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() : ! , ABSTRACT L.

o

Effect of high Eemperature'differencgs'ph local and average heat

transfer rates under a confided single slot jet was studied experimentally
v L%

1
)

' for nozzle exit Reynolds number from 1000 to 20000, nozzle exit to impinge-—

I

b \ v
- ment surface spacing from 5 to 12'nozzle widths, lateral distances from the

»

tagnation line up to 18 nozzle wiEER? and jet- 1mpingement surface tempera-

-

. ture differences from 50° to 300°C. . \
» ~t— $ :
: For stagnation Nusselt number, §§o acceptable forms were obtained

£ for incorporating the effect of temperature difference, the temperature

-

) ‘ratio method and the reference temperature method. Use of the former is
recommended. : el .
\ . )

The stagnation Npssalt number, evaluateg-at nozzle exit temperature,

¢

was found to decrease by about 6.57 over the range 0 < AT < 300°G or

[ 8

1<7T /TS < 2.06. Expressefi in terms of effect of temperature difference

. ]

on stagnation heat transfef coefficients thls effect ‘corresponds to an in-

credsé in h of about 627 over this same temperature range. Beyond about 7

¢ @ S . .
nozzle widths from stagnation there is no significant effect of temperature

difference on Nusgelt number but a significantieffect on h remains. —
' ‘ 3 ® s '

- A general correlation was ‘developed for average Nusselt number in

M

. ’the form: . . ;
. . ) !
— a b c B \
Nu, = K Re, Hfw) ™ (T./T )
a o P J J ( ( J s ,
VI g (% l . \
c e where all four correlation parameters are functions of the 'extent of - .
the impingement surface over which heat transfer is averaged.
(:?} T o Analysis of confined jet impingement heat transfer as a confingd'

t

flow established that the frgction of available heat whfzh is transferred

“ between the jet and the impingement surface is proportional to (x/w)l/3
and. to l/ReJ0 5.

A
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R ’ : o
surface d'impact est p oporciop%elle a (x/w)

. = s 4 w
: . ii .
v .
' P ,
. i RESUME
h L'effet de différences de température élevée sur le taux local

7

et moyen de transfert de chaleur sous un jet rectangulaire confiné a été
mesuié”expérimentalement pour de difference de température, jet a la

surface d'impact, de 50°¢c 5‘30000, pour uné’gamme de nombre de Reynolds,

i3

d'espacement, de la surface d'impact et de la longueur de cette surface.

a -

4 | - ~ .

* R
2,06 le nombre de Nusselt au point de stagnation décroit

1

C ‘a b 4c )
by = K Rej ‘(H/wbr (Tj/Ts) Pr

1/3
]

Une analyse

omme 'syst&me d'&coulement confiné &tablit que la
fraction de chaleur disponible qui est transférée entre le jet et la
- . . \ 1 B
/3 - 0.5 .
“ \ et 3 l/Rej . L

ur 1'incorporation de.qFt effet dans le'calcul du nombre de Nusselt ~\~

~—-

Y
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% l a . expohe?x"t of Reynolds number B
b exponent of dimensionless spacing ) ‘ .
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T, average temperature, °K " ‘o A‘t
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T.‘I jet exit temperature, °K - '
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1.0 INTRODUCTION : : \ T,

) A ’EY

The high convective-heat and mass transfer rates achieved by

jets impinging on a surface have led to application of impinging jets

. in industry. Thus impinging jets are used for the drying of péper, s

annehling non ferrous metals and plastic sheets, tempering and toughe-

=

ning glass, heating or cooling of lea?ing edges of turbine blades and N
spot cooling of electronic components. Dependimg<on application, round |

or slot jets are used individually or in arrary of multfPLE’nozzles.
’ L
In the paper industry, high velocity ilmpingement dryers are

s

used extensively on machines where ﬁroduction rates are llmited by
& I -

drying rates. The Yankee dryer for the drying of tissue products, and

high velocity dryer on coating machines reflect paper industry use of

impingement drying processes. High velocify impingement dryers have
{

also been shown to be very effective far drying ﬁewsprint in'tﬁ%\

N Q

Papridryer processiwhich was proposed by Burgess et al. (1972) In
! 3

this process the iﬁpinglng drying rates were enhanced by drawing some °

-~

of the imping%ment air through. the paper.

g - ; . .
In many impingement heat’ transfer applications, very large

©

temperature'differénces are used. 'For‘eﬁample, impingement paper dryers
are frequently operated with jet. temperatures in excess of 400°C tor
with temperature differences in excess of 300°C). %?t’the majority of
impingement heat transfer studies, which are used as a basis for the
désign of impingement heat transfer equipment, hate bee? made with smali
temperature HifferenceS, typicélly 20°<70°C, Very little is know; about
the effects of large temperature differences on impingement heat

transfer coefficients and about the validity of using the heat transfer

+

@y

@
]

.
T e R I T e

n
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corselations with low temperature differences to predict, heat transfer
rates at high temperature differences.

The objective of this study was therefore to measure the effect .
of high temperature differences on impingement heat transfer rates, and
to find ways of accounting for these effects in impingement heat transfer
calculations. ' ‘
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2.1 Introduction -~ .

) Many studies have been published about flow and heat transfer .

characteristics of impinging jets. Extensive reviews of these studies
have been ma@g by Gauntner et al. (1970), Mujumdar and Douglas (1972}, ,'
- Livingwood et al. (1973), Martin (1977) 'and more gécently by Obot (1981).
Hence the review presented here has been made to highlight only those
aspects of the impingement flow and heat transfer work which.are re}ef“

vant to the scope of this thesis. A summary of the references which are

most relevant to this work and which are referred to the subsequent v

bl 4
discussion is presented in Table 2.1.

' . -
hd N €

f ¢

2.2 Impingement Flow Characteristics g

Y ¥ 3 ' ‘.
Although the impingement flow characteristics are not .the major

issue in this work, they form the basis for the interpretation of

impingement heat transfer characteristics. Hence impingement flow is

]

presented here. .
Poreh and Cermak (1959) méde the following characteristigs of
Mthe flow field under impinging jet (Figure 2.1): 4
. a) free jet
b) stagnation flow

"¢) wall jet.

a) Free jet region. . L
- This is the region of development and expansion of the jet from-

the nozzle exit and extending to the positioﬂ where flow characteristics

of the jet first start to be influenced by the impfngement surfate. The -,

profile of axial velocity may undergo considegable change in this region,

especially if the velocity profile at the nozzle exit is far from fully

& L3
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developed profile. _Turbulence characteristics change sharply in the free
. N

Jet region; especially during the initial part of it. 'The free jet region *

*

may Se considered to ‘be composed of three sub regions, firgt the potential

" core, then the developing jet and, finally the developed jet — provided the’
o v

C:::—_—/TT\\Eﬁacing of the impingement surface from the nozzle exit is sufficient,

+  The p?tential core pefers to that part of the free jet region

ov;r which axial velocity remains unchanged from the values existi
the nozzle exit. The length of the potential core-is an important
parameter for heat transfer applications, since stagnation heat transfe
rates tend to reach a maximum when the impingement surface is lscated at
the spacing&pérresponding to the position of the tip of thé potential
core. For slot jets potential core length values r;ngi?g from 5 to 8,/
Eimes the nozzle width have been reported. Potential core length is
affected by the turbulence characteristics at the nozzle exit,fhence is
affected by Qariables which may afféct nozzle exit‘turbulence“such'as
geometrry of‘éhé nozzle and of the flow channel upstream of the nozzle,
and Réynolds'number. Some of ‘the diversity in results reportea may élso .
be attributed to the velocity measuring techniques used, i.e. pltot tube
Qf ﬁot wire anemometry, as has been discuSSeg in detail by Obot (}981).? ’

The developed flow region, which exists only for sufficiently -
wide spac1ng of the 1mp1ngement surface from nozzle exit, refers to o
that part of the free jet in which centerljine axial velocity decay&*”ﬁ
inversely propo?tional to (H/w)o'5 . The region beyond Fﬁe potential
core, i.e. when axial velovity is no longer cogstant, but befo;e the
developéd flow region where veloq?ty ‘drops proportienal to (H/w)gls,
is referred to as th§ region of developing flow or the transition regionm.

Both the axial velocity and)turbulence characteristics of slot

jets have most recently been measured by Saaq (1981) who, 1ﬁ integrating

v @
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his own new measurements with those of earlier workers, has aldo
v . . /

provided a general review of .this area, !

° L’\
b) Stagnation flow regjbn. “ - A
c . ,
} This region begins at the position: where -the free-jet first

begins to be affected by the presence of thejimpgpgement surfhce,
K L4 ’

impingementwiurface.

o

. In the stagnation region the axial velocity decreases rapidlﬁ,

axial turbulence intensity increases, and the pressure increases as the

axial velocity component is trangformed to a lateral velocity. The
maximum static preSSu;e occurs at the stagnation line. From this
maximum the static pressure along the impingement surface drops sharply.

"

Thus Saad (1981) found that the pressure half width, ile. wherefthe

.Static pressure was one~half of the stagnation pressure; occurs at ae

4

x/H = 0.15 + 0.01. This region of a strongly riegative pressure gradient

1}

- is offfarticular importance because of its ability to maintain a

s
s‘d,

LY

boundary layer laminar even for a highﬁy turbulent 4impinging jet.

Y [

The approximate dimensions of the étag?étion region are of

intéksft. ﬂme distance normal from the impingement surface at which

the, stagnation region begins for a slot jet haslbeen measureéd by Schauer.
\ N . <

and Eustis (1963), Beltaos and Rajaratnam (1973) and by Saad (1981), all *
of whom found that axial velocity begins to feel the effect of an

impingement surface at about 0.2H to 0.3H from the sur@aﬁe.v However,
. \

Saad found that axial turbulence level was nog affected by the
Y :
presence of an impingenent sqsface until less tﬁhn 0.05 H from the

surface. The lateral extent of the stagnation region, defined as the

o




[
-

- distance from stagnation where the static pressure gradient becomes

. 0

negligible, has\hgfﬁ reported by Beltaos and Rajaratnam (1974) to be

about 0.35 H fréﬂ he stagnation line for 21 < H/w < 66, while for
a4

4 < H/% < 16 Saad (1981) gouﬁd his distance to bé O.5H # 0.1lH. It

should be noted that H, not w, has been found to be the more rélevant

characteristic dimension with respect to the stagnation or impingement

A ( ! N
- region. . ‘ 7

- NS

. i .
c) Wall jet region.

In the wall jet region the accelerated stagnation flow trans-

‘ - //<_
“formg\te a decelerated wall jet flow with.a negligible lateral pressure

g;adient. The lateral velocity developed in éhe stagnation region passes
through a maximum at the end of the stagnation region. The boundary

layer transition from laminar to turbulent also occurs in the wall’jet

o

region.‘ An extensive characterization of both the mean velocity and

i «
turbulence characteristics in the stagnation and wall jet regions of an
impinging jet has recently been given by Obot (198l) for the similar

~

case of a round turbulent jet. ]
. sh
» - . N "

2.3 Effects of Geometric and Flew-Parameters on Slot Jet Impingement
* . (2%

Heat Traﬁsfer

The major geometric and flow parameters affecting heat transfer
under a single stationary;Elot jet are the nozzle to impingement surface

spacing, the lateral distance along the *impingement surface from the

s

stagnation line and the jet exit Re&nélds number,
R The effect of nozzle impingement Hurface spacing on stagnation
line'Nusselt number at two Reynolds numbers for a turbulent slot jet is

9 -
N .

“ o
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3 N 11
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® b

illustrated on Figure 2.2 with data from Gardon and Akfirat (1966),
. - . 1
Cadek (1974) and Saad (1981). The results from these three references

show the same trend; the stagnation line Nusselt number passes throd@h
v 1y

a maximum at; a nozzle to surface spacing of about 7w to 8w. As heat
transfer in Teases ithi both mean velocity and turbulence the occurrence

of this maximum in §u) reflects the fact Ehat for H/w spacings less than

that for the maximum, Nu0 is dominated by the increasing turbulence

while .for larfer values of H/w, NuO is dominated by the decreasing mean

velocity: . ) . 4
- “ .

- The gariation of local Nusselt numbetr with lateral distance from
the stagnation line is illustrated for a singie slot jet'with the data

of Gardon and Akfirat (1966), Cadek (1974) and Saad (1981) on Figure

Ll

2.5 (a) for H/w = 8. The striking i//

2 and on Figure 2.3 (b) for H/w =
difference between these two figures is the presence of an‘off-stagnaEion

minimum and maximum in the profiles at the lower spacing. The off-

stagnation peaks at low spacing are associated with the onset of and the.

gradient pie onset of boundary layer transition is marked by the off

kil

stagnatiop minimum in the profile, while comﬁletion of this transition

is marked by the secon&%ry maximum.
The effects of Reynolds number on stagnation Nusselt and dverage
1

Nusselt numbers are illustrated on Figures 2.4 and 2.5 using the results

RS

*
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of various workers. The slopes of 0.5 to 0.6 on Figugg 2.4 are an

, ; )
* indication of the laminar character of the boundary layer in the stag-

nation region, even for turbulent jets. The higher slopes of 0.6 to 0.8

for the relationships between Nu and Re, on Figure 2.5 reflect the

A
fact that beyond some distances from stagnation the boundary‘layer %s

turbulent, hence in that region the effect of jet Reynolds‘gumber on
Nusselt number is that normal%x fomd for turbulent flow. .

Another important para;eter, one which has not received appro-
;fiate attention until rgcently, is the effegt of confinement of- the
impingement system with a surface or hood parallei toﬂfhe impingemedl
éurface. Most industri;l process applications involved confined jet .
systems whereas poét\experimental work has been carried out with uncon-
fined jets. Folayan (1977), who used a shroud at the planéd of a slot
nozzle exit, observed bothnstagnaéion and wall jet region hegt transfer
were 10%-20% less than for unconfinea jets. van Heiningen et al. (1977)
also‘observed reduced Nusselt number in the wall jet' region from a slot |
nozzle. T£e same tre;d was also observed by Obot'(l981) for a round
nozzle, with largest effect of confinemeht occurring at the sma}lebt
spacing. .

Reduction in Nusselt number is attributed to'the effect of the.
c;nfinement surface in reducing or eliminating entrainment of fluid from

the environmeﬁf by the jet. Such entrainment affects both the'}low

fiq}d and the temperature field in the impingement system, ard hence

o

affects the heat: transfer.

It is evident that in an experimental facility of an unconfined

" jet the results. would become a function of whether a heating or a cooling

jet were used because fluid entrainment from the environment would have

4!

Pl Rt
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which can be quite significant.

) : 18

the opposit effect on the temperature field in the impingement system

for those two cases. Earlier workers had largely ignorged this effect l

I
-/

2.4 Effect of Temperature Difference

L4

The listing in Table 2.1 of previous studies documents the lack
of attention to the measurement of impingeﬁent heat transfer for large
temperature differences between the jet and impingement surface. This

deficiency, understandable because of the experimenta} difficulty

»

involved is none the less unfortunate because important Industrial

applications such as paper dfying and turbine blade cooling involve
high temperature differences. Only three expefimental studies with
high temperature differences have bgen reported, all for impingi&g
round jets, Perry (1954), Thurlow (1954) and Huang (1963). Unforgﬁ;“

nately none of them made any systematic study to induce the temperature
) }

difference effect in a way useful in others. g -

.In the earlier study, Perry (1954) for his unconfinéd round
jef used up to 600°C jet temperature and a temperature di;feren?e
varied from100° to 400°C. A relationship, independent of temperature,
was developed with properties evaluated at the mean film temperature.
The usefglness of Perry's results is limited by uncertainties con-
cerning his impingement surface spacing from the nozzle exit and his
basis for determining the temperature difference used for converting
from the heat flux measured to the N;sselt number reported. It appears
éhat Perry did not base his temperature difference, AT, on jet

but instead, on an estimate of temperature of a free

3’ C

temperature, T
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4 >

‘ jet at some unspecified distance greater than 8 nozzle diameters from

7 !

¢ [

the nozzle exit. . “ L

Thurlow (1954) in a communication to previous author, reported

his results for a unconfinfd hot/(53°~202°C) round impingin
Thurlow confirmdd a definite effect of temperature dependent flg}d

properties, even at T, = 5§°C, b g}did not .include this aspect in

]

correlation.’

[

Huang (1963) used an ;nconfined hot (i50°-177°c) air jet
impinging on a cold surface. He used arrivéi velocity,‘Ua, as the
characteristic velocity in his Reynolds number, thus makigg it diffiL(
éult to interpret results. However, hsing the empirigal relation Ua =

6.63 Uo (D/H) proposed by Gardon and Cobonpuef(19§3), Huang's Reynolds
number is transforﬁed to jet exit Reynolds number to facilitate com~

RN

parison.

The high temperature difference results of Perry, Thurlow and
Huang are compared with the reliable low temperature data of Gardon
and Cobonpue (1963) on Figu;q 2.6. The results of Perry and Gardon
and Cobonpue are in excellent agreement with each other but an order
i
of magnitude higher than those of Huang and Thurlow. However this
agreement between Perry, who used an ambiguous temperature difference
term to convert heat flux to heat transfer coefficient and Gardon an§

-

Cobonpue, using the temperature difference bétween jet and surfacé,

-is apparently somewhat fortuitous. The lower values for Huang's,

Nusselt numbers as compared to Gardoﬂ and Cobonpue and Perry may be '
attributed at least in part to the use of incorrect equations for, Ua’
the arrival velocity for a jet issuing from short sharp-edged inlet

\

nozzles which unfo;tunately have not been specified in Huang's paper.

