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ABSTRACT
The effect of air nozzle position on local and average

heat transfer rates for a row of round jets impinging on a

rotating cylinder was investigated experimentally. The

cylinder was the middle roll of a vertical stack ,of three’

rotating rolls, each 457 mm in diameter, which simulated a

paper m&chine calender stack. Industrial calender cooling

nozzles, having an ingide diameter 4 = 25 mm were used. Air

was blown from these nozzles at a velocity of 70 /s,

equivalent to a Reynolds number of 110,000 £ 10,000. Both

heating ‘(21 < AT § 25) and cooling (10 < AT < 15) were

studied. |
Circumferential Nusselt number profiles passing

. J
through the stagnation point were obtained with a

nozzle-to-nozzle spacing of 84, for nozzle-to-roll“ﬁpacing

1l to 84,

Jthe circumference of the roll, and for nozzles inclined -45"

ranging from for various nozzle locations around

to 45° from the normal to the roll surface. Circumferential

profiles at axial positions away from the stagnation point

were measured with nozzle-to-roll spacing of 44, for

noszle-to-nozzle spacings of 4 and®8d.
Local heat flux values were obtained by measuring the

roll surface temperature and solving the

local
one-dimensional unsteady state heat conduction equation.

' The majpr influences on the heat transfer coefficients
ig:u the tnapcr;turc of the ambient air, the nozzle-to-roll

spacing and the nozzle-to-noxzle spacing. Location of the

—
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‘ . nozzles around the circumference of the roll and inclination

of the nozzles with respect to the roll surface had only

1 1 ’

minor influences on the heat transfer coefficients.
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RESUME '

On a congu une experience en laboratoire dans le but
d'Studier 1'effet de la position de jets d'air sur les taux
de transfert de chaleur pour une rangée de buses a section
circulaire soufflant sur un «cylindre en rotation. Ce
cylindre occupait &a position interﬁZHiaire dans une
calandre a trois rouleaux, simulant ainsi une lisse
continue. Chague rouleau avait un diametre de 457 mh. Des
buses disponibles commercialement, de diametre interne
d = 25 mm, ont été utilisées. L'air etait soufflé '; une
;Etesse.de 70 m/s, .pour un nombre d§ . Reynolds équivalent 2
110,000 £ 10,000. Les effets de jets d'air chaud
(21 < AT < 25) et froid (10 S AT < 15) ont eté etudids.

Des courbes du nombre de Nusselt passant par le point
de stagnation ont ét{ obtenues sur la circonféﬁence avec des
distgnces inter~buses de 84 pour " les configurations
suivantes: des distances buse-rouleau s'echelonnant de 1d a
84, diverses positions des buses autour du rouleau, et, des
inclinaisons de buses de —-45° a 45° par rapport ; la normale
de la surface du rouleau. Des profils sur la circonféfence,
nais a 1';Eart du point de stag%ation, ont'été mesurés avec
des distances buse-rouleau é§a1ea H 4d, pour des distances
inter-buses de 4d et 8d. \

On a obtenu des valeurs de flux loéaligéi de chaleur
en msesurant la tcup:fnturo de surface du rouleau et en
solutionnant 1“§u¢tion de conduction de chaleur a 'uﬁe

dil*ﬁfion en regime transitoire.
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Les facteurs qui ont le plus influence - les

coi'tf‘icicnts'do transfert de chaleur sont la tcmpc'ratuu de

’ ]."iir .imbilnt, la distance buse-rouleau et 1la distance

inter~buse. La position des buses autour du rouleau ainsi
z ) N {
Que leur ihclinaison par rapport a la surface n'ont eu que

1

peu d'effet sur ces coefficients.
#
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1. IRTRODUCTION

1 I  Background

The pupcmking process i: illustrated in Pigure
1.1.1. It cotuists of 4 Dbasic opoution:; a) formation and
drainage, wvhere the fibre suspension issuing from the
headbox is deposited on a moving screen (foudrinier) and the
water is removed by gravity and suction b) pressing, to
remove further water and to consolidate t(be sh’jt c) drying:
to -evaporate  the rm“ining vater and d) calendering, to
reduce the psper thickness and roughncn, and to produce a
nhut of uniform ;hicknon across ‘the width of thc paper.

c-londoring rcducu the thickness of peper by pressing
during pessage throu&h the nips between cast iron rolls. A
énhnd-: stack’ i:ypically consists of 2 to 8 rolls stacked
vertically. as shown in Pigure 1.1.2, with roll diameter
ranging from 300 to 800 mm. The paper enters the top nip
and proceeds through each nip down the stack._. Paper
machines may have one or two such cnln'mdcr stacks.

* According to Crotogino (1982), the main factors
involved in thickness and roughness reduction in a calender
stack are nip load, roll diameter, machine speed, and tho.
temperature, moisture content and initial bulk (inverse of
apperent density) of. the paper. Of these, the two most
important parameters are nip load and paper tesperature, in
thet they have the strongest effeét on thickness reduction,
can be manipulated readily on a modern calendsr, and can be:

-
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used to control the thickness uniformity across the width of
the psper machine. When the nip load i‘l increased, the
paper is pressed wmore, thus becoming thinner. When the
paper temperature is increased, the paper becomes more
plyable, hence easier to calender.

The cross-machine variations in basis weight (weight
per unit area), woisture céntcnt and temperature of the
peper entering the i’::aloncler .vill affect the thickness
uniformity of the paper across the width of the paper
machine. The deflection of the rolls and the grinding
tolerance on the roll, i.e. the cross-machine wvariation in
roll diameter will also affect the thickness uniformity of
the paper. The roll grinding and external load distribution
directly affect "the nip load distribution and thus the peper
thickness. Paper temperature and paper moisture content
affect the cross-machine variation in temperature of the
calender rolls, causing small variations in roll-diameter,
which in turn affects the cross-machine distribution of nip
lcad. Por example, a hot stresk in the paper entering tho%
calender stack will cause the rolls to heat up and expand
over the width of the streak. Conseguently nip pressure
in the region of the streak will be increased/, causing the
paper thickness to be reduced excessively.

To appreciate the order of magnitude of the variations
involved, let us consider a typical newsprint machine. The:
paper entering a newsprint calendsr may have a thickness of’
150 ym. 1In the last nip of the calender, m' paper may lIl';
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s ;:::?{ of approximtely 50 um, for vhich the desired
to. e is l12umn. The calender rolls on the other hand may
be 500 mm in diameter or 10,000 times the thickness of the
paper and 500,000 times the desired tolerance for the paper.
Such tolerances are difficult to maintain when roll
temperatures may vary by as such as 10°C along the roll.
Rence some w®means are required to compensate for
non-uniformities in the paper and in the calender rolls.

It is customsry io control roll temperature and
consequently local nip pressure in a psper machine calender
vith an array of impinging jets of air. Such air showers
sre generally applied to cool the roll where it is necessary
to increase the thickness of the paper. As cold air cools
and shrinks the roll, the nip pressure is relieved at that
point. At locations where thinner pasper is required, the
rolls can be heated with hot air showers or by applping
ttietig pads,causing the reverse effects of those just
noted.

