (p' -p') and v' - d (p' - P') 
e e P E n n P N 

CA3. 69) 

a a 
(A3.70) where d 

e 
and d 

n 
e (L A - S' ) n (L A - S') 

nb e nb n 

These are the veloei ty correction formulas. 



• 

o 

f <' • 

1 • 
! 
\ 

\ '. 

A3.8.2 Pressure Correction Equation 

30~ 

The pressure correction equation i5 derived by. integrating the-

i 
continuity equation (Eq. A3.l0) over the copttol volume shown in 

Fig. A3.4 giving 

\ 
(A3.7l) 

By combining Eqs A3. 64 and A3. 69 the following velocity expressions are 

obtained: 

u 
e 

- u* + d 
e e 

(p' - p') P E and v 
n 

- v* + d 
n n 

(A3.72) 

The correction formulas for u and v can be written similarly as: 
w 5 

u - u * + d (Pt', - p') 
w w w w P 

and v 
s 

- v* + d 
5 S 

(p' - p') 
S P 

(A3.73) 

By replacing Eqs. A3. 72 and A3 73 in Eq. A3. 71, and rearranging 

the following discretization equation for p' is obtained: 

(A3.74) 

where 

and where 

lt may be realized that the source term Sp i8 actually the negative 

of the discretized continuity equation (Eq. A3.71) in terms of the 

starred velocities; when the value of the term Sp is equal to zero 

continui ty is satisfied in the ce 11. This term is often refered to as 

the "error mass source". 

A3 . 8 . 3 Res idual Sources and Convergence Criteria 

. 
Residual source for a variable at the grid point· P, RSp ' 1s defined 

as 
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Just before values of a variable 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 

AH residual sources are suitably normalised with the jet inlet 

quantities. The largest RS p value is compared to a very small value 

(10- 3 is used in the present case), and if it is less than this value, 

the Iteration process is termlnated 

A3.8.4 Under Relaxation 

Due to the highly coupled and nonlinear character of the nnite 

difference equations, large change in coefficient values from i teration 

to iteration rnay lead to divergence To cope with this problem under-

relaxation of the dependent variables is essenttal Thus, 

where Q ls the under-relaxation factor which is a real nurnber between 
1 ~ 

o and 1. Depending on the boundary conditions, the nurnber of grid .lines 
" -

. and ·.t;heir configur.ations, different combinations of under-relaxation 

factors were ernployed in this study. For exarnple, when the two-layer 

model was employed as the boundary condition at the wall, durin'g the 

initial 200 iterations, under-relaxation factors of 0.2, 0.2, 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 

fo~nd appropriate to speed convergence. 
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When difficulties are encountered in obtaining converged resu~ts • 

experimenting with different combinations of under-relaxation factors 
J 

usually helped. As a rule of thumb, a higher under-relaxation factor 
, 

was applied to the fastes t diverging variable. As the convergence got 

better, under-relaxation factors were increase~. 

t 

, .. 