“

@
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R Due to incompletﬁ}e information available from the publicatioq of

1

these early works with high temperature differences it is not possible

]

to determine the source of the large discrepancies nor to use any of
4y <« ~
> the results with confidence. R . . -

.

Very recently van Heiningen (:1982) examined the effect of tem—

5

peratfxre difference but over quite a small range 10°'C to 50°C of AT.

After testing several alternate forms of incorporating the effect of .
- ? . ‘

temperature dependent physical properties van Heiningen adopted the

. .
(/ procedure of evaluating all properties at the nozzle exit temperature,

T,, and including a dimensiopless temperature z:atio,) !l‘j/'l‘s. )

]
A number of studies are available on the effect of high tem-

3

perature difference on heat transfer for confined and unconfined flows.
Extensive reviews have been made by Kays (1966), Petukhov (i970) .
o P

Shah and London (1978). ‘ “ ' ,

4

In engineering applications, one of two me‘tilods, the temperature
. v’
- 3 ' . '
' * ratio method and reference temperature method, are conventionally used

o

Al

to account for the large variation in physical properties which éf%ects

the value of all nondimensional parameters. Id the first method the

o——

ratio of Nusselt number at bulk tem[;erature (fér a confine‘d flow) and

. that at the constant property condition is- related to‘'the-ratio of bulk
.A’*’ . lv - M
temperatgre to a reference temperature, i.e.

a

\_.:i. Nl L T ) ‘5\ ¢
3 . n N . . '
b [ ,

. Nu T, °
Dt . Cp o . ) )

where‘\sgliscripts b, Cp and o refer to evaluation at the Jbulk, constant

O &!pert‘y and reference temperature condition. Usually surface tempera-

- ture is,used as reference temperature. By contrast, in, the reference .

©
i
e Ul
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‘- by Kays for temperaturedratioszj/Ts, in impinging jet correlatioms.

~ — R Rt R AR Tt S RS R KO .

a

22

. . “ .

"

emperature method all the properties are evaluated at gome

réference temperature 50 that no temperature ratio term is required in

\

the correlation. ‘The "film" temperature, the mean temperature betwéen

that of the surface and either the bulk temperature (for a confined

c

flow) or a boundary condition temperature (for an unconfined flow) 1is a
€

frequent choice of this\re erence temperatufet Each method finds its

»

own proponents in the literature. For design p(rpotes the temperature
ratio method can have some advantage in simplicity of use.

For the case of impinging jets, the temperature ratio equation

1

can be written as

N T, \*
u : )
i . [ :
Nu T

s 8

”

wvhere subscripts j and s refers to )measurements at the nozzle exit and
impingeﬁent surfaceg Kafs (1966) solved numerically for the case of a
laminar two dimensional flow and obtained n = -0.1 for heating and -0.07
for cooligg at the stagnation line. The ekperimental study on flow

past cyliﬁder"for a cooling air by Kays and Nicoll (1963) showed
.n= 0,02 at stagnation. Over a small r&nge of temperature difference,
as noted before, van Heiningen did pot¥obsérve any effe;t of temperature
for heating aﬁd cooling impinging slot jet. However using n = -0.1 as
suggested by Kays for hot{jets, the maximum value of (Tj/'rs)n correction
term for his data was less than' 2% which was within the range of his
experimental error. The author rec?mmendéd the exponent values proposed

/ .
) [ ’
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2,5 0 tives of Présent Work

From ‘1iterature,rev.1.ew it 1s evident that no re;.iable data

3

: exist on impingement/” heat transfer at vaplable and large temperature

o . differences between-the jet and the impingement surface. A study was

therefore designedj/o investiéate the'effect of High temperaturef

.- e

ny "
S Mgan

diferences on impingemenf: heat transfer, with the following specific

%

- L
Lty

objectives:

i) To obtain an extensive set of dagg‘on both local and

#‘ ) -average heat t‘ransfer under a confined high temperature impinging slot

t je\tl ‘ ’ “

'3

ii) To derive correlations for heat transfer in this system
which would adequatel}; allow for the large variation in physical

properties associated with )high temperature differences in such a way
’

as the correlations would embrace impingement heat tramsfer rates at

P

&

both high and low temperature differences.

»
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3.1 Introduction . ‘ .

4 . The experimental apparatus was designed for the study of

impinging jet heat transfer at high temperature differences. Choice of
°J

the flow configuration and major parameters-was infldenced by those

used in other studies in the program of investig;;tion by the Mc%ll
éyimpinking jet drying group. Thus for the(present study equipment was

built for measurement of profiles of iocél heat transfer under a:coni

fined, turbulent impinging slot jet. As ?igh temperature differences K .

bétween-the jet and the impingement surface w;s éﬁe frime‘objective, a“.

. facility, with a hot jet impinging on a cool surface, was built which

made it possible to use temperature differences up to 300°C. The

effect of temperature difference .up to this high'level was determined
1Y |

for jet Reynolds numbers, over a range of 1000 to 20,060‘End at impinge=-

ment surface spacing from the nozzle exit in the range of 5 to 12 nozzle

widths. Tiis equipment and the experimental procedures’ used for

oLtaining profiles of local heat transfer are reported iﬁ,this chaptéry

-—

Y
'

3.2 .Description of the Equipment

= . ‘
A schematic flow diagram for the experiméntal facility is shown
in Figure 3.1. The hot air supply system, the blower, heater and.

accessories will be des?245ed following consideration of the impingement

apparatus, ’ ' :

N :
3.2.1 Impingement Apparatus ~ . .

The impingement apparatus consists egsentially of five sections:
i) Entrance section

i1) Plenum chamber .




BLOWER.
1200 CFM

; . C:) k
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" FIGURE 3:1 Flow Diagram of the Experimental Apparatus for High Temperature Impingement'ﬂeat Transfer
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. “1i%) Nozzle, ¢ nfinemeansugfece, exit porté

iv) Side wall yssembly .

v) Impingeme surface. |

= A general view of the impingement apparatus is prqv;ded by the

photograph of Figu;e 3.2 while the close up photograph of Figure 3.3
shows the main elements with the front cover removed. I"he entire
assembly, exclusive only of the impingement eurface, was fabricated
from %2.7 mm thick Mariniee I (Johns-Manville Canada Ltd.), a material
formed of caicium silicate with inert fillers ana reinforcing agents.
Tﬁ; uSual.application of Marinite I _is as fireproof structural insula-
tion. The substance was chosen as the construction material for the

high temperature jet apparatiis ot only for its good insulating property

but for its excellent structural strength, good machinaﬁility,'high
i

temperature re31stance, low thermal expansion and non—corroding qualities.

4

A detailed specification of Marinite.I is présanted in Appendix D, Iwo
1.2 m x 2.4 m sheets of Marinite I were sufficient for construction of

the impingement assembly.

i) Entrance section: . . r e

As shown in Figure 3.3 this part gg the apparatﬁs hasithree \
compartments, i.e. the flow entrance centrai section between two exhaust
flow duct at the sides. The central section connected 'the circular :
76'mp ID inlet pipe to the- 190 mm square plenum chamber. \Thus the
inside dimensions of this square cross gection dect;taﬁered from 76 mm;/
Eo 190 mm over a 1enéth of 0.64 m, e{mensions chosen to keep the angle

of divergence to 5°. The two tapered side cempartments of rectangular ,
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Inside View of Impingement Apparatus

28



e 8

O

cross sectiﬁn connected the rectapgular exhaust chambers (190 X 92.5 mm
inside dimension) to the upper flange where these sections terminated
with a 76 mm square cross-section |to match the two 76 mm ID exhaust
pipes. As may be seen from both photographs a pair of large flanges

provided the comnection between the three square ducts of Marinite I and

the corresponding three circular pipes for entrance and*exhaust flows.

1i) Plenum chamber:

) ]

The objective of uéing a plénum chamber before the nozzle(is to
produce, a uniform vélocity over the 1eng;h gf the slot nozzle and to
provide a controlled low turbulence level in the flow to the nozzle so‘
that the flow °‘characteristics of theljet at the nozzle exit would match
those of previous studies, thus facilitating comparison of results.

The plenum chamber, 190 mm square inside cro§S~section, was 305 mm iq
the flow direction. The 50 mm length pf aluminium honeycomb (5 mm cell
dimension) and two 100-mesh screens, all spaced:about 40 mm apart can

be seen on Figure 3.3.

ii4i) Noz;le, confinement surface, exit|ports:

The present high temperature difiference impingement heat transfer

study was carried out with a confined single slot jet 6 mm wide, with

the séent flow exiting through two exhg t poyts ;ach 61 mm wide. The
nozzle was fabr;cated with, an elliptic in ét'and a square exit according
to the ASME standard, in order to provide|a jet of flow characteristics
comparable to studies at low temperature difference. Although there are
TOore NUMErous studies of unconfined jets, the present investigation‘ﬁith 7

a confinement surface continues the orientdtion of the program of studies

from this laboratory wh&gh are motivated by| industrial applications such

T e e et
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as the drying of paper for which a confinement hood must be used, The'n

dimensions were selected to provide the same ratio of jet wi@th to

B
centreline spacing between inlet nozzle and exhaust ports as existed in

pilot plant Papridryer, i.e. a ratio of 0.Q35, conventionally térmed as

3

A + 3.5% open area.

A pair of Marinite plates, 9.6 mm thick, ﬁachined at one end

Y

with an elliptic profile for the inlet jet and at the other end with a .

?\\ square edge for the exhaust port, were fixed to the bottom of the plenum
- .

1

chamber, thus providing three elements of the impingemené apparatus, i.e.

a 6 mm wide nozzle, 136 mm wide confinement surfaces and 61 mm wide
exhaust ports.

This pair of plates 1s seen clearly in Figure 3,3. As the nozzle
plates were fixed to the inside of the retaining side walls of the
apparatus, the transverse length (2) of the nozzle‘éas the same as this

dimension of the nozzle plate confinement surface, i.e. 190 mm. The

correspon&ing high aspect ratio (%/w = 31.67) assured two dimensional

-

- flow over most of the width of the impingement surface, as has been

documented in a recent study by Saad (1981) in this laboratory.

1

The ndéile plates were fabricated of Marinite I because of the
" low coefficient of thermal expansion of this material (Appendix D). Thus
from ambient temperature to the maximum jet temperature used, about 300°C,
a 136 mm wide sheet of Marinite would éxpand oﬁly by 0.14 mm, 2.52, a
very small value relative to 6 mm nozzle width, A schematic diagram of

nozzle is shown in Figure 3.4,

SO T /

Av) Side wall assembly: . .

The flow retaining hood of the impingement apparatus comprised

'
T e g s,
o
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the assembly of four side walls and the coufineﬁeut surface 136 mn wide
from ﬂozzle inlet to exhaust port. As the side walis.made a closely
fitting, sliding contact on the plenum-exhaust chamber aséembly, 425 x
215 mm, inside dimension of the former was also the outside Aimension of
the latter, This sliding arrangemenc‘detived.from the objective of
varying the impingeﬁent surfagg spacing from the nozzle exit, thla

maintaining 2 totally enclogsed, two dimensional flow impingement system ‘
from which the spent floé exited only through the two exhaust po;ts. ‘
Slotted.grooves two on the ends and three on the sides, and retainiﬁg

screws provided a convenient vertical adjustment of the side wall assem-

bly. The impingement surface could thereby be spaced from 30 to 72 mm

(i.e. from 5 to 12 nozzle widths) from the nozzle exit. .

v) Impingement Surface:
The impingement surface was a copper plate, 305 x 165 x 6.4 m
thick. Copper was selected for its good thermal conductivity thch

facilitated obtaining a nearly uniform surface temperature as this, not

the constant heat flux, boundary condition was chosen for the present

study. The impingement surface was kept nearly isothermal by a high
throughput channel flow of cold water in direct contact with the lower
surface of the copper impingement plate. For the extreme casékof a
300°C jet the variation of surface temperature was only by 2°C from
stagnation to a position 20-nozz%e widths from the nozzle centreline.
This cooling water passed through a rectangular channel of galvanised

«

steel soldered to the copper impingement plate. The channel was 7/}@
b2

deep, 165 mm wide (i.e. the same as the impingement ﬁlate'width) and

was somewhat longer (350 mm) than the impingement plate length (305 mm).

AN
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Figure 3.3, the impingément assembly comprising the copper plate and

-\\:;“%ade. The horizontql traversing was provided by mounting the 40 mm

v N “ ) S
\ . . ‘ 33 s
. 1] 4 i

High meltiné (221°C) silver solder was used becausq.ef~fzf n;cessity to

. 1
cure the heat flux sensor adhesive at 150°C, as é;;:ﬁ}bed subsequently. 43
~Two tapered galvapised steel seections 0.7 m long proviggd adaptatidn .

cfrom the 165 +x 7 mm rectangular cooling channel to the 51 mm diameter

cooling water pipe. To allow for lateral and vertical traversing of

the impingement surface, the final connections to inlet and outlet water

lines were made through flexible rubber hoses. As may be seen in

steel cooling channel waé supported in a 600 x 300 x 40 mm thick Marinite I

base so that the 305 x 165 mm copper impingemepnt surface was flush with

-

the surrounding Marinite I gurface. The two tapered steel cooling

%4

channels extending on either side of the plate were- !kewise'made,flush

with the Ma;lnite surface using Kyanex cement (Canadian Refractories
Ltd.). . .

The research objectives required that the impingement surface
position be adjustable both vertically and horizontally, the vertical
positioning to provide variable spacin&\from the nozzle exit, the hori-

N N

&
zontal traversing to enable lateral profiles of local heat transfer to

r

0 {
2} vt

‘r%nite base on a horizontal alum{éium platform (760 x 380 x 10 mm)
which could be moved horizontallylalong the longef_axis by a screw
mechanism connecfed to the tfavérsing control wheel visible in the .
central part of Figure 3.2. This horizontal platform was‘in turn
s&%ported on’ a sturdy, inverted L—ghapgd plat}orm, the vertical leg of
which could be moved up'and down‘by a second screw mechanism, the verti-

cal positioning control wheel which appears near the left bottom of

Figure 3.2. This system for control of vertical -and horizontal position
o

& *.z;'f_
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. of the impingement surface exceeded the requifements of the pfésen;
study, }.e. vertical positioning of impingeménp surface spacing from 30
R N 4;! B - -
D Va’mm (5 to 12 nozzle widths) from the nozzle exif, and horizontal

traversing up to 72 mm (12 nezzle widths) on. either side 6f the nozzle

i N .

o

it

centreline, au s
' , Ly sl
Temberature‘bﬁ,the impingement surface was meésureg by Teflon
insulated, Cbggmél—Coﬁ§tantan thermocouples supplied by Omega. Twelve
thermocouples were placed from the centre along the longer axis at a
spacing of 10 mm. - Thermocouples were locaggﬁ in holes drilled from the
* bottom to within 0.5 mm offthe supface,‘the leéds being ca;riéd out
through 1 nmim ID copper tubes s;ldered to the bottom of the impingement
plate and to thé cooling duct before passing through the Marinkte I
base. The thermocouple beads were epoxied to prévent ectriFal contact
with copper plate. The thermocouple leads were connected to thé!40
point selection- switch (Omega) which was in turﬁ connected .to a digi?al
readout meter (Model 410A,‘0mega) through a cold junction compensator
(Model CJ-E, Omega). q . AN

a

t

3.2.2 Heat Flux Sensor ) - \;

n —

SIRG

. ~ P
w

Local heat flux at the impingement Surface was measured with “;'

LIS

extremely thin (0.18 mm), "micro-foii" heat flux sensors (Model 20450-1) ., '
manufactured by RDF Corporation, Hudson, Néwﬁﬁampshire. The working
pg}nc%gle and specifications ¢f the sensors are given in Appendix E,

The overall size of Fhe rectangular sensor used was 11 mm x 7 mm, bué

fhe Keéat sensingfagea‘was much smalley, 4.78 mm x 1.9 mm.  The sensors

were flush mounted in the plate-with loﬂger sensor dimension parallel to

., the longer axis of the nozzle. Thus the small ratio of sensor width to
q 3

R YL A
Pk T
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nozzle width (0.32) provided excellent.resolution of local Nusselt

- number. The overall thickness of this sefisor was 0.18 mm, .including
3y R .
‘its protective polymide film, — .o
A \“’““~) A sensor was mountéd in a grogve (11.25 p 4 7.251x.0.3l mm deep)

in the impingement surface. The sensor was fixed in place by a highly

# . ,
! conductive (k = 22.5 W/m°K) silver suspended, epoxy adhesive (gniset)

[&]

ﬁ supplied by American Polymer Products Ltd. The shrface of the sensor
f was flush with the impingement surface. 'fﬁe~sensor leads were taken

)
out through a 1.5 mm ID copper tube placed in a small groove along the

copper surface and surrounding Marinite base. The space between the
| copper tube and t%é copper impingement surface was filled with Uniset
which required one hour curing at 150°C. The surface was then flush

ground. - .-

¢

Aftér completing.a set of runs at the lowest jet temperature,

N

o2l
50°C, two more sensors were mounted in the same way at a distance of

36 mm on each side of the central ope in order to reduce experimental

Q time. Unfortunately, after completion of the experiments at 100°C jet

temperaEure one of the additional sensors was accidentally rendered. . 7

inoberative, so the remainder of the experiments were completed with two

sensors, still a considerable advantage over the single sensor initially

]

P

installed.