T™e air showers used to coatrol calender roll
uqtnt;:n usually consist of a rov of  nozzles,
squidistantly spaced across the width of the calender, as
{1lustrated in Pigure 1.1.3. Usually-two rows of noszles,
dicvected at ldit!orcut “u; in the stack, are uodb. The
geometry of the noszles, noszle-to-nozsle specing,
nossle-to-roll specing, orientation of the noszles to the
rolls and location’ of the ncssles 'in the calender very
substantislly between machines. Pour configurations of
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nousles currently used industrially are shaowmn ﬁt rigure -
l1.1.3. In Fgure 1.1.3a), nozssle dismeter is spproximstely
12 s and the nozxle-to-nozzle .specing as well as
nossle-to-roll specing are 100 mm. The nozzsles in Pigure
1.1.3b) are 25 ma in diameter, are spaced 200 mm apart and
38 ma !tdp the ‘ron. In Pigure 1.1.3¢c), 12 x 50 ==
horisontal rectangular slot nmlcl"qu placed vith a2 25 sm
nossle-to—-roll spacing and a 100 =a nossle-to-nozzle
spacing. The nossles shown in Pigure 1.1.3d) areof a
shownr-besad variety, consisting of an array of smsll
orifices. n
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1.2 Objectives and scops of the stuly
. The -heat transfer characteristics of various possible

T

nozzle arrangements is an essential element in the design
snd choice of an optimum calender cooling l’;t”.
Unfortunately, hovever, there are fev publiAlhod data
available about the heat transfer charactoristi;:s of the
nozzle arrangements, which might aid in the d'cs'ign or choice
of such systems. The need for a ratidonal design procoéuro:

for calender control air showers provided the stimulus for

- .
O

the present study.

The major ‘objectives of this study were a) to
construct a fscility for the measurement of the heat
transfer rates from air jets impinging on a calender roll
and b) to investigate hov these heat transfer rates are
affected by the position of the nozzles relative to the roll
and to other nozzles. To achieve these objectives, a- major
new experimental facility was built, consisting of a model
calender stack and calender control air system.

In this exploratory study, measurements wvere made for
one type of nozzlée, the type supglicd by Midland Ross Canada
Ltd. with their calender control systens, These
nozzles,shown in Pigure 1.1.3b) are essentially long tubu.’

Since the main thrust of this study vas to investigate
the effect of nozzle position on heat transfer rates, the:
effects of nozzle exit velocity on heat transfer rates were
not studied. Only one nozzle exit velocity (70 m/s) vas
used, corresponding to Reynolds numbers of 100,000 o
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v

m,m. -
The position of a nosxle relative to the calender roll

' is descridbed by three parimeters as shown in Pigure 1.2.1.

These psrameters are
T o - ei;cm!tua\wtu w:qhw
\ ¢ - Geflestion angle
l H - noszzle—-to-roll specing
The c!hét of each parameter on the heat transfer rates was
Mtcniuod by varying each parameter 'indopondmtly from a

“nevtral position.

The position of a nozszle relative to other nozzles is
described Dby the nozsle-to-noszle specing, S. Tvo
noszle-to~nozsle spacings were used and the _heat transfer
rates were mluroé at several axial locations, «x, botmn

sdjacent noszzles.



> 3
- ]
M - nozzle~to-roll spacing _
0 - circumferential angle
v - defliection angle )
() m 1.2.1 Position of a noszls ralative to s calesder mell.
L R - e R
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2. LITERATURS REVIBW

2.1 Calender Cooli,‘ﬁq. Literature

Published theoretical or experimental work which
relates directly to the calender cooling p;re?bl-t is wvery
limited. Several discussion papers have been published,
which speculate asbout the best position in a calender to
place air noszles. Fev measurements wmade on calenders have'
been reported -in the open literature, and these msasurements
cannot resdily be generaliszed. i

r-m} et al. (1976) performed empirical studies on a
pilot machine calender roll to &ct;nino_ the relationship
bestveen surface temperature and roll radius changes. For a
chenge in roll surtace tempesraturs of 1°C they measured a
roll redius change of 1.4 ..m on a 0.5 m diameter solid roll.
This effect was achieved with two different types of no;sln
(s 125 x 8 = rectangular noszle and a2 15 mm diameter
circular nossle) and with a variety of nozsle~to-roll
specings, air wvelocities, air temperatures and contact
times. Measuresents msde on the 1000 sm diameter king
(bottom) roll of a commercial newsprint calender showved that
8 1.8°C change in roll surface temperatues caused s 1.5 m
change in veb thickness. Lyne et. al., (1976) concluded, as
did MNitchell snd Sheahan (1978), that the king roll was the
most effective location for the air showers. '

Performing experiments on a modern nwgprint mechine,
Mitchell and Sheahan (1978) investigated the effect of

|




a) air showers are more effective as the distance
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calender stack coeling air showers on calender roll
temparsture profiles. The effects of nozzle design and %
position, were measured. They reported that; {

i

betvween the jet and the roll is reduced,
b) the effectiveness of sir showers applied
to the bottom roll was greater than that
for air showers on the third roll,
and c) plain nozzles were twice as effective
48 the multi-orifice noszles with the
same total flow area.
\lﬁ;un et al. (July 1965) found that cooling air
. mu.d to the peper web entering the cahnd_ur is more
effective and gives » more rapid response than air spplied
to the calender rolls. They speculsted that the heat
transfer efficiency to the wedb vas greater than to the roll
snd that the cool wedb was able to change the tempersture of
' several rolls in the calender. '
Pield ot al. (1984) alsc discussed the optissm
\ 10&:tiu of profiling noxsles in & caleander. 'm on
undisclosed theoretical coasiderations they recosmended that
the air should be directed onto calender rolls in the top of
the stack, vhere the greatest thickness reduction takes
place. o
Bryan (1972) cou;iécrod the air flows gensrated by the
calender roll as illustrated in riquu.z.l.l. He concluded
| that in order to get the most effective heat transfer to the

%
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c; roll from the air showers, it is necessary to break up the
boundary layer carried by the rcli. The velocity of the jet
necessary to break up this boundary layer éepends highly on
the ﬁosition of the nozzle with respect to the roll. The a) ;
most effective location for the nozzles, according to Bryan,
would be to direct them into the low pregssure zone at the
out-going nip. However, no evidence was presented to
support his reasoning. |

The limited published work about calender cooling‘does
not provide any consistent information on which one might
wigsh to base the design of a calender control system. The
fev measurements which hdve been published, ,éﬁnnot readily

) be generalized and extrapolated to other calender

(:) configurations, The _ discussions about opt?mum nozzle

position in the calendcf and relative to the rolls are

speculative and contradictory.

2.2 1Impinging Jet Literature

Whereas the pulp and@ psper -literature dealing

specifically with the calender control problem is- very
limited, the literature dealing with the more fundamental
. problem of impingement heat transfer is qQuite extensive.
\Gbneral reviews of the impingement heat transfer literature x¢¢;b
have been presented recently by Obot (1980) and Saad (1981). >
A The present reviev will deal oniy with ' the work vhich is-
(:5 v, @irectly reicvunt to the problem of étitnﬂtt’cooling.
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FPigure 2.2.1 illustrates the flow characreristics of a
jet issuing from a circular nozzle and impinging on a flat
plate. Poreh and Cermak (1959) divided the flow into three
distinct regions, namely the free jet region, the
impingement or stagnation region, and the wall jet region.

The free jet region can be subdivided further into the
potential core, the developing or transition region, and the
region of the developed jet.

The potential core is a region in the jet, where the
céentreline velocity remains unchanged from that at the
nozzle exit. It originates as a core of undisturbed fluid
inside the jet, vhen this flow is not fully developed. Upon
leaving the nozzle, this core is not immediately affected by
the nev boundary conditions. When the.flow inside the
nozzle is fully developed, there will be no potential core
nor a transition region.

The potential coré length is an important factor for
heat transfer since the stagnation point heat transfer rates
tend to reach a maximum when the nozzle-to-surface spacing
corresponds to this length. It is affected by the flow
conditions®and turbulence inside the noszzle, and therefore
by the geometry of the nozzle and the flov channel up;treu
of the nozzle, and by the Reynclds number. Obot \L\@BO)
mesasured potential core lengths ranging from ¢ to 7 nozzle
diameters for short and long noszzles vwith and vithonf
contoured inlet sections, .