The leads from the heat flux sensors were connected to a digital‘
nanovoltmeter (Model 180, Keithley Ipstruments) through a low resistance
(0.004 m ohm), 40-point selection switch (Model OSW5-40), Omega Engi-

]

(:) . neering Inc., Connecticut. ) A

3

]

§ e o —— s o oY




3.2.3 Air and Cooling Water Supply System

) \\‘\\\ﬁ blower of capacity at 1200 cfm at 30 psi (Canadian Sirocco Co.

Ltd.), direcEly driven by a two speed (3470/1730 rpm), 30 HP, 550 Volts,
three~phase synchronéus motor (Bepco Canada Ltd.) drew air from the

laboratory at a flow rate controlled by a gate valve at the blower inlet,

B

The air was passed through a fire resistant filter (American Air Filter

'

-
of Canada Ltd.) to remove dust which could damage the heater: The air

td
1

-

) ° was heated by a sidgle-stage 100 KW, 550 Volts huct heater (E.W. Playford
Co., Montreal) of square cross-section 0.6 m ; 0.6 m. Adapting sections,
0.7 m in }ength, connected the 0.6 m square heater to 0.2 m diameter'
aluminium pipe on eisher gide. As the air heater could not be operdﬁed
at full power at a flow rate of less than 400 cfm, a flow considerably
greater than ghat required for the maximum jet Reynolds number was used.

.. This restr;ction requi;ed installation of a by—paés for discharge of
excess hot air outside the building. The air flow rate to the jet
apparatus was controlled by a butterfly valve igﬁfhe 0.2 m diameter
by-pass line. All lines were joined with aluminium flanges with high
temperature resistant (650°C) asbestos used for gaskets. All pipes were

* o

insulated by 25 mm or 50 mm thick fibreglass.

The exit air temperature from the heater was designed to be con-

trolled by a 150 A SCR proportional controller (Honeywell Model R7308E1259)

with a 135 ohm potentiometer and a mercury filled temperature sensing

element in the discharge air line. To pfotect the heating elements there °

was also an over-temperature cut-out (Canadian Chromalox Co. Ltd. Model

<:) .. ARC254) . As in practice this instrumentation did not provide a suffi-

_

ciently steady temperature, this control system was repléced by a

[

ie
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simpler arréngement. Thus in all experimental work for jet temperatures
at an&oabove 150°C the power to the heater was controlled simply by a
133 ohm_pdfentiometer set:manually by reference to the temperature of
the jet nozzle._

] . .
For runs at jet temperatures up to 300°C-(heater exit temperature

corresponding to 4bo 350°C), the heater was insulateq on all sides to

a thickness of 12.5 mm with ceramic blanket. When that temperature

[S

level was reached it was necessary to strip the insulation from the

heater in order to prevent overheating and thus structural weakening
of the walls of the heater which, unfortunately, had not been insulated !
on the inside by the heater manufacturer. With the air flow rate to tﬁ;/"‘"’""%
‘ . |
heater reduced by the valve at the blower inlet to about 400 cfm, the ;
maximum heater exit temperature which could be obtained with the heater
uninsulated was just slightly above 350°C, thus limiting the present
study to a maximum jet temperature of about 300°C. i
The air flow rate in the 76 mm diameéer aluminium line to the i
impingement apparatus was measured by a square edged, 38.1 mm‘diameter, |
stainless steel orifice plate using flange taps. The orifice plate was ‘
located at 1.2 m (i.e. 16 pipe!diameters) downstream of flow straightening
vanes,j?VEZO mm length of honeycomb with 5 mm wide cells installed in
chis\;ipe. The pressure difference across the o(@fice was measured by
a U-tube manom:ksi\with Merium fluid or, for lower flow rates, by an .
inclined manometer\ " . |
Temperature of hot air at the orifice and a: the nozzle exit was ‘ |
measured by 2.4 mm diameter, high temperature resistance (540°C) glass

braid insulated, Chromel-Constantan thermocouples. Thege temperatures

were also read from the digital readout meter.
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.width, W, was 6 mm and spacing betwee
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The large flow of cooling water required to maintain an essgen-
tially’ uniform impingement surface témperaturé was provided by a Fair-
bank-Morse pump of capacit& 0.57 m3/min at 150 kPa bressuré, driven by a
550 v, 5 H.P..motor. _The cooling water was recirculated through a 1 m3

tank with a bleed ;o\the drain and a make~-up connection.

. ‘ L ) -
3.3 Experimental Procedure ' T,
R A straight forward steady state technique was used in this

experiment. At a particular nozzle to impingement surface spacing, jet
Reynolgs numbet and jet temperature, the system was éllowed‘to reach
steady state, which took about an hour. The flow rate, temperature at
the orifice and at nozzle exit were measﬁred. The local heat transfer
profile was obtained by lateral traversing of the impingement surface

with its heat flux sensors. Ab 5 minutes were required at each lateral

position in order to reach steady st te. —As mentioned earlier, nozzle

Ehe two sensors was 36 mm, i.e.
6w. The output from the sensors read from nano;écer in microvolts was
converted to heat flux in Watt/m2 by the ca%ibration factor and surface
temperature correction factor supplied by theémanufacturer. The pro-
cedure.used with three sensors is illustrated on Figure 3.5. Horizontal
traversing of the impingement sﬁrface was carried out in increments ;ﬁ~
6 mm (Iw). Although five increments would provide a complete set of
measurements, six increments'were used in order to prpvide a check

between different sensors at the same position. The heat flux was

thereby, measured -at 19 positions, out to 18 w from the stagnation line,

" inclfuding heat flux measurements by different semsors at the same

B ey
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. at nozzle exit and‘'temperature of the surface near the sengor were

_measured. As the thermal conductivity of the protective polymide layer 3

'

) l \
position. Symmetry of the heat flux distribution was also checked for

»

each run, . T,

For each position of the impingement surface, the temperature -

on the sensor was less than that of the copper impingement plate,'the
temperature of the sensor surface was slightly hggher than the impinge- .
ment surface. Also there was some radiative heat transfer from the hot . .

air jet fo the cold impingement surface. Corrections for radiative

heat transfer and differences in sensor and surface temperature are

+

shown in Appenaices F and G.
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4.1 Results |

-

*  4.,1.1 Range of Experimental Conditions

The range of experiﬂgntal conditions uged in this study of con-

&

fined impinging-slot jet heat transfer is giveﬁmin Table 4.1, Three
independent parameters were varied: the temperaéuye difference, nozzle
exit to impingement surface, AT = Tj - TS; the dimensionless impingement
surface spac%qg from the nozzle H/w; and the nozzle exit Reynolds number,
Rej. Local heat flux was measured at 19 poistions along impingement
surface, from x/w = 0 to x/w = 18, for all combinations of values of AT,
H/w and Re, shown in Table 4.1, with the sole exception that runs at

h|
Re, = 20,000 were carried out only for values of AT of 50° and 100°C.

]
A total of 104 runs were made. :

Table 4.1 shows the nominal or target conditions for the experi-
ments. The actual operating conditions, which varied somewhat from
these nominal values, are shown.in Appendix Al

The range of dimensioniess nozzle to surface spacing, H/w, frpm
5 to 12, Qas chosen to bracket the value, H/w = 8¢ which has been
feported to give maximum heat transfer rates at the stagnation line.

The dimensionles; flow and heat transfer parameters, Reynolds
and Nusselt numbers, énd the Prandtl-number require physical properties
Yiscosit;, u,fdensity, p, thermal conductivity, k, specific heat, Cp,
which vary significantly with temperature. For the present case which
focusses oﬁ high differences in temperature between nozzle exit, Tj’ and
impingement surfaces, Ts’ the refer;nce temperature used for evaluation
of all such physical propenties'was the nozzle exit témperature, Tj,Jfor

reasons discussed in detail later. These properties are then designated

as uj’ pj’ kj’ ij'

e o e o e o s
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! N . Table 4.1 Nomindl Values of Independent Viariables -
i Variable Nominal Values of Variable
v Rej 1000, 5000, 10000, 15000, 20000*
; H/w ' 5, 8, 10, 12
;1 ) N
EI T, T, °C 50, 100, 150, 200, 250, 300°
Tj/Ts 1.18, 1.35, l{.53, 1.71, 1.88, 2.06
x/w 00, 1,2, 3, by ceesieneneeaeni. 18
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The basic flow parameter, jet exit Reynolds number, taken then as

Y

Re = _J_i ¢ (4.1) s
3 M a
3 o
-y ‘
was varied from 1000 to 15000 (and 20,000 for values of AT of 50°C and
100°C). Thfs range included that of the mill trial Papridryer at.the

low end (Re \of 1000 to 3000), while the higher vdlues provide comparison

J
with the low AT results of previoué studies by Gardon and Akfirat (1966),
Cadek (1974) and Saad (1981).

The independent variable of prime interest in the presentnwork
is the’AT between the hot jet, Tj’ and impingement surfa;e, Ts' The
surface temperature was kept low and essentially uniform over the
surface, at levles'in the range 3° to 11°C (Appendix A), During a run
temperature variation over the impingement surface was less than 2°C
along the entire length of the surface., The nominal AT was varied from-
50°C to 300°C in increments of 50°C. This range bridges the gap between

the low AT results of previous investigations and the high AT of

interest in industrial application of impingement heat transfer for

drying.

4,1,2 Basis 'of Local and Average Nusselt Number

The dependent variable measured in this study was local heat
flux (qé)from tﬁe heating jet to the impingem?nt surface. From this
heat flux the convective heat transfer coefficient is first obtained in
thé way conventibnal for impingement heat transfer, by normalizing the

flux to the temperature difference Tj - Ts’ i.e.

h o .'—.L ' N , (4'2)
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. In this conventional represeﬁtation the heat flux,\qc,is a tunction of
" lateral position.along the heat transfer surface while the AT used,

| { Tﬁ - TS, is .not a fuﬁctionlbf lateral profile. Thus the heat transfer

| ‘coefficient profile, as defined bi equation 4.2 is essentially the

_— 3 —

heat flux profile, not heat transfer‘profile., An alternative to this
conventional treatment is developed in Section 4.5 using temperature
difference as a function of lateral position.

1

. For the dimensionless heat transfer coefficient, Nusselt number,

the characteristic dimension, nozzle width, w, was-used, i.e.

| Fu, = ¥ . (4.3)

as [y
' . ' 1 x/w ! ’
Nuj - v J 'Nuj d(x/w) (4.4)
)

The results for local and average heat transfer rates for all

104 runs are listed in Appendices B and C respectively.
o ) # AN

4.2 Stagnation Heat Transfer .. \
| ) }

) 3 . P
Although heat transfer rates at the stagnation line have only

limited practical significance they have been studied by numerous
- g/q ’ investigators because stagnation heat transfer constituteg*a sensitive

- standard characteristic of an impinging jet.

(i) : ) 4.2,1 Effect of Reynolds Number and Spacing

The effect of Re, on Nu_, at all values of H/w is shown by

3 o]
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Figure 4.1. The data shown cover the full experiﬁental;range‘of AT
and may be represented logarithmically by straight lines of slope 0.5.
Detailed discussion of the quantitative relationships dérived from these

data follows in Section 4.2.3.

The effect of impingement surface spacing, H/w, appears

[

explicitl& on Figure 4.2 for all five levels of Rej used. The data at

AT = 50°C shown are typical of the trends at all values of AT. Stagna-

\ r
tion Nusselt number passes thzough a maximum at a spacing of approxi-

mately 8w except for the laminar jet case, Rej = 1000. This maxim;m‘fbr
turbulent jets is well known from previous studies by Gardon et al.
(1966), Cadek (1974), Daane and Han (1961) and most recently by Saad
(1981). This maximum‘ggrives from the combined effect of centreline
velocity and turbﬁlenée intensity, as convective heat transfer ingreases
with both these varia£les. In the potential core ¢f a slot jet, which
extends to about 8w from the nozzle exit, the centreline velocit}
remains essentially constant while the turbulence intensity increases
rapidl} with distance from the nozzle exit. - Beyond the potential core

the turbuylence. intensity increases more"siowly‘but the centreline

velocity {:;;; gsharply. Thus the maximum in Nquat about H/w = 8

4

reflects the fact that Nquis dondn?z’ﬂ for lower spacings by the

ingrease of turbulence with distance from the nozzle exit, and for

larger spacings by the decay of mean velocitx. Saad (1981) has ﬁresen;

L 4

ted a quantitative analysis of the combined effect.
For the case of the jet which is laminar at the nozzle exit, i.e.
for Re, = 1000, it is necessary also to consider whether theujeé is

3
still laminar on arrival at the impingement surface. In this regard -

Mg oS ATk Bl
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the data of Sparrow and Wong (1975) indicate that,.for Re;j = 950, a jet
will still be laminar for an impingement surface spacing H/w < 10. Thus

it appears that, fgr the present case of Re 3 = 1000, the jet remains

\ .
\—/laminar except for the largest spacing, H/w = 12, for which transftion

P

3

to a turbulént: Jet may be starting as the jet arrives at the impingement

surface. The numerical predictions by van Heiningen (1976) show-that

heat transfer under a laminay impinging slot jet, Re:j = 950, is quite

insensitive to spacing, a prediction that, i\ c_onfirn{ed by the experi-

¥

mental findings of the present study.

4,2,2 Ef.fect: of Temperature Difference

As the present study is partic'ularly‘ oriented towards the
influence of large differences in temperature between jet and impinge-
l'n_ent surface, this effect on stagnation heat transfer when the latter
is represented as Nuo is illustrated on Figure 4.3.. The data presented

h |
in this figure, i.e. for H/w =8, at two values of Rej, 5000 and 10000,

are representative of all levels of H/w and Re, tested. With heat trans-

3

fer expressed as Nuo it is seen that Nuo

3

3
/Ts. The slope displayed on Figﬁre 4.3

the temperature variable T

b
corresponds to Nuoj proportional to (Tj/'I'S)'0 11 | a relationship to be

discussed in detail sohgequently.

]

4.2,3 Quantitative Analysis 5 -

Wit:'h all physical properties evaluated at Tj’ stagnation

Nusselt number may be conveniently expressed as a power function of the

( independent variables in the form

4

Nuoj = K Re:lé1 (H/w)b Prjc o : (4.5)

is only a slight function of t
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The correiatibns 'developed by various workers are summarized in Table 2.1.
The temperature dependency of physical propertiés was not a

majo? effect for earlier studies made ‘at low temperature differences

between the jet and the impingement surface. However, as the basic

focus of the present investigation is impingement heaé transfer fox_‘

values of AT up to 300°C, treatment of the very large variation of

physical properties between the limits of Tj and Ts becomes a central

concern.

As discussed in Section 2.4, the effects on heat transfer of

T - pan.

variable physical properties at high temperature differences can be
accounted for by either the temperature ratio method or the reference
temperature method. The critical analysis of these alternate methods is

carried out using the experimental measurements of heat transfer rate

at the stagnation line.

In the temperature ratio method the Nusselt number is taken as
proportional to some exponent of the ratio of relevant temperatures,
expressed as absolute temperature. For impinging jet heat transfer the -~

relevant temperatures are the nozzle exit and the impingement surface

temperatures, T, and Ts' Thus the\E%%perature ratio approach may be

i

expressed for stagnation line heat transfer in the form

’ a b c d
Nuo = KRej .(H/w) (Tj/;s) ‘~Prj (4.6)

thereby indicating that Re and Pr are evaluated at T ‘'while leaving open

- j

v

the choice of temperature basis for evaluating Nuo. In the evaluation

of Reynolds number.the use of Tj is the logical physical property

reference temperature as this is the temperature at the position of the

characteristic dimension} w, used in Re, i.e. at the nozzle exit. However,

e p————— e e = e
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a8 heat tramsfer occurs throughout the entire extent of the fluid there
1s no such clear choice for the temperature to be used for the physical
property appearing in Nusselt number. .

Tge concept-of the reference temperature method is to ;hoose the
temperature basis for the Nusselt number so that without a temperature
ratio term the correlation accounts adé;uately for the effect of tem-

perature dependent physical properties. For the stagnation Nusselt

number, this equation may be expressed as

'Nuo = K Reja 1 /w)P° Prjd - (4.7)

indicating that Re and Pr are evaluated at T, while Nuo is evaluated at

3

a reference temperature, Treg’ which eliminates the need for a tempera-"

b

ture ratio term.

The temperature ratip approach was applied for three alternate
bases of expressing Nuo, i.e. evaluation of Nuo at Tj’ TS and at Tf,the
flux temgerature conventionally defined as, Tf = O.S(Tj-FTS). As the
variation of Prj was not great, the exponent, d, in equation 4.6 is
chosen as '1/3 from literature. The best values of tﬁé four constants
K, a, b, ¢ were determined by a linearized logarithmic fit of these
equations to the data uging the standard multiple linear regr;ssion

"STATPAK" program of the McGill Computing Centre for each of the three

alternatives noted, i.e.