The developed flov region exists only for sufficiently

y
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~ large nozsle-to-surface specing. 1t refers to that pert of

the free jet in wvhich the centreline velocity is inversely
proportional to (2/d). The region beyond the potential core
sone vhere the velocity is no longer constant, but is
inversely proportional to (z/d), {is referred to as the
region of developing flow or the transition region.

At the end of the free jet region, where the flow
begins to be affected by the impingement surface, the
stagnation region begins. This region extends to the
impingement surface and includes the tcgiol’ot diverging
flow.

In the stagnation region, the axial velocity decresses
sharply, the axial turbulence intensity increases and the
pressure increases as the axial velocity ,component is
transformed to a lateral velocity. At the stagnation point,
the velocity is sero and the static pressure is at a
mazimum. The static pressure decreases avay from the
stagnation point along the lateral direction. This region
of strongly negative pressure gradients maintains the
boundary layer laminar even for a highly turbulent jet.

The dimensgions of the stagnation region vwvere
investigated by Obot (1980) and Tani and Komstsu (1966).
The height of the stagnation region, yo, was found by Tani
and Komatsu (1966) to be between 1.6 and 2.2 jet diameters,
for dimensionless nozzle-to-plate spacings of 4 to 12. The
lateral extent of the stagnation region, dJdefined as the
distance from the stagnation point where the static pressure
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gradients are negligible, has been reported by Tani and
Komatsu (1966) to be about 1.6 to 3 jet diameters for the
same range of dimensionless nozzle-to-plate specing.

In the wvall jet region, the accelerated stagnation
flov transforms to a decelerated wall jet flow with a
negligible lateral pressure gradients. The lateral velocity
developed in the stagnation region passes through a mazisum
at the end of the stagnation region. The transition of the
boundary layer from laminar to turbulent occurs in the wall
jet \r.qion. Extensive characterizstion of the stagnation
sand wall jet region for an impinging round jet has been
given B;?uz (1980). '

The heat transfer rates for a rovw of jets impinging on
a rotating cylinder can be affected by many geometric and
flow parameters such as the noulg-to-toll specing, the
nozzle-to-noxkle speacing, the jet Reynolds number, the angle
of the jets to the roll, _thc motion of the roll, the
curvature of the roll and the streamwise and spanvise
distance from theé Stagnation point. Since a rov of round
jets congists of several single jets, wvhich may or may not
interact, the heat transfer rates of a linqio Fonnd jet are
of importance. The factors influencing the heat transfer
rates of a single round jet impinging on a flat stationary
plate such as the jet Reynolds number, the nozsle-to-plate
spacing, the distance away from the stagnation point and the
sngle of impingement will bé investigated. : .

The offect of nossle-to-plate spacing om  the
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stagnation point Musselt number at two éif!crcnt Reynolds
numbers for a turbulent single round jet is illustrated on
Pigure 2.2.2 vith data from Obot (1980). The stagnation
point Nusselt number passes through a maximum at a noszle-to
plate spacing of about 7 to 8 diameters. The existence of &
meximum stagnation point heat transfer coefficient as a
function of H/A has previously been noted ;ay Gardon and
covorkers (1962, 1965 and 1966), MNakatogawa et al. (1970),
Roopman and Sparrov (1976), amongst others.

Gardon and Akfirat (1963) reportad that the maximum in
Nu, as a function of H/A was a result of the velocity
‘profile of the jet and the turbulence level of the jet. The
velocity .of the jet, rmia§ constant throughout the
potential core zone but begins to decresse st the end of the
potential core sone. The turbulence intensity, on the other
hand, increases from the exit of the nozszsle to the end of
the transition region after vhich it remains fairly

 constant. The location at which the decreasing effects of

velocity balance the increasing effect of turbulence
intensity results in the maxzimum stagnation Nusselt m.borh.
"huo the peak Nug coincides with the peak in the absolute
magnitude of axi:l velocity fluctuations, u'/uJo . :

The intensity of turbulence at the nozzle exit has a
very large effect on Nug .. By irtiﬂchliy increasing the

_ lavel of turbulence in the nosxle, Gardon and Akfirat (1965)

showed that the stagnstion point Musselt number could be
increased iuoot 1008: This was also shown by Polat et al.

L e e
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(1964). The variation of Wu with H/d at large turbulence
levels becoses almost linear, with no evidence of a saximum,
because the turbulence increases the Nu, preferentially at
smsll H/4.

The different levels .- of turbulence in the jet at the
exit of the nonli mey explain the large varistions in Nu,
found in utogaturc.

The variation of local Sherwood numbers with distance
from the stagnation point is illustrated for a single round
jet in Pigure 2.2.3 vwith the data of Schilinder and
Gnielinski (1967) for H/d=1.25, 5 and 10. ?hc mass transfer
distributions of H/d=1.25 and 5 exhibit a minimum at y/d=1.2
snd s secondary maximum at y/8e=1.6. These minims and maxims
at lov nosszle-to-plate spacings are auo‘ciatod with the
onpet of and the completing of transition from s laminar to
8 turbulent boundary layer. The cowmbination ;:t a high jet
Reynolds number and a lov Jjet spacing produces a n&nti;n
pressure gradient in the stagnation region, which is
sufficiently strong to msintain the boundary layer laminar
sven for a highly turbulent jet. Beyond the region of steep
negative pressure gradient, the onset of boundary hyof
teansition is marked by the minimum at y/8=1.2 while the
complation of this transition is marked by the maximum at
y/8=1.6, 6 ‘
The effects of Reynolds number on. stagnation point
Mult number and average Nusselt number are illustrated on
rigures 2.2.4 and 2.2.5 using the results of various




W " v
G ’ 25
300 ; -
- W/dz10 Pe
. . e $§/d = B
\‘\ \ —cemee H/d=1.28
\V '\ “
200 W \\
. \\ Re: 98,000
| Sh ) SN <\
i -
< >
100 -
\. W
O .
0 2 4 e 8
x/d

\

Figure 2.2.3  Rffect of soasle-te-plate spectug en leeal

Sharwoed swbers.

w



\I!lli
mw R " ‘saequnu Jressny g
..n : . Wegawulels uo Jequnu splouley jJo 33ej3%y y'2't sanfiyy

L)

oM ‘Joquunu spjouiey .

0ix8 0b yOL Ob
U BRI . ol
shozcoznnaaciwv\sP : "

(0464) ‘1010 smuBoleneN #=p/HY
(8961) NV ¥ VopIeD F2p/HO

»-P/HY
(osst) iea0§" 0l @




ey e SRR VY

I RARSL Ty

Dp=4.0
a) Brdiik & Savin (19685)
é v H/de6.2
E 102 : > :
' b) Gardon & Akfirat
v Q [. (1968) H/d=2
-2 7 et B
_ OWalz (1984) W/d=6 .
O Walz (1964) H/d=4
: 10 L 1 1. 1111t L1 )
| 10° 10* , 10°
| Re
£

. ? ’
Figure 2.2.3 Effect of Raynolds numbar om average
_ Nusselt numbars.

O



e it

28

workers.: The slopes of 0.4 to 0.6 on Pigure 2.2.4 are an
indication of the laminar character of the boundary layer in
the stagnation region even for turbulent jets. The higher
slopes of 0.7 to 0.8 for the relationships between the Nu
and Re on Pigure 2.2.5 rctloct' the fact that beyond some
distance from the stagnation point the boundary layer is

turbulent, hence in that region the effects of jet Reynolds

number on Nusselt number i{s that normally found for
turbulent jets.

Obot (1980) found that the nozzle geometry and length
can have significant effects on the local and the average
Russelt numbers. The large differences among the values of
heat transfer coefficients found in the literature is
attributed by Obot (1980) to be due to the different levels
of turbulence arising from the use of different noszle
geometry and inlet configuration.