' . a by ey o, ¥
Nu g Ky Rej (H/w) ('rj/'rs) Prj 3 | (4.8)
Nu . = K, Re 22 (H/w)bZ (T,/T )2 pr g ' (4.9)
of 2 T4 i’ ’s j )
- a3 bj c3 o Vs
Nuos K3 Rej (H/w) (Tj/Ts) Prj (4.10)

g A v i sk
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With respect to the effect of H/w the well known fact of a
maximum in Nuo around H/w = 8 was noted in Section 4.2.1 a;d displayed in
Figure 4.2._ Thus all data for H/w = 5 was excluded from the correlation
which thereby represents a linearization of the data over the range of
spacing,“H/w, Eﬁom 8 to 12. The coﬁstants of equation 4.8, 4.9 and
4;19 are 1isted‘in Table 4.2 for two Reynolds number ranges (1000-20000
and 5000-20060). The numbers in parentheses below the exponents are the
"t" values for each exponent.

For the wider Reynolds number range (1000-20000), the exponents
for H/w are not significantly diffeéent from zero at the 95% confidenée
level; Figure 4.2 clearly indicates that Nuo does not vary siggificantly
with H/w for the laminar jet case. Thus-inclusion of the results for
Re, = 1000 is not valid and mﬁreover obscures the effect of H/w for

3

turbulent jets. When the Res = 1000 data are excluded, the exﬁbnents

for H/w also become significant. The exponents of Rej and Tj/Ts did
not change significantly with exclusiﬁn of the laminar jet results.
Tﬁe\exponegts for Rej'and H/w are seen fram Table 4.2 to be
quite insensitive to the temperaturé basis used to calculaté Nuo. The
exponent for Tj/Ts’ on the other hand is quite sens%tive to the choice
of reference temperatures. But for all these equations this temperature
exponent was highly significgpgad;ks all three reference temperatures
yiel& equally good correlatio 8, the most convenient choice was made;
equétion 4.8 in which all fluid pr;;erties are evaluated at Tj' Should
thi§ equation be applied to iterative calculations to determine‘Ts as
is frequently the case in drying rate calculgtions, the physiéal pro-

L

perties based on T, remain unchanged throughout all of the iteratioms.

]
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TABLE 4.2. List of Coefficients and Exponents of Equation 4.8, 4.9, 4.10

{

Equation Coefficient Range of Eiponent Range of Exponent Range of Exponent Nu evaluated
No. K Re a, for Re * H/w b, for H/w T,/T e, for T, (/T at
i i 3 s J s )
4.8 0.648 1,000~ 0.485 8-12 ~0.045 1.18-2.06 -0.111 T
20,000 (113.2) (1.7) (4.9) ]
4.9 0.664 1,000~ 0.484 8-12 -0.048 1.18-2.06 +0.188 . Te= (Tj+Ts)}2
20,000 (114.2) (1.8) (8.4)
4.10 0.644 1,000~ - 0.484 8-12 -0.041  1.18-2:06  +0.650 T
20,000 (111.6) (1.5) ;- (28.5) 8
h - Ead
4.8 0.791 5,000- 0.485\\. T 8-12 -0.134 1.18-2.06 -0.115 .T
20,000 (58. )% , (5.5) ' (5.6) i
4.9 0.800 5,000~ 0.486 8-12 -0,138 1.18-2.06 - +0.185 Tf==(Tj-+Ts)12
20,000 (59.7) (5.8) (9.2)
4.10 0.750 5,000~ 0.490 8-12 -0.129 1.18-2.06 +0.645 T
: 20,000 (56.7) (5.1) (30.4) :
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The exponent of T /TS in equation 4.8 is -0.115. The only other -

3
value in the ‘literature for this exponent of "the temperature ratio is
the value -0.10 , evaluated numerically by Kays (1966) for a laminar
stagnation Nusselt number. Thé exponents for equation 4.8, 0.485 for
‘ReJ and ~0,.134 for H/w were used in the regressior? lines on Figures 4.1
and 4.2 respectively., Figure 4.3 illustrates the use of 'l‘j/’rs as a
co}trel}ating parameter for Nuo j over the wide range of’A’TI covered by the

present experimental study. The recommended form of the temperature

ratio correlation for a turbulent jet is then

. , 1
- 0485 -0.134 -0.115p,. /3
Nuoj 0.79,Re‘_i (H/w) (Tj/Ts) Prj, 3 (4.11)

As Table 4.2 shows the comsiderable dependency of the temperature
ratio exponent on the temperature basis for calculating Nuo (i.e. Tj’ Tf
or Ts)’ these regults provide an effective way of determining the value

of T which would eliminate the need for a temperature ratio.term, as

ref N
1s 1llustrated on Figure &,4. It is evident from this figui'e that the
AN .
tegerafure whic es l:he nent, c, vanish is Tref = Tj -0.2(Tj -'I‘s).

/ )

- ’ / N
(N / Evaluation of Nuo at this temperdture in fact gave the following regres~
/ ’ d

sion equation:

1
( - 0485 (1y/u)-0-138 -0.002 p,. 73
. NuoT 0.648 Rej (H/w)' (Tj/Ts) Prj (4.12)

ref ,
The maximum effect of the temp’erature term, (Tj /'}‘3)'({'002 , 1s totally
insignificant, corresponding to only a 0.15% correction for the most
wide temperature range investigated. Hence for a turbulent slot jet

over the range of spacing, H/w, from 8 to 12, "the correlation for Nuo

4 o

7 )
using the refetence temperature method is:

v A
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1 . '
Nu = 0.648 Re 0-485 (H/w)~0-138 pr E (4.13)
onref 3 . 3 ' .

9

with Tref - Tj - 0.2 (Tj - TS).

Both the temperature ratio method (equation 4.11) and reference

N

temperature method (équation 4,13) yie%d correlations for NPO which ade-
quately allow for the wide variation iﬁ physical properties assoc%g;eaf
Qlth large’values of AT.~ The temperature ratio method is the more
straightforward method to use, in that less complex iterations are
involved in a typical appIigation in design than would be the case for
Nug évaluated at Tref' Thus the preferred correlation is that based .
on the temperature ratip méthod, i.e. equation 4,11.

On Figgre 4.5 are displayed the regression equation 4.11,
experimental data at Rej = 10000, AT = 50°C from the present study and
the published data of Gardon et al. (1966), Cadek (1974), and Saad
(1981). The three reference studies, all used cooling jets impinging
on a heated surface, ﬁhe opposite of the present work. Also,‘fhg first
two works cited used unconfined jets. Saad used a confined jet system
of 'geometry similar to that used in the present investigation. The
fact that the results for the two studies involving unconfined jets are
‘higher than the present results may reflect the fact that confinement
reduces entrainment of aﬁbient air. Folayan (1977) has observed tbat,
for a slot jet, confinement can cause a reduction in Nuo by 20%. A

.

similar observation was also made by Obot (1980) for round jets. How-

ever, as Saad's measurements were also for a confined impingement system
1 p g y ?

the reason for this 207 difference between his results and those from

the present investigation is not apparent. As turbulence is an important

parameter but turbulence measurements were not part of the scope of the

|
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present study, a difference in‘'turbulence level could be the source of
this difference in results. Saad i; fact documented the high sensitivity
of stagnation‘heat transfer to variables which may affect turbulence at
the nozzle exit., Thys in his case Nuo could be changed by up to 202
through changes in turbulence associated with changing nozzle width, w,
while maintaining all dimensionless variables fixed. His documentation
in this regard supports the possibility that differences in turbulence
of the jet may be the source of this observed differerce in results.

Comparison of Tables 2.1 and 4.2 show that‘the exponents found
in the present work both for Rej and H/w differ substantially from those
reported previously. Reynolds number exponents in the range from 0.566
to 0.87 have been reported, significantly larger than the value of 0.485
of the present work. However the most recent work reported, that of
van Heiningen (1982) has established that heat transfer from a turbulent
slot jet for Rej from 5200 to 31800 at spacings, H/w, of 2.6 and g, may
be represented adequately with Reynolds number exponent of 0.5. The
use of the value of 0.5 as the Rej exponent derives from considerations
of l;minar flow and 1s justified for application to a turbulent jet on
the basis that the boundary layer in the near vicinity of the stagnation
line ig laminar even for the case of a highly turbulent jet.

For the range of dimensionless impingement surface spacing,
H/w, above 8, the value at which Nuo typiéally exhibits a maximﬁm,.the
values of the exponents on-H/w for dependence of Nuo that hgve been
reported in the literature vary from -0.37 to -0.68. The value deter-

mined from the present measurement is ~0.134, This lower sensitivity

to H/w in the present results is a direct comsequence of the non-
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linearity of the relationship between log Nu and log H/w, and of the
narrow range of H/w, 8 to 12, over which the results are linearize'zf

-

As the exponent is in fact zero at H/w = 8, due to the maximum in Nu0 at

s

that spacing, depicted on Fig. 4.2, it is evident that linearizatign of
the effect over the limited range to H/w near this maximum must yield a .
smaller exponent than linearization over a wiéer range of H/w (up to

H/w = 25), as was used by previous workers.

The differencesj in values of the exponents between the present
and previous work cannot be attributed to excessive scatter in the present
data, because these data show quite acceptable precision. This fact is
illustrated in Figure 4.6, where the experimental data are compared with
predictions made using equation 4.11. The 24 experimentall results picked

at random from the entire range of parameters over which the’equation

4.11 is applicaable are well within +5% (a)f the predicted values.

4.3 Local Nusselt Number Profile

As the analysis of stagnation Nusselt number showed that the

effect of temperature dependent physical properties, large for high

values of AT, could be well accounted for in terms of temperature ratio

' 7 ,
T /TS, with all dimensionless variables evaluated at T,, all subsgequent

3 3

analysis is made on this basis. ’ -

4.3,1 Effect of Reynolds Number and Spacing

For the lowest nozzle to impingement surface spacing, H/w = 5,
the profile of local Nusselt number for AT = 150°C, shown on Figure 4.7
are typical of results at this spacing measured at all 6 levels of AT.

Nozzle exit Réwynolds number is shown as the parameter.
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The data points on Figure 4.7 and some subsequent figures have
been joined by straight lines simply to aid visual interpretation. The
characteristic feature of the data for all values of AT at a spacing as

close as H/w = 5 and at a sufficiently high Re,, is the presence of a

3
minimum and a secondary maximum in the-.impingement region. For a turbu-
lent single slot jet the existence of such a minimum and secondary maxi-
mum was reported by Gardon and Akfirat (1966), Cadek (1968) and mogt
recently by Saad (1981) and van Heiningen (1982). Analogous observations
have been made by Gardon et al. (1968) and Obot (1980) for single round
turbulent. jets. "

The source of the minimum and off-stagnation maximum at combina-

tions‘of sufficiently low spacing and sufficiently high.Reynolds number

$

'is that these conditions produce such a steep, negative gradient in

impingement surface pressure’near the stagnation line that the boundary
layer is initially laminar even for a highly turbulent jet. Once beyond

the region of steep, negative pressure gradient, boundary layer transi-,

tien from laminar, to turbulent begins. This transition is accompanied

by a large increase in transport rate at the impingement surface. igr
the low H/w-high Rej combination of conditions this tramsition occurs
with such strength and over such a narrow lateral distance as to be the
source of this minimum-maximum in the héat transfer profile.
Along tpé impingement surface,lateral distance from stagnation,

X,-1s usually représented nondimensionally by reference to the nozzle
width, w, as x/w. However for the lateral region out to the onsét of
boundary layer transitioqz i.e. o;t‘to the ‘minimum in such heat, transfed

profiles, Saad (1981), using his results for a wide range of values of w,

H and H/w, established that H, not w, is the preferred, characteristic

.
o Sr———————————yk,
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length for‘Egl nondimensiona} lateral distance, i.e. x/H. Specificallga
Saad sho%ed that for his wide range of w, H andf;/w, the transition
poinf minimum in heat transfer profiles regularly occurs at a lateral
position equal to or slightly under x/H = 1, whereas measured as x/w,
this position varies widely. Thus the occurrence of the tramsition
point minimum on Figure 4.7 at x/w=4, which ‘corresponds to x/H=0.8,

is consistent with Saad's analysis. Further, the racest findings by van
Heiningen that “the transition point minimum occurred near x/H = 0.6'at

a spacing H/w = 6, and near x/H = 1 for H/w = 2.6 is cénsistent with

the location of the minimum at x/H = 0.8 found in the present study.

The section of the heat transfer profile over which Nu increases with
lateral distance ends at the Secogdary maximum, the point of ‘completion
of transition to a turbulent boundary layer. The observation‘#g the
present study that/this peak occurs about 2.5w beyond the minimum in the
profile at the onset of tramnsition, is consistent with theibbservafions
of previous investigators. The decrease in heat transfer rate beyond

-

the seconddry maximum results from the growing thickness of the now
- }

1

turbulent boundary layer.

Typical results for higher impingement surface spacings are

~—

-gshown on Figure 4.8 for H/w=10 and AT = 300°C. These bell shaped

profiles without thelsecondary peaks have been observed by Gardon et al.
(1966), Cadek (1974) and Saad (1981) for single slot jets, but of course,

never at the high levels of AT of the present investigatiom.

4,3.2 Effect of Temperature Difference

The effect of temperature difference on local Nu distributions

is illustrated on Figures 4.9 and 4.10 for H/w = 5. Both figures show

PR
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the decrease of stagnation Nusselt number with increasing temperature

difference, as was shown even more clearly on Figure 4.3. However, beyond

the stagnation region the profiles frequently cross, thus indicating'.
that' outside the impingement region, AT is no longer a predominant
variable when heat transfer is expressed as Nusselt number evaluated at
Tj.ﬂ ’

" The effect of AT on local heat transfer rate at higher impinge-
ment surface spacing of H/w = 8 is shown on Figures 4.11 and 4.12.
These préfiles are typical fo;' all re‘éults at the higher spacings, H/w,
of 8 and 12. In both figures, the effect of temperature difference is
quite pronounced and consistent out as far as 6w to 8w from the stag-
nationflftne. Throughout this region, local Nusselt number decreases
with increz;sing AT, as was indicated at the stagnation line on Figure 4.3.
In the wall jet region, beyond x/w = 8, the local Nuj profiles cross
and AT ceases to be a significant variable. I

On Figure 4.13, results from the present study are compared with

those of Gardon and Akfirat (1966), Cadek (1974) and Saad (1981). The
geometry used by the first two workers differs somewhat from thag used °
in the present work whereas Saad used a similar configuraltion. Both

Gardon et al. and Cadek used unconfined cooling jets on heated impinge-

ment surfaces. Gardon et al. used a nozzle width of 3.175 mm, about

half of that of the present work, while Cadek's pozzle width was 6.35 mm. .

The present data agree well with these works for x/w > 3 but are lower “
e

by as much as 207 at and in the immediate vicinity of the stagnation

line. Saad used 5 mm width-confined cooling jets on a heated-surface.

The present data is lower by as much as 187 at x/w = 0 to 117 at x/w = 18.
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The possible sources for t};ese di fferences were discussed in Section -
4.;2.3 in connection with the analysis of stagnation he;t transfer.
However the discrepancy of the present data with Saad's results beyond
the stagnation region could not be justified in light of the turbulence

e"ffec" t.

4.4 Average Nusselt Number

In the use of experimental impingimg jet heat transfer results
for process design in industrial applications such as the drying of
paper and other wet webs, it is average rather than local values of the
heat transfer coefficient which is needed. Hence“an average Nusselt
number was obtained from the locz.il NuJ, by integration, ‘using equation

"4.4., Thus the average Nusselt number obtained is based on fluid proper-
ties at the nozzle exit temperature, Tj’ as for Nuj' The complete set
of values of Ej is ligted in Append:.tx C. A typical local Nusselt
nuniber distribution, Nuj., and average Nusselt number distribution,
ﬂj’ for Rej = 5000, H/w = 8, and AT = 300°C are shown together on
Figm:é 4.14., The diffe;énce between Nuj and -ﬂj naturally increases
with lateral distance from stagnation.

The search for a correlation for Nu, was approached in the same

3

manner as outlined in Section 4.2 for the case of Nuo except of course
o

8

with inclusion of the additional variable, dimensionless distance from

stagnation, x/w. Use of the power law function (

Nu, = K Reja H/w)° (T

3 3

does not fit-to a satisfactory éorrelation because the coefficient K and

+ the exponents a, b\an\d ¢ are functions of x/w. The sensitivity of these

*
2.

/1% pr,® (4.14) ’
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exponents to x/w is illustrated ou Figures 4.15(a, b and c). An increase

in slope of the logarithmic linear relationship between ﬂj and Rej

with increasing x/w is clearly evident on 4.15 (a). On Figure 4.15 (b),

the slope of tl?e logarithmic ﬁ—;j - H/w relationship changes from negative
s

to zero as x/w increases. Likewise, Figure 4.15 (c) shows that the -

logarithmic ﬂj - 'I.‘J./'I‘s slope is negative at x/w = 0 but approaches
zero as x/w increases.

Because of the dependency of these exponents on x/w the following .

regression equation . .

/1)° pr d (4.15)

Na, = K Re.® (@/w)® (T 4

3 3 3

|

i

|

was f:ffféd at each value of x/w. For each regression only 60 data - I
points were used, because the data at Re'j = 1000 and H/w = 5 were {
excluded for reasons discussed previously 'in Section 4.2.3. %
The coefficient K and the exponents a, b and c are listed in ;

Tafle 4.3 and plotted on Figure 4.16. The ordinate scale used in each !
of the four figures was chosen to correspond approximately to the &gﬂ -

i

tude oi{be effect of the parameters on Nuj, over the range of parameters ;

used in the experiment.