The influence of the angle between the ~j¢t axis and

‘the impingement  surface on heat transfer coefficients was

studied Dby Perry (1954) for & single round jet (Pigure
2.2.6). The hest transfer cosfficients were dstermined only
at the point of intersection between the jet axis and the
impingesent cur!nec.. The impact angle was varied while
heeping the noszle-to-plate specing constant. The heat

transfer coefticients were found to decrease strongly with

decreasing impect angle. As the impsct angle is decressed
from 90° (normsl i@iwt) to 15“, the heat transfer
coetficients decreased by 43%.
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Korger and Krizek (1972) noted that the stagnation
point does not coincide with the point of intersection
between the jet axis and the impingement surface but is
shifted toward that part of the jet being deflected in the

scute angle. The degree by which the stagnation point was

shifted is proportional to the nozzle-p6—plate spacing and

the cosine of the impact angle. The average mass transfer
coefficients were found to practically independent of

impact angle for constant phozzle-to-plate spacing for impact

. angle of 30° to 90°.

Tvo aspects of the impingement surface are important
for industrial applications; the surface motion and the
surface curvature. The influence of cylindrical curvature
on the impingement characteristics has been studied by
Kumada et al. (1972) and Kusada et al. 71976) for a slot jet
with 8 nozxzle-to-plate spacing of 2, 8 and 40. The ratio of
impingement cylinder Adiameter, D, to nozzle width, w, vas
varied from 3.75 to 25. They reported that the stagnation
point Nusselt number, Nu,, was not affected by changes in
the ratio of the cylinder diameter to noszzle width, D/w.
However for D/w smsller than 15, the off-stasgnation Nusselt
numbers vere affected by the curvature ;t the cylinder.

By conducting experiments of a slot jet impinging on a
moving flat belt, Subba Raju and Schlunder (1977) determined
the effect of surface sotion / on the average heat transfer
coefficients. M found that tho average heat transfer
rates increased signi!imely with belt speed, attained a
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maximum and then remained essentially constant with further’
increase in belt speed. The average heat transfer rates
vere about 1.5 to 2.0 times higher than those predicted for
impingement on a stationary surface.

The effect of surface motion on the local heat
transfer rates for a confined slot jet impinging on a
rotating cylinder has been documented by van Heiningen
(1982). Figure 2.2.7 shows the effect of surface motion on
the Nusselt number distribution from the data of van
Heiningen (1982) for a “jet Reynolds number of 8200 and a
nozzle-to-plate spacing of H/w=6, The surface motion is
expressed as a ratio of the surface mass.velocity to jet
mass velocity, Myg=psVs/p5Uj.

From PFigure 2,2.7, it is evident that the heat
transfer increases when the impingement surface motion is in
the direction away from the nozzle centreline, while the
reverse is the case when the surface motion is in the
direction towards the nozzle centreline.

van Heiningen (1982) noted -the foiloving general
effects of surface motion:

1) An increase in the stagnation heat transfer but
no significant displacement.

2) The minimum and secondary maximum are displaced
in the direction of the surface motion. The
miniasum and secondary maximum on the side
where the impingement surface is approaching

the nozzle disappear into the stagnation heat

e e it i ] e WS S
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transfer peak at high values of M , vhile the
location of the maximum and minimum on the
other side is displaced progressively further
from the nozzle centreline as Mvs is increased.

Average heat transfer coefficients, as measured by van
Hﬁ'liningen (1982) for 2 confined slot jet decrease vwith
increasing M, .. On the other hand, Fechner (1971) foynd
that increasing the surface motion or Mys produced higher
average heat transfer rates for an unconfined slot jet.
With Pechner’'s unconfined jet, more than half the
impingement surface was covered by the higher momsentum vall
jet, wvwhich flowed in the same direction as the surface
sotion. This wall jet region produced higher heat transfer
than the one on the opposed side flow.

The local mass transfer coefficients for the
impingement of a rov of circular jets on a flat stationsry
sur face wvere deternined by Koopman and Sparrovw (1976). They
investigated two nozzle-to-nozzle spacings of S/d=¢ and
6.67, four nozxzle-to plate spacings of H/d»2, 4, 7, 10 and
four Reynolds numbers ranging from 2500 to 10,000. >

The stagnation point transfer coefficients exhibited a
mazimus at 8 nozzle-to-plate specing between 4 and 7 nozzle
diameters, for all BReynolds numbers and for both S/d4
spacings.

T™e mass transfer coefficient distributions as @
function of spsnwise distance, x/4, showed s maxzisum at the
location midway betwesn adjacent jets or x/d=8/2. The

b
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presence of this maximum is due to the collision of flows
from tvo impinged adjacent Jjets. The prominence of this
maximum is accentuated at small S/d separations and at
larger jet Reynolds numbers.

The distributions of local mass transfer coefficients
vith y/d shoved no off-stagnation peaks except for the low
nozzle-to-plate spacing of H/d=2,

The spanvise (x/4) and streamvise (y/d) average
transfer coefficients were reported by Koopman and Sparrow
(197%) to be higher for the smaller nozzle-to-nozzle spacing

bf S/d=4 than for the larger spacing of S/d=6.67.

2.3 Conclusion

One important input required for the prediction of the
effectiveness of a calender control systes is the heat
transfer coefficient between the air jets and the calender
rolls on which they impinge. The extensive literature on
impingement heat transfer has dealt wvith many of the aspects
of this probles. Heat transfer coefficients for
round jets have been studied and information about /the
effects of nozzle orientation vwith respect to the surf
surface motion, curved surfaces, and adjacent noszzles N)hmm
been deslt with to some extent. However, in a3 calender, all
of these elements are combined in one problem. A row of
jets impinges on s moving roll, vhich is confined between
two other moving rolls. The Question remsins as to the
extent to vwhich the available informstion about the
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(t individual effects can be applied when all of these effects
are acting simultaneocusly. The present study vas undertaken

to ansver this Question.
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3. BQUIPMENT AND PROCEDURE

3.1 Overall Design Concept

An experimental calender stack depicted in PFigures
3.1.1 and 3.1.2 and shovn schematically in Pigure 3.1.3 was
built for a study of local and average heat transfer from a
rov of “jets impinging on a calender roll. The equipment,
designed to simulate industrial practice as closely as
possible, consisted of 3 vertically-stacked rolls, each 457
am diameter and 810 s long. This diaseter corresponds to
roll diameters typical of industrial calenders. Three
nozzles, placed on sach side of the middle roll, di'tect cold
air onto one side and hot air onto the other side. This
srrangement, not typical of industrial practice, wvas
necessary for the ssasurement technigue employed.

The noszles (Pigure 3.1.4) were industrial calender
cooling nozzles with an exit diameter of 25 wmm. They vere
provided by Midland Ross of Cansds Corp. for this study.

The key persmeters of this study are nozzle spacing
and npsslo orienthition with respect to the middle roll.
Orientation of the noszles about the middle roll was varied
by sdjusting clll\ﬂ fros vhich the distribution hesaders were
suspended. The distribution heeders vere designed in such a
vay that the spicing between adjaceant nossles could be
changed from 100 to 200 mm, i.e. from & to 8 nossle
diamsters. ) .

ochgr key parameters, namsly rntntioaﬁi speed of the
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Figure 3.1.4  Sids view of nozzle and distribution header.
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roll, Vg, , and jet vcllocity, Uj , vere maintained constant
throughout this study. The roll speed of 700 rpm was chosen
to give a peripheral velecity of 1000-/-1:;; corresponding to
the the operating speed ;:t an industrial calender on a
high-speed newsprint machine. The nozile air .flovwrate wvas
maintained at 2.12 md/min (70 m/sec), which is 75% of the
maximum air flovrate.of 2.81 m3/min recommended for these
nossles.

The method employed for determining the local heat
transfer coefficients for air jets iupin&ing on a rotating
roll vas based on the method developed in this laboratory by
van Heiningen (1982). The heat flux sensor consisted of a
thin-film resistance thermometer mounted flush on the
surface of a rotating roll. As this sensor has a very high
sensitiwity and a very fast response time (in the order of
10710  geconds), it could messure the essentially
instantanecus surface temperature vwith a high degree of
resolution (about 0.001°C at 1670Hs). From the local
surface temperature di‘ltribution, it wvas possible to obtain
the local MNusselt number distribution by solving the
unsteady-state heat conduction eguetion for  the wall of the
roll. '

A wmore detailed description of the experimental
apparatus follows. '

3-03 m uw . 4

The three calemdsr rolls, idesticsl in shape and sise,

- st ~
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vere fabricated from “pvc pipe, each roll having a diameter
of 457 msm, a length of 813 mm and a wall thickness of 12
am. The diameter of the roll wvas chosen to correspond to
typical Adismeters of commercial rolls, vhile the length
chosen vas sufficient for the study of three nozzles spaced
200 mm apart.

Although calender rolls are normally made of cast
iron, PVC was chosen for this -model calender to satisty the
special requirements of the heat flux sensor, as will be
discussed later. The choice 0of material in no vay affected
the impingement heat transfer.

Bach roll was mounted betwveen 17 mm thick endplates
vhich wvere attached to a hollov 38 sm diameter axle. The
axles wvere wmounted on the frame with ball bearing pillow
blocks.

The bottom roll was driven through a no-slip belt from
8 1.2 KW variable speed d.c. motor. The other two rolls
vere chain-driven from the bottom roll. The top rolls of a
calender stack are usually driven by contact with the bottom
driven roll. However this was not possible in the
experimental apperatus because a gap of approximstely 1 sm
was required betveen the rolls to avoid contact of the heat
flux sensor vith the top or bottom roll.

The heat flux sensor wvas mounted flush vwith the
surface and eguidistantly between the ends of the middle
roll. Pigure 3.2.1 shows the heat flux sensor in place.
Details of the sensor are given in a later section.
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The leads from the heat (flux sensor and thermocouples
inside the roll wvere taken out through a hole in the hollow
shaft and wvere connected to a lov-noise l12-channel slip-ring

assembly (IEC Corp., Texas, Model IEC-BX-12).

3.3 Air 'Systen
The supply air for the nozzles was provided by a 11 kW
turboblover (0.9 m )/sec at 10 kPa) which drew ai} from the
laboratory. A damper divided the air into two streams, one
pessing through a heater, the other through a coocler. Prom
- the heater or the cooler, the air passed through 3.0 m long
200 mm diameter flexible hose to the distribution headers,
The heater had six separate 1 kW, 110 volts heating
elements (6 kW total). Bach element wvas controlled
seperately. Pour stages had on-off controls, and one stage !
vas controlled by a potentiometer. Por fine adjustment of
the noszle air temperature, the sixth stage vas connected to
s proportional controller, actuated by a thermistor in the
distribution header. The heater vas equipped vith a thermal
cut-off switch set at 170°C.

The cooler consisted of an air conditioner, a Kold

Wave 25-C10893, of 7 kW capscity, adapted for this equipwent
by removing the fan and installing a temperature controller
actusted by a thermistor in the exit converging section.
Identical Adistribution headers vere used on the
heating and cooling side. They were 210 mm in diameter, 635
R long. Pive threaded unions were "-nldod on these
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distribution headers, with centre-to-centre spacing of 100
mn (equivalent to 4 nozzle diameters). The three nozzles
could thus be mounted on these unions with a choice of two
nozzle-to-nozzle spacings. For the narrover (S/d=4)
spacing, the first and last unions were capped and the
nozzles installed in the three cenéral positions. For the
wider (S/d=8) spacing, the nozzles were installed on the
first, third and fifth positions, the second and fourth
unions wvere capped.

The shape and dimensions of the nozzles used are shown
in Pigure 3.3.1. Each nozzle consisted of two straight pipe
sections, 41 mm 1ID (1.5 inch Schedule 40 aluminum pipe)
joined by a 135° elbow. The 25 mm ID, 25 mm long nozzle tip
was joined to this pipe with a 70 mm long reducing section.
The length of the nozzle assembly was 346 mm from the
distribution header to the centre of the elbov and 414 mm
from there to the nozzle tip.

Each nozzle was fitted wvith a flow control wvalve
(Pigure 3.3.1) These valves consisted of cylindrical plugs
with three V-shaped notches. The plugs fitted snugly into
the openings of the nozzles from inside the distribution
header, and were attached by threaded rods to the opposite
wall of the header. By turning the rods, the plugs could be
inserted or rotrnctéd from the nozzle entrance, thereby
varying the open area of the notches available for air flowv.
When inserted fully, the plugs blocked the air flow
completely. '
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Nozzle exit velocity vas measured using a static
pressure tap located 200 mm upstream from the nozzle exit.
A calibration curve, velocity versus static pressure was
ptepargd using velocity measurements made at the nozzle ex:t

vith a Pitot tube. The equation ocbtained vas

-

-

P
U = 6.68 -Eﬂ-};x—zi 3.1
B

vhere Y, is the jet wvelocity in m/s, P; is the static
pressure i1n mm of H0, T] is the jet temperature in °C, and
18§ the barometric pressure in mm of Hg.

Air temperature in each of the nozzles was measured
with chromel/constantan find# wire (0.1 mm) thermocouples

located 100 mm upstream from the nozzle exit, and was

displayed on a digital thermocouple readout.

The distribution headers vere suspended from a common
carriage using clamps of hardwood and aluminum pipe with
vhich the position of each nozzle set relative to the roll
could be fixed (Figures 3.1.1, 3.1.2 and 3.1.4). The
carriage could be moved parallel to the axis of the rolls,
thus changing the position of both sets of nozzles relative
to the heat flux sensor. Axial heat flux distributions were

obtained by making measurements at several axial locations.

P
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3.4 Heat Flux Sensor

3.4.1 Measuring Technigque

The method used to determine the local Nusselt numbers
for 8 jet impinging on a rotating surface wvas developed by
van Heiningen (1982). The heat flux sensor measured to a
high precision the cyclically varying te-perature%’t one
point on the surface of the rotating roll. In the present
application, local surface temperature could be measured to
about 0.001°C at a sampling frequency of 1670 Hz. This
surface temperature was used as 8 boundary condition for the
solution of the one-dimensicnal unsteady-state heat
conduction equation describing the temperature profile
wvithin the wall of the cylinder. PFrom this solution, heat
flux and Nusselt numbers at the surface of the cylinder were
extracted. p

The heat flux sensor vas a gold thin-film resistance
thermometer. The gold film vas deposited on the surface of
a block of PVC taken from the rolls, and thus identical in
thermal resgponse characteristics of the roll. After
deposition of the film, the sensor wvas mounted flush and
smooth in the calender roll. The choiée of material of
construction of the calender rolls wvas subject to several
constraints. For use as the substrate, it had to be
eloctrfzally ingsulating and with a surface texture onto
vhich an extremely thin (about 1500 A) gecld film could be

deposited. Moreover, the material for the rolls alsc had to

N Syt
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be isotropic and be available as a roll of this diameter
with no seams (i.e. cast or extruded). PVC met these

reguirements.

3.4.2 Instrumentation for the Heat Flux Measurements

Pigure 3.4.2.1 is a schematic diagram of the circuit
used vith the heat flux sensor. The leads from the heat
flux sensor sensor (a resistance thermometer) vere attached
by means of a slip-ring assembly to & 4-decade Wheatstone
bridge, thus producing a voltage proportional to the sensor
resistance., The bridge vas balanced vhen the average of the
fluctusting voltage from the bridge was =zero. Thus the
average and the fluctuating voltage vere measured.