For lateral positions farther than 2w from stagnation; the .

coefficient K varies exponentially with x/w, as is suggested by Figure
4.16 and confirmed by Figure 4.17. From the latter figure sthe 810p§, or
exponent for x/w, was determined to be approximately -2/3. It must be
rememb?red that.this form for the dependence of K on x/w is not valid
for x/w < 2, This finding 1is used subsequently in Section 4.5, in the
treatment of impingement heat traaner as a confined heat exchanger

system.
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. ’ 1] i a g ’ -~
;gRange:of Range of Range of /" Coefficient Exponent ~ Exponent Exponent
Re H/w T,/T *x/w K a, for Re, , b, for B/w c, for T, /T
J I s : h| [ 1.8
5,000-20,000 8-12 1.18-2.06 0 0.791 - 0.485 -0.134 -0.115
S . - (58.3) (5.5) (5.6) )
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& -
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-, : a2
5,000-20,000 8-12 1.18-2.06 15 0.18 * 0.544 -0.007 -0.041
5. = - (34.7) (0.17) (0.9)
I3 5,
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) , v (33.7). (0.089) 0.9)
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l,sensitivity of*‘ﬁj togﬁlw, are different f'rom zero ,Béal statisticéllyt

4
s
»!

.-‘. o ‘ » - R
The 'Reynolds number exponent, 4, showsjan "$" shaped variation '

with x/w. The exponent ‘remains wchanged at 0.485 from x/w = 0 to x/w =
%

2, then increases with x/w event\:ually becomlng asymptotic to a value

As the exponent of 0.485 in the’ near vicinity of(

¢ -

the stagnation line is sq close- to the characteristic value of 0.5, this

A

of 0.544 at x/w =

result provides further confirmation of' the occin:rence of a laminar

§ » ’ »
B

boundary layer in the stagnation région. The increase in the Reynolds

_number exponent with distance from stagnation reflects the transition >

N - ~

to a turbulent boundary layer, as discussed in Section 4. 3. For the

.
<

-ﬁJ - RBj relationship the limiting value for this e‘xponen%:, about 0.55
- IS

for x/w =8, reflects the averaging of..the effects of Rej from the

r

stagnation region where the dependence is with Reo's ,» to the wall jeﬁt .

region wherk the dependence is to Re?*® for the fully, turbulent boundary

5

layer.

The individual values of the exponent b, which reflects the

.

~

significant amount ‘at the stagnation line, where b = -0.134, and out to

[l
b

3w from stagnation. For this reasen open symbols are used beyond x/w =
- £ .

f 4

" 3 or Figure %.16. Although at positions beyond x/w = 3 the individual

values of b are hot statistically different from zero, from Figure 4.16

A ) *

it ig evident that there is a highly c¢nsistent trend.of b with x/w over

o’

18. It isflogical that the

.

the entire region from stagnation to x/w

.~ &

magnitude of this exponent should decrease with increasing x/w. Results
which are a function of position from stagnation may be interpreted

using (H+ x)/w as a characteristic distance. From the pérspecrtive it ,

follows that H/w 1s a much less significant varidble at high than at

l“ N
wh dS L

&

-

3

v
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- . low values of x/w. For example, a variation in H/w between B/Q\nd 12 at
. L te "\ x/w = 0 represents da 50% change in, K (H +x)/w, while at x/w = 18 the same

» o
’

v variation in H/w corresponds to only 3?15% change in (H+x)/w. Thus
. v [ »

‘the trend for b to approach zero at high values of ‘x/w is as. expected. -

e * ¢ F ¢ .
N The exponent ¢, whi%?\‘is a measure of the effect of T /TS on

- i Nu'; .. ,dpgs not vary much with x/w. The magnitude of the modest fect -

of the i:empg"rature ratio term may be recalled by reference to Figure 24.13;

. , A PN
4 '

‘
¥

whi‘ch correspp(r.xﬂas to the value of c = —O.'llS-applied at x/w =0,

)

L «

t%c‘ajl}.sj.gnificant amount only out to x/w = 10, indicﬁd on 'Fi’gure

le entire set

-

j,ﬁ) 4,16 by the use of closed symbols, it is apparent that

o ’

. ’

of values of c fluctjate within the same small range over the- entire
PN ’ span o/f\://vy rom-0 ,to 18. Thus it ap;pears appropriate to recommend a

: valde of ¢ of -0.12 for the entire range.of x/w. ,

[ 4 One point must be clardified at, this stage that change in tem-. /

4

-

perature difference between the "r_:jet and impingement surface from 50°

u

t - by

y to 300°C corgegponﬁng to change in T’j /Ts from 1.18 to 2.06 causes th

I
| v . . '
. .Nusselt numher evaluated at the jet exit temperature to decrease by

o

- . approximately-6.5%. However the change: int heat transfer coefficient, h,
. _ . with ”TJ./TS is tuch more dramg“?;:té. The thermal conductivity, which is

s te s te . ' B

the only temperature dependent physical property used in the evaluation

\
» .
property evaluation temperature, i.e. at jet exit from 60° to 310°C

R =

(Appendix H). Consequently th‘e'hzaat transfer coefficient increases,

Q o not decreases as "the Nu§selt number &oes, by about 507 with increase in

-

/ '
temperature difference.

- 7

o Al}hough the individual values of ¢ are'different from zero by a statis-

<

of Nussel't,: number increases by approximately 60% for increase in physical

-
e

|
o
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In summary: a regression has been fitted to the experimental
3

. data to provide a measure for predicting average heat transfer rates

4

1

wmder high temperature single slot confined impinging jet. The equa- .

. . -
. a

tion has the following form: .

»

T i (/1 )¢ pr 7B T (a1
Nu, = K Rej (H/w) (:rj‘/'rs) .I.’rj ' ‘ . ( )

’
4

5000 < < 20000 ' :
J 8 ¢ H/w < 12 L Lo

L L2eT/T s 2.0 -

¥

i y

R N . -
Thé coefficient K and exponents a, b and c wers determined as functionms

ofr x/w and are plotted on Figures-4.16 and 4.17 and are listed in Table~

‘ 1

4.3. To find average heat transfer up to a particular distance x/w,
\the user has only to choose the coefficlent and exponents of equation

[~
4.16 corresponding to the desired value of x/w.
9 . R . ]
To test the predictions made with this procedure, ratios of
. : g

measured to calculated average Nusselt numbers mexp/mcal were plotted
‘against each of the parameters Rej, x/w, H/w and Tj/Té on Figure 4.18.

The uniform scatter around the line Nu /Nu = 1 indicates that the
exp cal

’

predicted valE‘es do "not vary systematically with any of the independent,
parameters dnd that these effects have been accounted for properly.
Alternately omn Fi.gure 4.19, the predicted values acre plotted agains;: .
experimental res;xlts. As it is: thus demonstrated that the predicted .

results always ]ie within +15% of the experimental results, the proppsed

correlation for average Nusselt number may be used with confidence.
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"!, It is evident.from thg abéve analysis using the temperature

‘ratio method, that the, effect, of temperature on the average Nusselt

#

number changes, though moderately b.i;t systematically, with distance from e

‘the sta%};{fne up to about x/w = 6. Consequently it is reasonable
to expect that, the reference temperature method would lead to reference

temperatures which arg.dependent on x/w. Since a variable reference

tempergture would add substantially to the comp]sxity of the practical

J -
application of this work no’attempt was made "to obtain any average

. ’/-” i ~
Nusselt number corfelation using the reference temperature method. -

-

% 4.5 Analysis as a Confined Flow System

For a confined flow system such as that of the present study
r‘ -
the heat transferred from the nozzle exit flow to the impingement

&
surface can be expressed as follows in terms of average heat trangfer

f i - ! y \
, coefficient. ‘ ‘
' Q = hx (T, - T) - ‘ \ (4.17) .

Thf heat given up by the jet flow can be expressed as

- { . pv’w‘ _ / v
N 9 - e - ,, u (4.18)

‘ where Tb is the aveérage (i.e. mixing-cup') temperature of the air at )
‘ W

any location x.

L4 -

If the heat’losses through the confi;nement,surfaces are negli-

o

gible, the two héat fluxes can be equated to' yield g .

T, =T, = ., 22X N, - '

,\‘”\ P IR - 2hx % - w i (4.19)
‘T, - T p,v wC Re, Pr . y .

i~ s 37377 1 S . ,
-~ ’ A .
| - S,
. B s 4 ~ e
. ™~ -
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" At the exhaust port, where T, = T, x =Lt

'd L_— -~ .
¢ . -Tj T . szuj
N I, ~-T Re, Px . -

3 8 k| j'>
In Section 4.4 we saw thlat the average Nusselt ‘n

portional approximately to the square root ‘of the Reynolds number.

Taking into account, as ;hown in Section 4.4, that the coefficient K

in, equation 4.15 variés approximately as (x/w)-2/3, this equation can .
be rewritten as ’ J
? ‘ . [N
Fa, = K' (x/w) P Re,0S : £ (4.21)
j j . .Qi

. 2
where K', a weak function of x/w, 1s a variable parameter accounting

for the effects of H/w, T /TS and Pr

3 3"
Hence the temperatu\remdif{ference-ratios defined, in equation

LN

4,19 will vary approximately as the inverse square root of Reynolds

number, i.e.
T, - T, ¢ L/ * .
A2 - X Re, 045 \ '(4.22)
e ‘ ~ |
where K" = %l(-:- N : .
-3 - . ‘,

The above analysis treats the average (mixing-cup) temperature
of the confined flow, T, , but does so in terms of'the mean heat transfer
coefficient and Nusselt number, h an;i Ej, as convention‘ally dele.ned
for an unconfined flow. It is therefore of interest to consider the
définition of heat transfer coefficient for confined and unconfined
jet systems, as recently suggested by\Saad (1981).

For uncon:fined flows, convective heat transfer coefficients

are obtained lzy'normalizing the convective flux to a AT whicK is the

difference between two boundary condition temperatufes. In the case

T

s
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\ " ‘ 91

t

of impidgihg jets, these temperatures are typically the nozzle exit"

Y

gi ¢ »
temperature, T,, and thé heat transfer surface temperature, Ts' -As

] .
most impingement experimental studies have been carried out with un-
% Ve
~ confined jets, T& - TS, has been the AT used for normalizing heat

¢ [}

fluxes to obtain transfer coefficients. However, as the importancé éf

" industrial applications involving confinéd impingément systgms lead to
thé recent séries of investigations with coqfinedbjets in this laboratory,.
including the present study, the general question of the definition of

. convective heat transfer coefficient in confined impingement flow systems
is now examined.

For confined flow systems, convective hé;t transfer coefficients

:.arz based on normalizing heat flux to a AT which is the difference

. between the mixing-cup tempeféture 6f the confined flow; Tb’ and the
'heat tranéfer surface temperature, Ts. Thus ‘for confined flows a local
convective heat transfer coefficient is the local heat flux, q,
normalized to the local AT. A heat balance on the confﬁgp? flow y%elds‘
the local value of the bulk temperature of the confined flow, Tb’;

.

needed to determine T —~TS, the local AT. This approach is now

ds b u\<\\\\

® applied to the,confined impingemen& flow system of the present investi-

“

_gation. - . ,

“The 1dcal heat transfer coefficient deterdings using the local

b
distinguish it from h, the conventional transfer coefficient which is -

temperature driving force, T - Ts’ is designated as h£ in order {ii
’ "

¢

"the local heat flux, q, normalised with respect to T, - Ts, the tem-

J

perature driving force at the nozzle centerline boundary. Thus for hb’

-

both q and AT are local values which are a functién of x, while for h,

[y

A

§




$F

. o . Q?
& : , :
the normalizatior of local heat flux is with respect to the boundary
- <
value of AT X = 0. The heat transfer coefficient » ' *
S : ' (4,23)
J ) - b ) s o
. + ‘
is related to the coefficient based gon”l’j\ - Ts as follows:
C o i
¢ RS PN .
‘= h , (4.24)
.“h‘ T, L) , ,
. » o' I h ' v
or- - = " T o ¢ (4 “2'5)
- \ hb 1 - K"(x/w) /3‘/Rej 0"5 W .
o - 14 r * ‘
. * r& P -7 .
: The values of h and h.b (and correspondingly of Nu j and Nub,
and of Ej and ﬁﬁb) coincide at the nozzle centerline, x = 0, while

away from stagnation hb is always greater thad h, with the difference,
h.b - h, increasing continuously to tjie exit port a('sfj:he local value of

AT, decays from its maximum value, T\~ Ts, at x = 0! to the minimum

b 3’
value of ATb = Te - TS, at x = L. As 1is evident, that conditions which
.reduce the relative decrease in ATb from x = 0 .to x = L would reduce

Y

the difference between h and hb’ i.e. the higher the nozzle exit flow

rate or T

3
To illustrate the magnitude of the difference between local

A ) B

- Ts" thé lower the diffex;ence between h and hb
heat transfer coefficients- defined in thesec:uo alternate ways, values

of localsNusselt number (Nuj

%.4 for three cases from the present study. The expected reductions in
. - ~

and Nub with increasing Re

and'Nub) at x/w = 18 are listed in Table

th%relative difference between Nuj !

(i.e.\il.jlcreasing Tj - TS) are shown by comparison of

and wit;h

increyging T

i

° cases 1 \and 2 and of cases 1 and 3 respectively,

b3
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1

H/w

-
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e
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Nuj

I}

N,

1000
4900

1000

1

8
8
8

*-

=7

309°C
307°C

54°C

240°C
270°C

37.5°C

0.7%L

0,88

. 0.68

3.3

11.0
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was not followed because it would complicate the use of the results

94

4

-
- S
P .

Lateral profiles of Nub, not shown, are of course similar in

appeat e to those for Nu, showh in Section 4.3, except that away from‘

p 3

\Eﬁé Nu, diverge. Profiles of Nu,K reflect the
bt Pt g j .

loca; flow conditions which control convective heat transfer while

x = 0 the profiles of Nu

“ profiles of Nu~b reflect local flow conditions and, as weli, the local AT

driving force foﬁPconveqtive heat transfer. Thus it 1s important when inter-
preting profiles of Nusgelt nu;ber torecall that local convective heat transfer .
is not determined uniquely by the flow-field but includes also the AT
(B
or thetmal.effect. This fact seems not to have been widely understood.
It 1s conceivable thdt much of the effect .of large AT on the
heat transfer coefficient coyld be accounted for if the experimental

data were analyzed in terms of hb rather than h. However, this approachnﬁ

of the present stuay for the design of impinging jet eysteme by making
it negessary for the uger to employ aﬁ iterative procedure.

An 1mportant general consequence of this analysis as a confined

.
! /

jet system is the additional and valuable insight into the heat transfer
results pravided by equatioﬁ'(A.ZZ). The temeprature ratio defined.EET:”

that equation is a measure Jf the fraction of the sensible heat avail-

¢

able in the noZzle exit jet which has been transferred to the impinge-
» . ¢ v

ment surface. Clearly as the lateral distance between the nozzle - -

centerline and the®exhaust port is increased, more of the available

©

gsensible heat is withdrawn from the inlet jet. Also, while the overall

A

rate of heat transfer increases proportional to ReJ0 5 (equation 4.15)

:it is important to observe from equation 4 22 that the fraction of the

a;;Iihble heat which is withdrawn from the inlet jet decreases propor-

tional to l/Rejo'S

ey
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1. The effect of high temperature difference on local and average

. : o
_heat transfer rates under a confined single slot jet impingifk on a

cool surface has been documented for 104 combinations of the following

’ .

ranges of conditions:
Jet Reynolds number, Rej, 1000 to 20000

— . Impingemeht surface spacing from nozzle, 5w to 12w Lo

_Temperature difference, AT, 50°C to 300°C ’ -

Temperature ratio, jet to surface, T /TS,’ 1.18 to 2.93

r

N

Latera} distance from stagnation, x/w, 0 to 18.

The spént fluid exhausted symmetrically\ﬁhrough a pair of exhaust ports \
- .

-~

located at the end of the confinement surface, 23w from the ndzzle -

Mg

© o » » 4

' f J

KQJ’ :;:egal methods to incorpd¥ate ‘the large effect of temperature

. centerline. , . . s

' . . v A
hysical propdrtidés into the heat transfer correlations were

dependett
tested.: For heat transfer at stagnation, two methods, the temperature

. < . !
‘ratio method and refarence temperature method weré found to be suitable.

Thé recommended, correlation for stagnaE}on heat transfer, using
o r 4

¢ - ©
the temperature ratio method is

¢ -

. y
. = Q488 ~0.134 ~0.115 . '3
Nu, g (0.79 Re, (H/w) (T,/T) Pr

& . 1

The recqcéeqded corfelation of stagnation heat transfer using

the referénce temperature method'is

o -

1 .
Nu . = 0.648 Re 0485 (H/w) 0-E38 pyp /s
oT A j | ,
ref . ‘ .
where subscript Tref s the reference temperature which was determined
[ 3
- - 4 Y a
to be N -, ] )
' \
‘ ) j
Tref ?j - 0.2 (Tj Ts)

] N o ',
K >

~»
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In both the cases, the subscript j on the-dimensionless numbers indi—

v

cates that their physical properties ‘were evaluated at the jet exit

temperature, Tj‘ The deviation of

of the correlations was within +5%.

experimental measurements from either‘.

X A

]

The Reynolds number exponent of approximately 0.5 reflects the-

laminar character of the boundary layer in the stagnation region, even ™~

{ . s v .
« - v

for highly turbulent jets. This conclusion is consistent with the,.

recent findings of van Heiningen (1982).

-

The exponents for H/w in the above correlations are smaller than
‘those previously reported for investigatioms extending to much higher

values of H/w. This lower exponent is a natural consequence of the ,

) . .
maximum in Nuo for H/w = 8, at which point the exponent would be zero.

The above two correlations are valid only for Reynolds numbers .

> 5000 and for impingement surface spacings H/w<: 8,

]

of Re For tprbu- .

lent jets, Nuo passes through a maximum at H/w

= 8, for the laminar jet

at Re

angé of

3 = 1000, Nuo is independent of H/w over the tested

spacings, 5w to 12w, In these ranges of conditions, i.e. for 1000-< Rej

< 5000 and 5 < H/w & 8,"Nuo may be obtained from the data in the

. ! [
. .

Appendix B. ‘. ’

o O -
°
* ) 4
e .
\ .

3. Lateral proffles of local Nusselt number were obtained for the

o

ranges of conditions noted above. These profiles were well defined by

" local heat flux measurements at 19 positions over both halves of the ’ o

£

entire 18w length of the impingement surface. At-the closest spacing,

1

H/w = 5, characteristic feature of an off-stagnation minimum and maximum }

The praofiles confirmed features .

o7

was observed at sufficiently high Rejm
reported by earlier invedtigators and extended documentation of local

profiles to much higher levels of AT than those which existed prgviéuély. j
. 4

J

FRREN

x»wh'm * oy

SO i
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The local Nusselt number distribution for the’gﬁfg;e range of ﬁarameters,

1.6. 1000 < Re, < 20000, 5 ¢ H/w ¢ 12 and 1.18 < Tj/T; < 2.08 is listed ~
~ %

in Appendix B.

- LS
P ,
N

4, Following general correlation for averagg‘Nussglt number, for .

o -

- Rej 2 5000, and 8 < H/w < 12%yas developed, incorporating the tempera-
. 9 i

_ture ratio method

= . ~a ,  .b- ¢ ..V
Nu, K Re, WH/w) ™ (T,/T.)" Pz, ;3

Fa

3

where subscript j indicates evaluation of physical properties at.the

- - \ r 5
nozzle exit temperature, T TheNcoefficient K and exponemts a, b and

»

' . As the heat transfer averaging distance is extended toward the '

»

. phximum value of x/w = 18, the exponent, a, for Rej increases from
dgpproximately 0.5 to about 0.55. This 1ncrea§e is attributed to the

turbulent character of the wall jet. Far); fully developed turbulent
¥ AN
boundary layer the Reynolds number exponent for local Nu would Qe in "’

N

. @he order of 0.8. ,

’

Likewise, the exponent, b, for H/w, which has the value of -0.134

AL for’Nub, approachés zero for heat transfer averaged over the entire

I 4
4

]
lateral distance from the stagnation line to x/w = 18. This diminishing

——— | d
effect of H/w on Nuj with increasing x/w was interpyeted in terms of the
‘(j)“ diminishing effect of H/w on the total distance ered by the impinée—

ment flow, H/w + x/w. '

-

\.

! ¢

it .
. 3
. c are functions of x/w as given Figure. 4.16 and listed in Table 4.3.
. ;;;\géviation of experimental data from this correlation was within
'_Et‘]‘-vs\z.o ' N ¢ .

o e e
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Q‘M ° } In the ranges of conditions, 1000 < kej < 5000 and 5 < H/w < 8,

3

for which the logarithﬁic linear gdrrelation form does got éﬁbly for
e. - reasons .noted earlier, ﬁﬁj,may be obtained from the'éata in Appendix C.
No correlation was developed between average Nusgelt numPer
and geometric and fIéw parameters using the reference temperature method.
=+ From the analysis'usingwkhe temperature ratio method it became apparent
E»*_ | that the reference temperature would be a function of x/w. * The added
r complexity of a variable reference temperature is undesirable and, with
éhé'tempefature ratio method available, is aiso unnecessary.
° h 5. The analysis of confined jet impingement heaé transfer~in
terms of a chdnnel flow approach was explored. At each location along
’the impingement surface, the temperature driving force was defined as
th; difference between the local mixing-cup.tempera;ure and the impinge-
‘ment surface temperature, rather than the difference between the latter
" temperature and tife noézle exit temperature. The more rgalistic Qalues
of local heat trégbfer coefficient obtained in this way, which must be
-4

higher than local values obtained with the conventional use of Ij»:”Ts

as the AT for convective heat transfer, provide a more realistic

»
r

representation of local heat transfer coefficient but would entail

4

3

significantly more effort to calculate, correlate-and to use in design.
‘ ' However, this‘an;lysis'revealed that the fraction\sf total available
heat which is transferred to the impiﬁgement heat Efansfer surface is
proportional to (x/w)l/3 and to l/Rngfs’ whereas the ové;all heat

transfer rate “is proportional te Rej()-5 .

O o S

PO Y
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APPENDIX A .
List of Experimental Conditionms
g CO 5 (O Bw Ryt (O £ (O Bw R
: 7 , - ,
50.0 - 3.2 . 's 1000  101.8 3.8 5 1000
51.9 3.5L ° 5 5000 103.5 6.3 5 4900
§69.T- 6,2 5 9700 97.8 4.5 5’ 10500
51.17° - 10.6 5 13800 . 102.2 4.1 5 '15900 -
52.3  10.2 5 18800  102.4 3.9 5 21600
'53.5 2.9. 8§ 1000~ 98.9 4.0 8 1000 *
53.6 3.2 8 5000 105. 3 b4 8 4900
.52.8 7.5, 8  10400°  110.8 '~ 5.5 8 10200
55.2 8.3 8 14500  111.S 7.6 ‘8 15600
. 55.6 7.7 8 18400  104.1 8.6 8 20100
54.2 3.3 10 1000  104.2 3.3 ° 10 1000
52.3 3.7 10 5000  102.3 3.7 10 4900
49.5  11.8 10 10000 - 112.5 6.0 10 10100
50.9  10.5 10 ' 1300  106.2 5.6 © 10 15800
52.0 8.8 10 18100 101.4 4.3 10 21800
. 55.2 3.3 12 1000  105.1 3.3 12 1000
. 52.1 3 12 5000~ 102.0 3.9 12 4900
55.0 8?3\ 12 10100  104.0 6.4 12 10300
55.8 ( 8.1 12 14500  113.4 7.6 12 15600
52.6 8.9 12 19100  105.% ° 5.1 12 21100
¥55.2 3.1 5 1000  °207.8 i6 s 1000 *
150.0 4.6 5 5000  202.6 6.1 5 . 5000 -
156 4. 5.4 5 9900  203.6 3.8 5 9800
"159.3 6.1 5 T4700 208.3 ° 5.5 s 7 14600
‘ ‘ e 2.

£ed
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A-2

o t o‘ 'o . OC H W Re
I ~(\c)' £, (°c) .H/w Rej‘ tj (°c / e
hd * , . \~ < I.
159.3 3.4 8 1000 212.3 5.1 8 *1000
| 158.5 4.4 8 5000 207.6 6.4 8 . 4900
Q e » )
160.8 5.5 § 8 10000 210.9 5.6° 8 9700
161.5 7.6 8 14800 204.2 3.9 8 15000
. 169.6 3.4 10 1000 222.0 4.8 10 1000
154.9 3.1 10 4900 204.9 4.7 10 5000
162.5 - 6.6~ 10 10400 2i2.5 6.0 10 9800
156.2 5.6 - 10 15200 206.2 5.6 10 15000
150.7 3.8 12 ° 1000 214.0 5.6 12 1000
155.9 5.2 12 4900 204.5 4.6 12 5000
154.0 6.4 12 10000 206.0 7.6 - .12 16boo
163.4 % 7.6 12 15000 208.4 4.6 12 14600
0 259.7 3.8 5 1010 304.2 4.0 5 1000
260.0 4.7 5 . %800 301.1 5.3 5 5000
258.1 4.9 5 9600 30557 6.2 5 10000
/) 261.0 5.6 5 14600 306.0 6.5 5 15000
257.2 3.7 8 1000 309.3 4.8 8 1000
254. 3 5.8 8 4900 306.6 7.2 8 4900
258.1 7.2 8> 9800 - 302.0 5.6 8 9900
259.2 8.3 8 14600 303.0 6.2 - 8 15200
260.0 4.2 10 1000 -  310.0 4.2 10 1000
255.6 5.4 10 4900 300.8 5.0 10, 5000
. 264.6 7.3 10 9500 306.0 6.1 10 10000
260.8 7.8 10 14600 303.4 5.5 10 15300
257.4 3.2 12 1000 -~ 307.4 3.2 12 /1000
(j) 255.2 5.8 12. 4900 303.6 5.1 12~ 5000
- 258.6 7.1 12 9600 303.5 5.5 12 10000
258.2 7.0 & 12 14800 - 305.6 6.4 12 15200
- °,
¢ ¢ i ¢
ERSR I e daretis 2 v i g



.

. APPENDIX B . °

— Local Nusselt Numbers . ‘

_:' - .
G/ Ts \N/u we; o 1 2 3 4 S [ 7 8 ? 10 11 12 13 14 15 16 17 18
14169 5 1393 18,85 11.07 B.13 6.81 6.08 5.50 5.05 ' 4.6$ 4,23 3.78 3.42 3.16 3.04 2.93 2.76 2.64 244 2.23 2.01
P 1el?78 S 5000 29¢17 23.02 17.71 15,30 14.34 13.78 13.22 12.%6 12.06 11.36 10.97 10,61 10.24 9.66 Q.21 8.78 8.53 789 7.61
1153 5 9700 81.19 10.40 24.05 22,98 22,95 21.53 19.79 18.59 18,70 18.21 18.03 17.65 17.20 16.95 16.531 16.62 1642 16.11 15.82
1.142 5 13800 48.12 34.37 28.96 25.22 27.83 "29.03+ 29.37 20.19 28,47 26.30 25,71 2S.74 28.31 28.96 28.52 24.12 23.87 23.586 23.1%
1149 s 18822 S5.16 41.25 38.13 32.94 34.35 31.14 35.80 35.97 3S.24 33.53 3J2.11 32.18 374 3132 31.00 30.68 30.24 10.0% 29.88
* ? .
N e
. 1.184 8 1600 13.37 10.49a T.%54 711 6.3% 5.94 5. 55 S.i a.8s 4.39 3.99 3.77 3.07 2.90 2.84 2.71 2.50 2.19 196
- 1.180 5 S000 34.22 29423 23.87 20.23 17.82 16.80 16.10 15.32 18,78 14,28 13,76 13.21° 13,15 12,73 12.43 12.18 11.64 Q11.43 11.22
- 1.162 8 10400 47,33 45.57 39.33 34.01 31.43 29.95 28,60 2T7.20' 26.06 23.55 21.85 22.49 21.96 21.63 21.00 20.99 20.45 20.11 19.86
1167 [} 14530 58,77 %53.63 43.39 40.3F 37.76 356.69 34,48 33,12 31,43 28.80 26.88 25,85 26.43 28,02 25.52 25.83, 26.73 28.11 23.82
*ledTH 8 18400 61.05 S5S8.25 S1.37 37.70 44.05 41.80 39.72 38.16 36.58 33.78 31.57 3I1.40 30.86 3I0.27 29.91 29.456 29.00 208.68 28.11
) * ¢ a g} . - .
- * R o L
t.184 10 1000 15.00 12.30 CIY ] 8.6% T.0a 6.81 6.25 5.93 S.13 4,27 3.63 3.53 3.36 3.25 277 2433 2e11 2406 1495
. 1e175 to S000 3273 28342  23.90 19.S0 17.76 15429 15.55 14.G2 14,25 13.92 13.77 13.08 13.63 12.90 12«53 12.35 12.08 11.49 11.07
led 32 13 12333 43.81 X7.05 731.65 28.19 26,02 25.30 24.T0 24407 23.66 23.23 2121 21.41 21.00 20.73 20:35 1999 19+49 1913 18463
M 1142 io 13600 S1.95 43,32 37.90 34.82 33.07 32.36 J1.69 3I1.17 30.63 29,32 28402 20.086 27.568 27,42 27.14 26452 26ell 25.87 25.67
1.153 to 18100 63,24 S8.5% 48.06 83,46 40.82 39.06 37.88 37.23 3€eS58 35.30 34,00 38418 33,86 3351 33400 32,67 Ilei4 30.87 30.44
“ R . : N
@ . ’ )
1.188 12 1000 15.46 12.62 10,30 9. 02 7.78 6.97 6,27 5.82 5.38 4.90 4056 4.08 ..o;\’/ZES%\\T:.qn 3.40 2.98 2.77 2a.76
o174 12 S000 30.18 27.13 23.21 19.91 17.48 Sa93 15.25 14249 13,96 1374 13.3%5 12,88 12.72 1221 187 1159 11459 11e18 10462
153 i2 10100 44.10 41.25 364,77 32.71 29.99 638 27.45 2671 26448 25.86 28,90 244681 24.43 28400 23.62 23,264 22.86 22.41 22.00
L Te169 12 14500 S0.32 47.3830 41.75 37.99 32,28 33.96 33.16 32.47 1709 32.19 31632 30475 30.36 29.98 29.31 29,00 2B.66 28.41 284,12
1.172 12 19139 59.956 56.50 49.15 45.01 42.11 4012 38,02 38.57 I8.50 37¢75 34.07 34,02 33.87 133.62 33.11 32,87 32.61 32.51 22.02
.. ~ . .
.- o ~ T - %
1354 5 293 14.33 12.07 9.05 7.51 6.94 6.59 6015 5.79 S.44 5.09 4.856 4750 3.95 3.60 3.25 3.07 2.89 278 2.45
1.358 3 ;Zqoo 28,19 “22.56 17.97 15.36 14.34 14.16 13.61 13.03 12.481 11.85 11.28 10.80 10.37 10.01 9.50 9.07 8.57 8.08 T.56
1.336 L] S00 41.37 38.39 26416 21.06 20+53 21.66 23.18 23.14 22.39 20e?1 2097 1951 19.05 18,65 17.99 17.68 17.38 17.03 {6.75
1.354 s 15900 49.61 47.65 31.78 24.42 23,40 26.82 27.67 28.38 27.96 2716 26451 2518 24.22 2420 2353 22.90 22.39 21.84 21.41
1.358 s 21630 56.92 S3.16 33.96 32.64 \31.33 28097 33.21 34,55 33,86 33.29 33.0% 32,30 31.90 31416 30.34  3J0.08 29.96 29.7% 28.%56
" - .
R . B
: te3a3 a 1000 13.70 1207 9434 7.98 7.0% G40 S.94 S.70 Sa 31 Se 10 4. 92 eG4 4.88" 4,36 413 4400 3.90 3.73 3.52
| 1.350 3 4900 32,99 29.49 25.56 21¢25 18.71 . 17.50 15.78 15422 14429 1387 13,10 1288 12.22 12.05 1146 11.22 10.73 10.849 9.98
L. 380 8 10200 24.99 39.12 32,38 28,13 27.92 26437 25.78 24,77 23.98 23438 22.94 22422 21.57 2085 20.09 19.82 18.95 18.33 17.97
1.379 8. 15633 54,05 4571 39,37 34.03 31487 30416 29.10 28420 2737 20e18 27452 26677 12067 25453 25632 24.95 24,37 23.86 23.53 -
. 12337 8 20100 62.28 60437 S55.17 49.45 45.51 42.99 40,87 139.46 38.05 3%.63 33298  33.86 32.00 31.26 30446 29.82 29.24 28.74 208.21
A 14365 -10 1000 14.74 (11.86 9.82 8.07 7.00 6053 582 S.a1 476 4.01 3.45 3.39 3.15 3402 2.62 2.23 2.08 202 1499
1.356 10 4900 J1e69 2B8.53 23488 19:62 17.08 1561 15414 14,78 14,20 1398 1396 13633 13467 13,29 13,03 12.95 12475 1226 11 .86.
. 12382 12 10130 45.34 38.96 32.28 26096 23.88 21495 22.07 19.98 20.55 19234 1929 18.29 18.63 16.87 17483 17.48 1710 16.43 15.76 ~
1361 10 15800 S4.66 0687 40,02 3525 32.76 3076 29419 27.82 27:05 25.98 25.38 28,77 24«41 28,10 23495 23.59 23.40 21.47 23.10
1t 350 10 21300 64472 61e78 47,23 38423 34.78 33.48 33.55 32432 31.34, 30490 30.34, 29.68 29473 28.99 208.66 29.08 27.55 27.40 26.83
N PO o - +
:u - N 4 -
1 . : o
1369 12 1000 15.16 12.4% 10.18 —§¢16’ T.79 7.01 6.33 5. 89 5.47 4.99 4.56 4,18 4,17 4409 4,03 3.52 3.09 2.88 2.68 )
b 14355 12 4933 29.04 2606 22.28 19.06 16.68 15222 14,55 13,83 13,32 13,10 12.73 1230 12,18 1166 11,33 11,05 11.05 10.63 10.22 (0
2 t 350 12 10300 43042 3947 34.21 30.J8 29433 270456 25.79 28.38 23485 23.09 22.63 2199 21.38 20.89 20.74 20,86 19.37 xg.le 8.86
hy i o377 12 15600 5308 46.065 41.28 37.08 34,41 34,20 3086 30422 30620 2963 208.56 2Be21 27436 2691 26446 25.87 25.80 2%5.20 24.90
N 1.360 12 21100 64431 58.42 52,76 45.43 40,65 36486 34.82 33,84 132.94 34,06 3I2.57 3163 30.60 3I3.31 3190 31461 27«71 27429 26479
. : ° . .
] i -
. -4
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N b
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I A R
} £y - . £
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"y §
& Tifee WM &y 0 1 2 3 a & 7 8 9 10 11 £2 13 % 14 15 16 17 g .
i 1+59% . - 1000 148;16 L1.9 9.02 7.28 6.68 626 Se 94 Sa.448 S«06 8,48 4.3 3 .57 3.18 2.99 285 263 2.§D 2. 29 202
1e52% 5 5393 2%.19 22 L} 17.72 1627 1%.96 1S«19 18,86 12«95 12.53 12.10 11.866 11.81 11.13 1094 10673 ‘1057 10.37 10.11 Q.85
1.542 s 9900 40.89 31,13 26456 23.01 21«92 21 a 22.63 .22.62 22432 21.27 20.74 20.32 19,72 19006 18.68 17475 17.54 1658 18.11 .
} 1.549 5 L4700 48496 36495 30473 27,Q1 26411 26,18 27,78 27,61 27413 26.54 26401 25.30 2455 23.87 23.61 23.29 22.3% 21.94 21.56
~ . » . F ' v i
15064 ] 1000 13.52 1015 B354 699 6.19 5.66 5.23 Se92 2.6% .40 [AQ~0¢ 3.62 3.20 296 2475 2.63 2.58 223 2.08 °
t «+S560 a3 5000 33, 36 29 32 25.54 22. 01 19,12 18.01 1716 1632 1567 15.24 14.73 1 21 14.20 13.55 13.36 1354 13.26 12,48 12,51
1556 L} 10000 43.92 38,18 31.53 2740 27.18 25.64 25405 28,08 2328 22,70 "22.25 21.%57 20.84 20.14 19:39 1914 18,53 17.89 17411
. 1.549 a 14900 52,22 as.2% 37+20 33.04 30.93 29.32 28.29 27 .43 26-5} 2T7.48 " 26.T7) 2615 26.4C7 24498 24.79 28.40 21,88 231,27 22.92
£ - - 0
| z 9
, ,
I Y - -
1«62} 13 1320 (4.38 12.89 10.77 - A.8} 757 7«13 627 6e 048 5430 S.32 Se1 3 878 Q76 4 .48 3.64 3. 15 J. 48 2.97 24718
1350 13 4900 31.13 27 .60 22.409 18,78 16.79 15.47 14.77 13.89 18425 1369 13.32 12.93 12.87 12.84 12.22 1243 1t.A8 1t1+17 10.87
t 557 10 10400 44.80 39.258 133,01 28.13 2%.21 23.5t 23.73 2168 21.97 20.81 20.80 20.02 20.02° 18.39 1853 1861 8.1 17,31 16,95 .
1540 10 15200 S7.93 A9.74 42028 36497 34,02 32,22 32,30 30.%2 3082 0,09 29.35 28.58 28.24 28.02 27T.S1 26.87 28,38 26.10,25.85
. . ] .
te531 12 1033 15.09 12.98 l1a48 G.68 a.7% &6.77 5.68 %69 ’ Ze40 5.28 S« 01 8490 4451 4.09 3.83 3.28 2.70 2456 «10
1582 12 s 4900 23.46 24,13 22457 19. 24 1734 15:.64 14,63 13.87 3e61 13.13 12.66 12.86 12.56 12.19 1192 1885 11.61 Fledd 11,19
1 .529 12 {0000 41.97 JA.0) 12,98 29.97 28422 26.45 24.87 23.85% 310 22,41 21.81 2143 20.55 20.135 20.07 19.085 18.82 18,69 18,12
’ 1.558 t2 14900 soﬁgl 44,92 19¢§7 35457 32.93 32.67 29,42 28.7% 28.19 27.07 2648 2579 25.1t1 28.64 2447 23443 23,48 22.92 22.18 »
Ay '
? - . )
\ i N 'i,';;. 3 3 .
E 79 2.57 2.44 2.24 2.19
7 L. o0 13.78 t11.67 a.77 7. 08 .50 6509 S« 7O S.29 492 4030 4002 Jea?7 Jet2 2.93 2e - - - -
;.’gi 5 ;goo 27005 ‘20:65 17.24 tS.78 15:52 14,82 IQ:SI l2:67 12.248 11.81° 11.39 1lel? 10.89 10.71 10.52 10.33 10.19 Q.56 Q.73
1222 5 2800 AB. 79 30.51 2595 22:42 2130 21.22 21 .97 22 .01 21.71 20.69 20.19 19.79 ,19.50 18.89 18.51 12.58 17.39 16044 15948
1e728 - 18600 86.50 37.63 30.50 26. 83 2%.98 26406 26.3a 25 .88 2%5.21% 24,56 24,00 25.33 23.74 2 1 20.92 20.01 19,70 19.04 18,82
i - an
Le705% . ) 1293 11,18 lo:b7 3.30 677 8.01 5.50  5.08 .78 4050 .4, 28 393 3e52 324 299 2.78 2.66 2.57 2.25 2.00
27.95 24,37 20.86 18.09 Te02 16,19 1S5.42 14,480 t4a. 818 13.40 13.33 12«74 1257 12.74 12.49 11.76 311 .21
::;gg g ;ggg 2;:33 37:38 30:53 26:78 26:7Q 55:05 2‘:‘5 23:‘8 22:31 22.1 4 21 .05% 20.78 20.07 19.32 19.07 18,20 l7-6é lT.:Z
te?27 3 15000 52.58 4457 37.50 33.32 31.t 29.59 28.585%5 27269 26.77 27T.71 2646 264339 25.29 2Ss=10 24.70 24,20 23.8 23 808
- 7
1.782 12 1920) 14,03 12.81 10.39 a.58 7.30 6,86 BeOL S«79 s le SelS 4,98 4462 4139 12 342 2294 3.21 2.76 2.51
1.72¢ 10 400 30.87 27.40 22.35 18.90 16463 1S42- 1474 1387 14,24 13.569 13.33 12.94 12.75 t12.33 12.12 12.34 11.38 1109 10.73
H L «740 19 9800 42. 88 3795 32445 27.70 2501 2389 23.75 21.82 21.93 20.84 20.85 ° 19,95 19.82 < 18.19 18.18 18.27 17.76 ~16.89 1634
1 1e720 10 15003 51.44s a4, 31 37.53 32.70 29493 28,30 28.12 26.45 26.50 2{-59 25.29 24 .68 24.21 2 o 2491 24,39 23499 23.50 23.11
| . : .
| - S
1 ! Y g 3’
L LelZb Fé 1239 148,386 12446 11.00 Q.26 ?238 6 .48 6.40 SedsS . Se B 56.05 4,80 LX> 14 4«37 396 352 J.18 2.062 2.39 2.00 ]
! te?720 2 %000 28.08 23.64 22.186 18.92 1709 15442 ‘14,39 13.64 1339 i2992 1283 12.4%8 1195 1160 11.38 ll.27~ 11.05 10.88 10.34 P
! 1L.70 2 10000 Mie.3s 37.43 3242 28.57 277 2399 28445 2347 22.76 2 11 21.54 21 .17 20.%4 20416 20.10 19.90 18.88 18.78 18.42
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6.02 S5.86
12.63 13.09
19.64 20.01
25.36 25.32
5.95  5.59
1633 15.%1
24,18 23.85
29.03 28.25
6.19 S.75
17.07 16+ 40
26 .72 24.80
31.51 30.48
5.62 S.28
15.75 14,91
24,84 23.73
32.03 26.96
5.32 _ 4.90
12.90 ° 12.69
20416 20.93
25.00 26.33
6215 578
1584 15,06
24040 22.52
28,27 27.42
6.22 0 S.78
16474 16451
23.65 22.94
28.99 27.76
5.65 8.3l
17.28 16.22
30.31 30.03
35.08 135.46
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5.39
12.71
19.63
27.51