The fluctusting voltage, V, from the Wheatstone bridge
vas amplified 2500 times by a low-noise differential
amplifier (DANA Model 2860) then filtered with a filter
(Rockland Lab. Inc., Model 1022F) to remove high-frequency
noise. The signal was then sent to the McGill University
Mechanical Engineering Department data acqQuisition computer
facility (DATAC) for digitizing. The signal wvas amplified
by e factor of 2, then digitized by a8 high-speed
analog-to-digital converter (ADC). The input voltage range
for the ADC was -5.00 to +5.00 volts. The digitized signal
vas stored on tape. Dsta reduction wes performed on a
computer at the Pulp and Paper Research Institute of Canads,
Pointe Claire.

The circumferential pomition{gf the sensor vas

xS
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Figure 3.4.2.1 Circuit diagram of heat flux semsor.
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identified Aduring rotation by an optical svitch. The
svitch, vhen closed by a small lever approximately 10 sm
vide produced a voltage of 4.0 volts. When open, the svitch
produced a voltage in the range of 0.4 to 0.8 volt. Thus
this arrangement produced a square vave. The signal was
sent to the high-speed ADC on a second channel for storage

on tape simultaneously with the signal from the sensor.

3.4.3 Manufacture of the Heat Flux Sensor

The thin-film sensor mounted centrally in the surface
of the middle roll is shown in Pigure 3.2.1. A thin slab of
PVC of dimensions 70 x 15 x 10 mm was glued to the back of
the substrate to prevent the sensor from slipping out of
place during rotation of the rolls.

The outside dimensions of the sensor vere 50 x 10 x 10
sm snd those of the gold film pattern were 39 x 8 mm. The
film pettern dimensions vere minimized in order to obtain
the best npproxintfﬁpouiblo int values of Nu in both the
sxial and circumferential directions.

The sensitivity, A, of a thin film resistance
thermometer s proportional to length and inversely
proportional to the sguare root of thickness of the fila, as
illustrated in the folloving rol;tionihip, vhich vas derived
by van Heiningen (1982):

Ao oLis fGom/ 2 3.2
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C .

vith a, = temperature coefficient of resistance
L = l'cnqth of the film
6, = resistivity
4y " saximum self-heating heat flux

d = film thickness.

Hence decreasing film thickness and increasing film
length, increases temperature sensitivity.

The film thickness was kept to the minimum practical
value, 1500 K. A thinner film was too fragile and could not
vithstand any chemical or physical treatment.

Tvo constraints limited the maximum film length:

a) the total resistance of the sensor could
. not exceed 350 2, a condition set by the
(-E amplifier,

b) the overall size of the sensor had to be
kept as small as possible to obtain
values of Nu approximating point values
in both the axial and circumferential
directions.

In order to minimize the overall size of the heat flux
sensor, the smallest practical values for vidth and spacing
of the gold film strips vere used. The final design of the
sensor vhich met these criteria is ghown in Pigure 3.4.3.1
It was composed of 14 strips, each 0.25 sm vide and 26.5 sm
long, speced 0.30 sm apert. Overall film length vas 371 mm.

The gold fils pettern of Pigure 3.4.3.1 wvas produced
by a photofabrication technigue. m‘mtiu surface was
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Figure 3.4.3.1

Close-up of heat flux sensor.
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tirst covered vwith gold. The pattern was produced by
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removing the unvanted gold using a mask and a gold etching

solution, as detailed below:

1.

The surface of the PVC was completely covered
with 1500 X of gold by vacuum deposition.

The gold surface vas coated with positive
photoresist (AZ1350J) using a vhirl coating
machine then baked at 65°C for 30 minutes.
This temperature and time had to be monitored
very closely. Temperature in excess of

65°C would cause Fhe PVC to distort and
fracture the gold film.

The mask, which was mimiturized in the
Electrical Engineering Dept., McGill
University, was pressed onto the photo-
resist. A Quartz lamp, placed 50 mm above
the mask, illuminated the masked surface

for 30 seconds with UV light.

The exposed photoresist was resoved with
developer. The substrate vas again baked at
65°C for 1 hour. i

The ¢xp;c¢d gold vas removed using a gold
etchant solution consisting 2} KI:I;:H,0
diluted in 4 parts ,0.

The photoresist remsining over the gold
pattern was then removed with an organic

lﬂlg?ﬂt.
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7. The surface of the sensor was protected by
depositing a film of 3102 approximately
1000 X thick on the surface of the gold.

In preparation for the photofabrication technique, the
PVC substrate was rough polished with 600 grit sand paper
for 2 hours and then fine polished with 2 cotton cloth for
another 2 hdnrs.

The two ébnnections between the gold pads and the pure
silver lead wires were made with a silver paint, Conductive
Silver 200, from Degussa.

Two fine wire (0.1 mm diameter) thermocouples, type E,
vere inserted into holes drilled at the back of the sensor.
The thermocouples were located 20 mm apart and 5 mm from the
surface of the heat flux sensor. Special thermocouple glue
(TRABOND 2151, TRA-CON Inc., Medford, Mass.) was used to fix
the thermocouples in place. The temperature at the back of
the sensor was measured using a digital thermocouple

read-out (Omega).

3.4.¢ Calibration of the Heat Flux Sensor

The sensor, placed inside a waterproof bag, was
calibrated using a constant temperature bath and a 0.1°C NBS
calibrated thermometer graduated to 0.1°C. The resistance
of the sensor wvas measured using a 4é-decade Wheatstone
bridge, a 1.22 volt power supply and an ammeter.

The calibration obtained is shown in Pigure 3.4.4.1.
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Figure 3.4.4.1 Calibration of heat flux sensor.
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The following eqQuation wvas fitted to the calibration

measurements.

R = 189.23 + 0.489T - 0.98 x 10 T 2
. . 3.3

with T in °C and R in ohms.

Successive calibrations of the sensor indicated that
the sensor resistance decreased with time to an extent
unacceptable for the accuracy desired. This change in the
calibration was a consequence of the restriction of the
temperature to 65°C to avoid distortion of the PVC
substrate. This temperature was too 1low to fully stabilize
the microstructure of the very thin gold film,. No other
satisfactory annealing methods were found to solve this
problem. Consequently, it was necessary to recalibrate

repeatedly throughout the experimental program.

3.4.5 Sensitivity of the Heat FPlux Sensor
The fluctuating bridge voltage, V, is related to the
sensor and variable resistances by

v s 1.22(Rg - Ry/10.0)
(R, +90.909)(1 + R /909.09) 3.4

The resistance of the sensor Rs can be described as

l.-.o+ur' +Br.2 3.%
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80

_ 1.22 (Rg + aTg + BTg? - Ry/10.0)
" (Ry *+ aTg + BTgZ + 90.909)(1 + R,/909.09) 3.6

v

Dif ferentiating equation 3.6, gives

av 1.22 (o’+28Tg) -
AT (Ro + aTg + BTg% + 90.909)(1 + R,/90 909) ‘

For a typical experiment, Ts is 30 °C and using the first

calibration of

3 2 3.3

R, = 189.23 + 0.489T_ - 0.98 x 10 ~ T
S S

to obtain Ro, aandp, a value of 203.02 ohms is obtained for
Rs. Therefore Rv must be set at 2030.2 ohms. Insertion of

"
these values into equation 3.7 gives

Av
A-T-s = 552 pv/oC 3.8

This sensitivity is at least one order of magnitude larger

than a thermocouple.

3.4.6 Response Time of the Heat Flux Sensor

The response time of the heat flux sensor vas
critical. For a typical experiment, the sampling rate vas
1670 Hz, which mdggs that the time between successive sample

points vas 0.0006 sec (0.6msec). For the sensor to measure
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the correct temperature, its response time must be at least
one order of magnitude smaller than 0.0006 sec.