5.19
1s.78
22.69
27.20

Se27
16.01
28.05
29.73%

4.81
14,35
22.74
30.23

4
4.40
12.38
20.47
26%13

S.37
14.31
21.89

27.67

5.30Q
15.40
21.71
26.72

4.084
14.93
29 .31
34.73

8
4.94
12.37
19.15
27.28

4.91
t14.4)
22.16
26069

4,95
18.66
23.45
28.99
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13.85
2t.34
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21.26
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4,57
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22.87
28.562
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20.30
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18,76
21.78
27.43

3.92
12.66
20.68
28.38
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10.70
18,29
23.78
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13.35
19.62
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4.28
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19.56
28.76

3 .04
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17.52
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20.21
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14.51
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2463
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17.75
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18.09
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30.64
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2.13
10.64
16.88
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2034
26.16
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18.78
27.29
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18.49

22.81

3.89
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1847
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18.79
22.78
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11.79
16%15
22.58
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. . Average Nusselt Numbers
Po; a 1 2 - 3 A -5 ) i 3 . % 19
1000 13.65 12.86 11 .28 1016 9a34 8,70 8«18 Te 74 T35 7« 00 6«67
5000 29.17 26410 - 23.30 21 .30 L9991 18.89 18.08 1739 1679 1525 15.77
2720 H1819. 35.80 32.08 29.81 28,43 27.28 26.85 26.08 25,12 24436 2372
13800 48-12 41,28 37.15 34,16 32.90 32.25 31.86 31,51 Jl.i7 30.68 30.23
13800 5516 48,20 43,51 40.87 36.57 38.16 37.82 3I7.59 37,331 36.95 36.51
[}
1
\ .
1009 13.87 12.43 8463 8e19 Te 81 Te48 Tet7 G.88
£33 3a.22 ¥M.73 23,70 22461 2170 20493 20.26 19.67
10s00 47.33 ¥s.4s 38.04 36.69 35.50 34.45 33.36 32,32
13500 $4.77 sa.20 48,77 A3.29 42.02 40,84 39,64 38.48
18200 81.05 29.85 S0.71 49.13 47.76 46.52 45.24 34,00
1222 15.00 13.65 1241 11e47 10467 1002 S48 .04 d.61 8«17 7?76
5000 - 12.7% 150,57 28.35 26 .25 28.55 23.18 22.09 21«20 2043 1977 19.23
13900 23-81 a0043 37.50 35.18 33.34 32.00 30495 30,09 29.38 28.76 28.07
13600 S1¢95.47.62 24,39 42.00 40.21 38.90 37.87 37.03 36,32 35.62 34.93
18190 ©63-28780.89 56.61 53.32 50.82 48.86 4T.29 46,08 44,98 44.02 Aii
R .
14,04 1279 11.85 11.03 10.36 977 .28 8.85 845 8.10
28.64 26.-83 28+10 23.8r 22.30 2129 20448 " 1972 19«12 18.60
22.868 A4A0.71 38.71 36.96 35.53 34438 13.42 32.65 3197 31.33
49.0868 486.62 Q8o dA 42.61 831.17 40.02 39«00 J6.63 36 19 3575
393 S5.07 52.55 50,40 48.74 47.32 8623 45.37 44.61 43,65
1320 11.82 10748 9.98 Q.42 8.95 855 8521 7.90 Teb2
25437 22.90 21402 1966 18.75 18.01 17,39 16.84 15.34 15.88
39.88 35.30 31.88 29.61 28.29 27.55 27.00 26.49 25.91 2%5.40
4B.63 43.01 18.36 3%5.37 33.88 32.99 32.1% 3J1.73 31.31 30.91
55.08 48.01 88+17 A41.61 39,51 38.61 38,10 37.863 37.20 36.82
- N
{1000Q 13.70 12.88 11.86 1089 1012 9.50 8.99 8.5 8.22 L7.91 Te64
£933 32.99 31.24 29.35 27.32 2%5.60 24.27 23.06 22.08 21.21 20.48 19.81
10200 4.99 $2.05 38.82 3614 34,50 33.14 32.09 31.18 30.38 29.68 29.07
15600 S54. 09 49.858 45,04 43.04 40.81 39.03 J7e61 36.40 35.43 38.71 34.05,
20109 62428 6Q.91 58.99 S6.61 54439 S2.49 50.8{\\:?-‘! 48.15 46.89 45.72
1322 18.74& 13.39 12.01 11202 10.22 9.60 9.06 8.6} 8.18 7.76 7.37
4900 31. 69 30-1? 28.013 5093 24.18 22.73% 2[:67 20.80 20.07 19.46 18.9&
10100 2S5 34 42.15 38.8&6 {35.89 32.48 3t1.5S 30.290 28.92 27.99 2713 _26402
15800 5468 5077 4718 44 .20 4191 40,05 38.50 3716 38.08 35.08 34,13
21899 64e72 63425 5791 [52.99 49.35 46470 44.82 43.26 41,98 80.83 39.7»
* 4
¢ g
[ N & ' .
1300 1516 13.81 12.60 1169 10.91 10.26 9.70 9.22 8,81 B8.42 8.08
45%Q9 29. 04 27e55 25.79 2411 22:63 21439 2041 19.%9 18,89 18.32 IT.GIF
10300 43,62 41.45 39,03 36.82 3%.32 34.01 32,84 31.78 30.90 30.12 29.82
15633 S3.18 69,90 47.00 _44.38 42,31 41.13 39.66 38,38 37.56 38.77 36.02
21100 64:91 61.67 S58.70 SS.38 52.43 49.84 47.66 45.89 44,46 4341 42,42
7 -3

29.86
J6.18

42,95
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27«52
34.36
42.36

T.76
1Be12
30.79
3533,
42.085

7.36
1545
24.76
30.47
36.44

44.65

Te04
18 .49
2S5 .78
33.37
38.96

Te?76
17.3%
28.80
35.37
41.52

i5.81

42,02
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18«31
27.02
33.434
41.70

7.48
17.71
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34.95
42.16
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15.06
24035
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A43.68

8.74
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25.23
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3830

Te48

1695 °

28.2)
34.78
40.68

1
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29.18
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17.92
206457
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41.12

7.23
17.31
29.85
34,60
AL.85
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14,70
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29.64
35.74
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28.a7
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S.88
17.86
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26.15
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7.01
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40.99
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35.38
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26.96
31.92
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27.70
34.19
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16.22
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39.74
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17.24
25.77
32.57
40.08

6. 78
1662
29.05
33.91

40.48
s

681
15.90
26.81
33.19
38. 80

si%,
13256
21.22
28.32
3ale3
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28. 47
Ja.00
39.11
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16.93
25. 40
J2.18
39.56

6.18
13.70
22.94
28.52
38.75

5.74
16.92
23.35
30.58
6. 18
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15.61
26. 38
J2.76
38.18

5&{‘ 31%2
13.24 13.02
20.94 20.83
28,05 27.86
34038 3a.14

5.31
16.84
28.00
23.46
38.SS

S5.21
16.19
27.72
33.27
38.42

S.82
16.6)
25.05
21.84
39.07

S.48
16.32
24 .67
31.951
318.88°

6.3S
16.03
28.34
3. 21
39.96

5.99
13.39
22.61
28.17
34.47

6429
16.61
25.64
30.74
39.85%5

5.24
16.32
22.01
a9 .88
35.24

6.38
15.34
25.48
32.3%
37.61
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1.551 s 1000 1816 13207 11472 10461  S482 ¢ 9423  Be76 8.35  T7.98  T7e63  7.31  7.00__ 6.71 6.48  6.20 5.98 S.77  $.58 528
10524 8 - 5000 28.13 28.34 22.30 21.17 20.13 10.30 18.67 1795 17:35 .[6.82 16:35 15.08 WSe57 15.24 1494 18.67 1441 14202 13.88
1.542 = 9900 40,89 31%.467 32.58 30.08 28.41 2732 26«65, 2015 2572 25.28 2887 28,49 24,12 2376 23.42 23.07 22.7H% 22,40 22.07
1.509 5 14732 4696 42,45 38,5 3%5. 66 33.78 32.49 31.562 3lels 30.70 30.28 29.89 29.51% 29.13 28,74 28.40 78.08 27.74 27.41 27.12
1
< v . ’
i 1,568 @ 1000 1352 11.83 10.73  9.80 9.08 8.5l 8.04 TES 7.3l 7.02  6.75  6.49 6.20 400 5.79  5.59° S.ai 5.2 5.02
1.560 -] 5000 33. 36 Jl.:!‘ 29.484 27.%8 2%5.89 24.57 23.51 22.62 21.89 21.18 20.60 20.07 19.61 19.18 18.79 18.46 {816 17.84 17,02
g 1.556 a 19393 43.92 41.05 37.87 38. 26 33.64 3Z.31 31.27 30.37 29.58 208.89 28.29 2T 73 27 .29 26.70 (Y73} 25.77 25438 24.91 28.53
t 549 a 14900 52. 22 48,23 44,55 Aleb? 39.%52 3782 -~ 36.86 35.31 34.35 33.606 33.03 32.45 3t.96 31.47 3T.02 30.61 _ J30.21 2993 29.46
! . +
- .
i ; - -
1801 10 1000 18234 13.61L 12.66 1de71l 1088 10e23 9268 923 8,79 8.45 B.148 T.86 7.63 T.40 T.15 6.90 6.70 6.49 6.39
1.55%0 to 4900 31.13 29.37 27.038 25.00 23,34 22.03 20.99 20411 19. 4856 18.88 18.37 17.92 17.53 17.17 16.8 18.56 16526 15.98 15.50
1.557 19 1M4925 44 .80 42.03 39.02 36.230 34.08 32-32‘ 31.09 29.91 29.03 28421 2754 26 491 lab.’ﬂ 25.61 2%+ 3 24490 28.51 284.11 23.87
1540 10 15200 5_7-93. 53.8a 49.99 46.73 44,19 42021 40,79 39.51 38.5% 37.70 3694 36.24% 35.63 35,08 34.58 34.10 33.6% 33422 32.73
- N “
.
531 12 1000 15. 09 18.04 13.19 12.30 11.59 10.79 10.20 Q.64 Fel17 8.78 Ba.bd 2 .14 To 86 759 7.33 707 5.82 S8 & 28
’ 1.542 i2 4900 2%. 66 26480 2%5.12 « 23.65% 22.39 21.26 20. 32 19.51% 18.85 18.28 17.77 17.36 16.99 16.55%5 1634 16,05 15.79 1S.55 15,28
1.529 12 13305 A1.97 Aja00 I7.68 as. s 34.08 32,79 33.566 30.62 2C. 84 29.10 28.43 27.485 2729 26«78 2633 2593 25,51 2313 24.96
1.55% | 12 14900 59, 9t AT .92 s 7 42.77 40,79 39,44 38.01 36.8% 35.89 31%5.01 34,23 33.353 32.08 32.29 3175 3le24 30.79 30,35 29.96
/ - el .
v -3
(o732 5 1000 1378 12.72 11.40 10232 9.56 8.98 8.52 812 Ta76 7242 Tell 6281 6453 6.27 6004 5.82 5.62 S.48 S.12
; 1-70% F] 5000 27¢45 26206 21479 2029 19233 18.58 18.00 1733 16.77 16027 15.83 15.44 15.00 14.78 14.49 14.23 13.99 13.19 12-88
i 15722 < 3809 38.79 14.65 Jie?5 29.42 27.79 26 .70 28,02 2%.52 2S.10 24 .65 24,285 23,88 23,54 23.21 <_22.90 2256 22.26 2193 21.61
; 17728 3 1l600 45130 32008 Jalzl 35136 33a8 32025 31040 30.71 30110 29055 29108 2073 28.35 27.90 (Z7.43 26,97 26,58 26,12 25.80
N ' d »
- o G
\ . .
1745 s 1000 13-14 11261 10e50 9«57 8.86 8.30 T.84 T+46 ~ Tel3 6o88 5258 0«32 6409 587 5,66 5e47 5.30 S.13 .98
. 1.720 8 4900 31.88 2992 28.07 2827 24,63 23.36 22434 2147 20.73 20.10 19.53 19.02 18.58 18.17 l7o79~* 1748 17.18 16.88 16.52
, 12737 8 9733 43.00 40019 37007 34050 32.9% 31.53 30.60 29.71 28293 28026 27.66 27.11 26.66 26415 25.70 25.28 24.87 24446 24.00
t?27 A l50°°\ }2.56 48.%57 44,98 4A1.99 J9.83 38.12 36.78 J%5.62 34,64 33.95 33.31 32.7% 32.29 31.76 Ji1.31 3090 30.51 30.22 29.84
~ -
\ L P
L.782 10 1000 1403 13.42 12.81 11445 10.62 999 9.42 , 897 8.5  8.20 T8l Teb68 Te39 TolS 6090 6066 645 6.25 5.90
1,721 10 $000 3087 29.13 26487 26488 23,23 21.93 ¢ 20090 ‘20402 19.38 18.81 (8231 (787 1787 17.10 18.77 16.49 16219 15.91 15.68
12740 15 3833 42.88 80441 37.66 35.17 33-14 30.53 30042 20.3% 28,82 27.75. 27.13 25.853 26,01 25.45 24.97 2455 24.15 23078 23.21
; 12720 10 15000 S1.44 47.87 44.43 41.49 39.18 37.37 36.05 34.85 33.92 33212 32.40 3175 31.18 30.72 30.33 29.96 29.61 29.27 28.82
1 R Ed r‘( . . A
1.748 18,46 13.45 12,63 11479 1halt 10.3F 9077 9423 8078 8.41L  8.08 ~7e80 ToS53  Te28 7403 679  6.54 .31 61l
V1320 28.04 25.88 24.61 23.19 21.97 20, 19095 19,18 [8.52 17298 17.48 17.08 16.85 16.20 15.96 15.66 15.39 15.14 14.98
1,737 AT.34 39,37 37.05 38293 33,40 32.28 3Mo13 30017 20.35 28062 27.98 27.41 . 26.88 26.80 25.98 23.60 25.21 2488 2e-44
1734 0. 14 47.43 44.71 42.33 40.38 39.01 A7.57- 36.41 35.62 34931 I8,32 33.77° 33.29 32.85 32.43 32402 31.64 31.28 30.84
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53329
1Q0Q0
15000

dao
4933
9900

15200

10900
5332
10000
15300

[

13.73
27.70
33.54
46+ 69

13.08
31.43
43.85%5
50.93

.
14.20
30.20
Al. 32
S1.48

18,56
28,26
44.33
S9.13

13.52
32.45
43,26
52.08

1430
31.20
42.79
52,26

14.65
29. 76
A1.19
51a.01

‘a0

1

12.a3
22.42
34,48
41.88

1253
29.27 .
78
475235

13.11
28.46
39.23
408044

12.51
26.65
42.11
47.15

12.51
24.85
35.73
41.30

1298
30,32
40.21
48.72

1319
29.52
40.03
49.52

12459
27.83
39.12"
47.58

-

a9
22,91
30.82
3795

11 .59
26.84
37464
43.82

12.01
26.67
3665
435.54

11.29
25.07
39.07
44 .47

46.14

11.36
26415
3T.74
46.04

3

10.42
19.93
28.17
35. 08

10.64
24.73
3S. 11
41.08

10.96
25.04
34.60
43. 13

10.52
23.43
3654
4233

9. 39
20. 24
29.36
34,27

t1.00
25,54
34.32
41.81

11.06
25.58
JA. 78
43.23

10.58
24,46
36. 30
44,24

4

3.66
18.51
26404
32.18

.86
23.26
3213
38.98

9.81
22,20
34.56
40.58

9.09
18.821
2T.62
32.25

10.20
23.82
J2.36
39.32

10218
24,00
32.76
40.79

9.87
23.03
35.27
43.07

S

9405,
17.50f
25.30
31.88

9.21
22411
31.42
37.32

9.49
22.57
32.08
39.55

Q.11
21.12
32,94
39.186

a.a6
17.84
26.38
J1.04

9.52
2249
J1.04
7,48

94395
22.79
31.28%
38.82

9,17
22.07
34.45
41.74

&

8.50
16082
24.38
30.94

-

8.69
23.15
30.46
36.03

B8.95
21«69
31.01
38.25

8.57
20.245
31.83
37.41

7.95
17.10
25.60
30.36

B8+ 99
21 .43
29.82
36.04

901
21.89
30406
3T.24

8.61
21424
33.82
+3.6%

7 -
8.20
16.31
23.9)
30.51

8.26
20.3¢
29.49
34.92

B8.49
20.98
0.1
37.19

8.140
19.50
J0.52
36452

751
16.5¢
24.96
29.82

8.%54
20.54
28.083
3s5.00

“Be3S
21.08
29.01
35.93

8.14
20.48
33.25
4008

8

T.B4
15.87
2. 40
J0.1a

T7.89
19.70
28.58
34.01

a.10
20. 39
29. 40
36,28

7.70
18.87
29.6)
3s.78

Tall
16.00
24441
29434

8.15
19.79
28.00
33.9%

8415
20.36
28. 1S
38.79

Ta75
19.78
32.73
39.28

9
7.51
15.47

107~
Te18
1512

22.93 22.50
29.83 29.5t

T.57 1.29
19.12 18.862
27.94 27.28
33.18 132.a7

~

T7S 7.46
19.62 19.20
28.74 28.16
35.51 34.45

7437 7.08
18.33 17.584
28,82 28.15
35.38 3a.57

6.76 6.43
15.55 1S.15
23«90 23.42
28.93 28.52

T-82 7.53
1916 18.%9
27427 264618
33.00 32.2s

7.80 T30
19.70 19.12
27.32 26.82
33.87 33.13

Tasl Tel2
19.21 18,71

3226 MN.A7
38.53 38.09

11
6.87
14,80
2224
29.20

33.856

6.81
17.41
27453
33.05

6.13
14.78
23.00
28.13

7,28
18.16
26.03
3t.52

Te23
18.60
2604
32.43

5.83
18.27
31 .49
37.57

o
6.62
18.51

21.87
28.89

6.82
17.78
26420
.26

6.94
18.50
27«11
33.32

654
17.04
26.90
33.60

5.86
14.45
22460
27,73

7.06
17.73
25.42
30.87

6099
18.18
25.34
31.82

6.60
17.87
31.01
37.02

13
638
14.23
2151
28.57

6462
L7.40
28.74
3o.72

&6.72
18.20
26«63
32.8¢

&.30
L6e70
2632
3313

LN
S5.63
14.13
22022
2732

6.85
17.34
24492
30.29

677
17.78
25403
Jls21

6.38
17.51
3055
36453

14
6.09
13.98
2117
28.28

6444
L7. 08
25.31
3o.21

6.51
1791
2618
32.32

6.09
16.41
2579 .
32.34

S.41
13.83
2187
26493

H.66
15.98
24446
29.75%

8.56
12,42
2847
30.64

15
S.86
13.73
20.86
28.00

6427
1674
24,90
29.7s

6+32
L7.60
2977
31.88

5.88
16413
2529
31.98

5.22
13.55
21458
26«56

6. 49
16.65
24,05
29.25

6437
17.07
23.95
30.14

S5.98
16.87
29.57
35.54

16
S.64
13.91
20.56
27.7¢

610
16.45
24.50
29.232

W
A
L3N BN ]
P I
FEe

Se70
1S. 80
24,82
31.64

5.03
13.29
21427
26422

6.32
1634
23. 66
28.77

6.20
18.76
23.47
29.73

5.80
16.57
29.12
3%.11

17
$.45 S.24

13430
20.29
2741

595
16418
28,12
28.89

5«98
1T.02
25.04
20.76

Se52
15.61
24,38
31.31

A.85
13.04
20.99
22.89

8.16
16.05
23.29
28.3%

.

18

13.11
19.99
27.13

Se5
155
23.83
28,74

S5.46
16.85
24 .86
30.29

Seb2
15.01
2399
30.92

4,62
12.87
20.72
25459

5.20
1S.76

.23.00

27.91

6.03 5.88
16.44 16,21
23.02°22.95
29.26 29.20

S.64 S5.58
16,29 16.00
28,069 28.11
34.67 34,28
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° ) _ APPENDIX D .-
R | . 4 " s ~
. Specifications’ of Marinite I
d ' a
BN
‘ . Density ’ 3 737 Kg/u® o
; Thermal expansion : 6.91 x 10 8/°C up to 150°C a N
l’«x\" (shrinkage thereafter)
ol Shrinkage length : 0.2% at, 300°C

) Thermal conductivity ) : r
' LS ° d ~
at 300°C : 0.114 W/m-°K
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APPENDIX E

Working Principle and Specification of Microfoil

Heat Flux Sensor

-
-

The Microfoil heat flux sensor.(Model 20450-1), manufactured
by RDF Corp., may be represented electrically as multijunction thermo-
piles. Basically, the RDF microfoil sensors differ from conventional
thermopile sensors in that they eliminate the use of plated junctions
and are fabricated with homogeneous Hhermoglectric alloys in each leg
between junctions. The legs afe manufactured fFom 0.005 mm foils which™
greatly reduce the thermal losses due to lead cogduction. Furthermogé,
the‘thermal junctions are formed in the shape of accurately.controlled_

platelets functioning as controlled heat sinks for each junction,

Thus, the accuracy and repeatability of their calibration become inde-

’,

pendent of mounting conditions.
The microfoil sensors are fabricated from three laminated
. . ! . 5 — N
sections. The upper and lower sections are manufactured from silicone-

impregnated glass cloth. The critical layer is the one in the centre

and serves as a thermal’'barrier. . ).
As shown in Figure E.l, Fhe therﬁoelectric junctions are
: o >
formed from two materials gfsignated as A and B, on the upper surface
of thenbaQrier.’:I;'series with these are corresponding junctions on

o N
the lower surface. The two output leads, therefore, are of the same
N -

maﬁer}al as the one €§ming from the first junction on the ﬁpper surface .

and the other from the last junction on the lower surface. Although
only oné pair of junctions is reguired for a complete sensor, multiple

paiiswof juncéibns are installed to insure maximum signal. Any time

- —

o
*
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»

: thermal energy is transferred through the barrier, a temperature

gradient, AT, is generated across the barrier, which is directl}" pro—
i)ortional to the heat transfer rate. Hence, each pair of thermoelecf:;ic .

junctions forms a completed thermocowple circuit whose voltage output

i

is proportional to the temperature gradient.

a0

The sensors are equipped with reference Copper-Constantan

» v

thermocouples. The dimensions and further Specification\s of the sensor

and thermocouple are tabulated in Table E.l. As shown, the sensors

/

exhibit a very small re:sponse time, 0.02 s, as defined by the time
required for the junctions. to reach 627 of an instantaneous step _‘change'

in the temperature. The heat fiow.sensors are individually calibr%fed

o

[
by the supplier for the heat transfer rate.

-
s
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TABLE E.1 ‘
Specification of Micro~foil Heat Flux Sensor (Model 20450-1)
'~ Nominal dimension 11 mm x 7 om
Heat sensing area. 4,78 mm x 1.9 mm ,
, ' . “ #
* Thermal resistance 5.28 x 107% °K/W-m 2 )
Response time 0.020 (62% response to step channg
) Maximum operating temp. 260°C
(’ ¢
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APPENDIX F

4

Correcéion for Difference in Conductivity between

Impingement Surface and Sensor Material

A schematic diagram of the hegt flux sensor mounted on the

impingement surface ®is shown on Figure¥F.l(a). Assuming heat conduction
in y-direction only, the system may be expressed by the'}omp.gsite wall .

network shown on F.1(b). Thus

T * - T -
) a

’qm = R; + Ry + Rj3

‘O (F)

where 9 is the measured heat flux through the sensor ‘

Ts* is the temperature of the sensor surface
T 1is the temperatui‘e at the bottom of the impingement plate

R; 1is the thermal resistance of the sensor

R, is the thermal resistance of the adhesive

\
Ry is the thermal resistance of th'e plate below the sensor
and - s ’ . .
=
Ts - T, \
1 g (F.2)
where q is the true impingement heat flux )
'J.‘S :Ls“ the tempﬁerature of the impingement surface N
R, is the thernal resist;nce of the pléte.
Here Ry = 5.28 x 10°* °K/W-m 2 ‘
R = 5,78 x 106 °K/W-m 2 . ) i
Ry = 1.58 x 1075 °K/W-m” S
Ry = 1.57 x 10°5 °K/W-m 2 . '

« "
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Three ur%own variables q, TS* and Ta are solved from equations

F.1 and F.2 by an iterative approach. The q obtained thus 1is the true -

w

heat flux ‘to the impingement surface and is used to calculate the heat

.
:i
transfer coefficient.
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APPENDIX G .

Ra&i ant Heat Transfer

At steady state condition, the total heat transfer to the

. v

impfingement surface may be expressed by the following equation

q = q  *aq, .

where q =
qc -
[, =

»
9

total heat flux to the impingement surface.

convective heat flux

.

radiant heat flux

(6.1) . d

The radiant heat transfer from a medium to a surfice may be

represented by the following network . K

o

. q!;‘
AAAAA . O AAN-~ - -0
Bow 7 L 3 1oe oy
Fle £1‘ .
mn

Thus the radiant heat transfer

- h r ‘ c
.' 1 1l - €1 ==
/q& (Epg = Bpy F.e | 3
lm m .
4 - L =
L edapt - @ty .
1 + 1- €1 fd
- I €
‘ ln m ! :
; [ 4
. ) o
where 0 = Stephan-Boltzman constant = 5.67 x 10 & W/m2-K"
Flm = shape factor = cl K
€n = emissivity of air = 0.1
€1 - = emissivity of copper surface = 0.023
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.

Thus from Equation G.l, the convective heat transfer is: obta;i.ned

?

1

'

= q - 1.08 x 19'9 {(T

1

4 - (TS>“}

/

i(c.z).‘
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B - APPENDIX H
. i - F 2
‘ . Physical Properties of Aix
y ) )
- - ¢ i Y . . %
'. - . : c
K . Temperature U : K ' P , p
°c - centipoise W/m’k J/Kg °K Kg/m?
50 0.0193 0.028 1006 ° 1.092
100. .. , ° 0.0216 0.032 1011 0.946
150 0.0237 0.035 1016  0.835 )
.. ‘ )
200 © 0.0257\_  0.039 1025, 0. 746
) 250 0.0274 0.042 1036 0.674 -
300 , 0.0292 0.045 . 1045  -0.616
Reference: ‘ “ 1

L} ——

A

Holman, J.P., Heat Transfer, 3rd Edition, McGraw-Hill Book
Co., New York. . :
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