To estimate the response time of the heat flux sensor,
it was considered to be a gold film supported by a perfect
insulator. This assumption 1s valid for very short contact
times and because the thermal diffusivity of gold 1s 2650
times larger than that of PVC.

The response time for the heat flux sensor was found
by calculating the time required for the sensor to respond
to a step change in temperature. Since the heat flux sensor
can be treated as a semi-infinite solid, the transient

conduction eqQuation is

6T _ 627
ﬁ'(xst) = Gm(x,t) 3.9

The sensor is initially at temperature To. At time t>0, the

surtacg\at x = 0 is suddenly raised to temperature Tl and

"

maintained at that temperature for t>0.

The folloving initial and boundary conditions are;
at t = 0, T(x,0) = To
at x sa, T(es,t) = To for all t
at x = 0, T(0,t) = T1 for t>0

The solution to equation 3.9 subject to the two boundary
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conditions and <he :ri1t.a. -ond:t.or .s

S.nce *‘he Four.er ~umbe- ¢ def.ec ac

the term ~ .,,- can be rep.acec by the .~ verse ! the square
root of Fo

Therefore

er¢

!
W]

This equation 1s 1ntegrated to obtain the average

temperature which results 1in

for a Fourier number of Fo = 0.446.

By i1nserting the values of thermal diffusivity of gold
(a= 6.62E-05 m 2/sec) and thickness of gold film (x = 1500
R) i1nto eguation 3.11, the response time t was found to be
in the order of 10719 seconds. Obviously, the response time
of the sensor was fast enough to allow a sampling rate of

1670 Hz.

[P S
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3.4 7 Se.f{-Heat:ng of the Heat F..ux Sensor

Wher current ;s passed tnrough a res.sxcr nea* .s
generated The amount cf heea: generated .s -~e.atec T "he
vo:tage Arop acrcss the res:stcr and ¢ .:§ res.stance s
crder i ~ti..ze @ Tesg; st CT as 2 thermomerer’ the nea-

generatec Agnctec the se.f{-nheat.ng nea’
sma . -

The effec- st the sensor se.f-heat.ng or the .oca.
Nusse.! numbers <can be ca.cL.ated for the present cCase as
toi.ows:

The se.f-neating nea: {..x I .5 descr.bed Dv

sm

q v: (LWR - 3..4

vhere v = the voltage drop over the sensor
1in the Wheatstone bridge

L = overall length of gold fi1lm

W = width of gold fi1lm

R, sensor resistance.

For a voltage reference of 1.22 volts applied across
the Wheatstone bridge, the voltage drop over thg sensor, v
was 0.84 volt. For a sensor having a film length L of 371

mm, a film width W of 0.25 mm, and an average resistance in

the order of 200 Q2 , the resulting self- heating heat flux 1s
38 W/m?,
The stagnation heat flux is normally in the order of

6600 W/m2. Thus the self-heating heat flux constitutes less
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than 0.5% error at the stagnation po:nt, and the voltage
drop across the sensor 18 sufficient.y .&% that ‘he error

‘rom se.f-heat:ng :8 not sigr:ficant

3.4 & Resc.Jyt.or cf Heat F._x Senscr
Equazior 32..5 gives the re.a!.ersh.p Detveer ‘he
fluctuating bri:dge output vcltage V and +he Whea:tstone

br.dge res.stances as ;

. 2Z 'R - R 10
8 v

T TR T3030317T v R, /503 09 3.18
The sensor res;stance Rs 1s descriped Dy rhe eguat:on
LR = R+ of + gr° 3.16
s o s
so
v.ooa 1 22(Ry+ aTg+ eTS2 - R /10.0) 3.17

2
(Ro+u‘Ts+ BTS +90‘909)(1+Rv/909'09)

Differentiating eguation 3.17 for Ts gives

s s 8V(Rg + aTg + BTg? + 90.909)(1 + R, /909.09)
s 1.22 (a + 28Tg)
%

Since the output voltage from the Wheatstone bridge V 1s

amplified 2500 times by the differential amplifier and again

2 times by the DATAC amplifier, the change in sgurface

£

temperature AT can be expressed as a function of the

#

digitized voltage change aVy .
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. ‘4t v g * BTgs + 90 309)(. . By fent

“ . -
-¢‘)‘¢§QCX. ’15"237}

For run #8, the fcl.ow:ng :nput vas used,
Rc » (B6.59
3 e §.50409
8 » -C.0122.
Rv »199 .4
T8 = 26.133
Proe this, :t follows <that the change :n surface

temperature s
M L L3161 AV,

33

With the resolution of 0.01 volt for 4V, the smallest AT
becomes 0.001316°C. Obviously, the heat flux sensor 1s
sufficiently sensitive to permit resolution of surface

temperature down to at least 1/1000°C.
3.5 Computation of Nusselt Number

3.5.1 Computation of Instantaneous Local Heat Flux

The heat flux sensor measures thg\ instantaneous
surface temperature. In order to determine the
instantaneous heat flux, the one-dimensional unsteady state
heat conduction equation is solved numerically. The sensor
substrate is considered as a semi-infinite slab.

The sensor substrate can be divided into n layers of
thickness ax, as illustrated in the Figure 3,5.1.1. The

sensor surface is referred to by the subscript 0; the back

- e
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of the sensor has the subscript n.

-l

o
Py

he o e o
[ ]

e = = - =
L

In order to calculate the 1nstantaneocus local heat
flux, the temperature distribution must first be calculated.

The equation for transient conduction i1n one-direction is

& . 8
& ° 8T 32

This equation is solved by considering the control volume,
r, shaded in Figure 3.5.1.1, and integrating equation 3.9

fromvw to e and from t - At to t.

t e
8T dt dx —= a 62T dx dt

w t-At t-At w

t

Por a fully explicit scheme, the solution is

1
3 3.19

¥ Tr-l.t-l]

o

r,t [Tr+l,t-l

F T A O
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for r=1,2,3,...,n-1 and t=1,2,3,...,N.
The restriction on this expression for the temperature

is that the Pourier number,

Po = t

Ax
vith 4t being the time step or the sampling time. Por this

condition the layer thickness becomes a function of the

sampling time,

Ax = , /2alt 3.20

In order to determine the instantaneous heat flux at
the surface, a heat balance must be performed on the first

control volume, as indicated in Pigure 3.5.1.2.

T
AX

A
) iT 1 i i
oo 11 1oz 1 34
- T
T 4 : L

Input - Output = Accumulation

T; - T
- = AxpC 1,t i,t“lJ
qO ql XplLp [ Y 3.21
Since ,
= -k ST 3.22
q, B CET
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the heat flux at the surface, 9o,is

A

(Tn -Tlt-l\ {_T.r
Wbz eweCp | SRS -k g 3.23
To evaluate
%
o)
(61 3.2‘
{
which is
KL I @QL;EAJ 3.25
l&x . le

some expres@ion for To and Tl as function of time must be
found. PFor short contact times, an average of the old

and the nev can be used. Therefore

L ! \
T, = 5 |Tie” T1,t-1
3.26
T = X T + T 1
o = 2 o,t o,t-1
So equation 3.25 becomes ’ 1
s A Ty,e = Ti¢- .
q, = AaxeCp ( s 1, )
- 3.27

k
T xx (To,t + To,t—l - Tl,t - Tl,t-l)

The temperature at the control volume boundsry, Ti can be

i

calculated by averaging tg% two neighbouring ‘points, namely

To and T1, o 4
- TO + Tl
i 2
Eqguation 3.23 now becomes
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. AxpCp

2 {Tl.t * To,t - Tl.t—l * To,t-l
3.28
k |
T [To,t * To,t-l h Tl,t - Tl,t—lj
Using the restriction on the Fourier number that
Fo = adt o1
¥z 7 3
the heat flux at the surface is now
S
) ax ['1,t " To,r-1 3.29

which holds true for te=1,2,3,...,N

The boundary conditions 1in this case are that the
surface temperature Tot.]is measured for asll times and that
the heat flux at the back of the sensor,d,1s 0. This last
boundary condition is jdentical to stating that T . = L
which arises from considering the sensor substrate as a
semi-infinite solid. It also implies that the net heat flux
to the roll is equal to zero or that the total heat
transferred to the roll by the heating jets is equal to the

total heat removed by the jets on the cooling side.

The penetration depth, Z, is calculated by

2 = 1.6 v'far, 3.30
L 4
This penetration depth 2 1is defined as the location vhere
the amplitude of a sinusoidal surface temperature variation
of frequencyr ~lis reduced to 1%.

The number of finite difference layers, n, of
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thickness Ax is calculated by
: L . I
S S R K%
vhere 7 is the time for one complete rotation. For a

o

sampling of about 145 measurements per rotation, the value

of n is approximately 40.

s
3.5.2 Calculation of Local Nusselt Numbers wi
At 8 sampling rate of 1670 Hz, and a cylinder speed of
700 rpm, the number of measurements per rotation was
approximately 145. Thus the local heat flux was determined
at 145 points along the circumference of the cylinder. The
location of each measurement was identified by examining the
signal from the optical switch, which was digitized
simultaneously with the heat flux sensor signal.

In order to obtain the mean value of local heat flux
at each circumferential: position, local heat flux was
averaged over 100 rotations.

Local values of Nusselt number were calculated from

the following definitions

. hd
Nu = k

and

h = qo (Tj - To,t)

vhere Tj is the jet air temperature and‘ﬂht is the local

temperature at the surface of the cylinder. The

b I L -

A AL MMl s s A
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characteristic length, used in the relation above, is the
nozzle diameter, d.

Depending on the location of the heat flux sensor
around the circumference, T) vas taken to be the temperature
of the hot or the cold jet.

The computer printout included a listing of the
conditions of the experiment as wvell as the local and
sverage values of Nusselt numbers for the heating and the

cooling jets

3.5.3 Display of Nusselt Number Prof%les

The analysis of the data was followved by a computer
plotting of the 1locsl Nusselt numbers. The Nusselt number
profiles for the heating and cooling jets was incorporated
into a single plot. The pertinent experimental conditions
vere also included on each ploé. Plotted on the horizontal
axis is the circumference position of the heat flux sensor
as it rotated. The circumferential position ranging from @°
to 180° indicates the impingement surface for the heating
jets while the impingement surface for the coofing jets
ranges from 180° to 360°.
.. The distributions of the local Nusselt numbers due to
the cooling jets have been inverted to indicated that the
heat flux is in the opposite direction from that of the

heating jets.
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4. RESULTS AND DISCUSSION

4.1 Introduction
The position and orientation of an air nozzle 1i1n the
plane perpendicular to the calender roll axis can be
described uniguely vith three parameters. These
parameters, vhich are i1llustrated in Pigure ¢.1.1, are
@ - the roll circumferential angle
¢ - the deflection angle
H - the nozzle-to-roll spacing
The roll circumferential angle, 6 , @escribes the
angular position on the roll circumference of the point of
intersection between the centreline of the nozzle and the
roll surface. Circumferential position can also be
described in terms of y/4, the dimensionless
circumferential distance from the stagnation point. The
distance, y/d, is defined as positive in the direction of
rotation of the roll.
The bottom nip (the six o'clock position) on the

centre roll was defined as o= 0°, the top nigw thus

corresponds to 6= 180°. For consistency in rep:esentation
of results of the present study, the roll is considered to
rotate clockwise from 0° to 180° through the zone affected
by the heating jets, and from 180° to 360° (0°) through the

zone affected by the cooling jets.



H - nozzle-to-roll spacing
@ = circumferential angle

Yy - deflection angle

Figure 4.1.1 Position of a nozzle relative to a calender roll.
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The deflection angle, 4y , describes the angle by which
the nozzle centreline is inclined vith respect to the normal
to the roll surface at the circumferential pos:ition defined
by 6. Thus wvhen the nozzle 18 orientated perpendicularly
to the roll surface, ¢ = 0°. The angle vas defined as
positive wvhen the deflection angle directs the jets i1n the
same direction as the rotation of the roll (clockwise 1n
Pigure ¢.1.1).

The nozzle-to-roll spacing, H, wvas defined as the
distance along the nozzle centreline from the nozzle exit to
the roll surface.

The position of the nozzle relative to the adjacent
nozzles vas described by the centreline to centreline
spacing, expressed noné}nensionally as S/d. The parameter,
x/d, describes axial position with respect to the centre
nozzle. Thus the position of the centre nozzle is x/d = 0,
wvhile the adjacent nozzles are at 1/d = 1S/d.

The effects of esach of the five position parameter, © ,

¢ , /4, S/4, and 1x/d, wvere determined independently by

variation individually from a neutral position. The same

values of H and S, and corresponding values of & and Y

were always selected for the two sets of jets, i.e. for the
heating and cooling jets. The neutral position and the
experimental conditions used in this study are shown Iin
Table 1.

The results for all the experiments reported in this

study, are summarized in Table 2. The table includes the

i




Table 1

Parameter

H/d

S/d

x/d

Neutral Position

heating jets 90°

cooling jets 270°

00
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- Position parameters of the nozzles

Experimental Conditions

120°, 90°, 60°

300°, 270°, 240°

-45°, -30°, 0°, 30°, 45°

-2, -1, 0, 1, 2
(for S/d=4) i
-4, -3, -2, _lr 01 lr 2, 3/ 4 (

(for S/d=8)
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Experimental Results.
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operating temperatures, nozzle position and orientation and
resulting stagnation and average Nusselt number for both the
cooling and . heating jets. Bxpt. 25 is a duplicate run of
Bxpt. 1, which was perfomed vith the noszsles at the neutral
pocitio'n.

¢.2 Local Nusselt Numbers

T™he profile of local Nusselt number around the
circumference of the middle roll is shown in Pigure ¢.2.1
for the case of the nozxzles in the noutn} position (Bxp 1).

«1he profiles of local Nusselt number for the heatingjets

( @= 0° to 180") are preseated in the left Quadrants, those
for the cooling jets (@ = 180° to 360°) in the right
quadraats. Also réecoided on -the plot aré the stagnation

point Nusselt rwmbers, Wu,, and the citcuumtun;y‘

sversged Pusselt numbers, Wu, for the hesting and cooling
sides of the roll. The five position parsmeters noted
earlier, i.e. 0,4 , W4, S/4, and x/4, are recorded in the
upper left guadcant. .

In the lower left quedrant, & sussery of the

Wmm oxperiment is shown. The hutingnl(
conling jet’temperstures, Ty, aad T, , vere msasured at the

sennle enits. The mutaizm'r. s sssured

assr the calender. 7T nwmmmmm

3
tengersture of the siddle roll, and AT, and AT, the sversge

#ifferences botwesn the nossle exit temperatures and T .
ﬂmmtmkmmﬂmmtmtm

.
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- differences vere not used for any calculations. The actual

local surface temperatures, vhich varied less than 2°C, and

' the temperature differences based on the lécal surface

temperatures vere u“d for the cailculation of local heat

transfer coeifficients. The circumferentially averaged )

Nusselt numbers were calculated as the average of thexflocnl
Nusselt numbers. ) |

Pigure ¢.2.1 contains many features, vhich are typical
for all of the results obtained in the pressnt stuly.
Following the local Nusselt number distribution from the
diverging nips (at ¢ = 0® on the heating side or = 180° on
the cooling side) in the direction ’ot rotation ofu the roll "
to the converging nips, the - same features ars apparent in
both heating and cooling curves. PFrom the -diverging nips, .
vhere the MNusselt number |is mu" but in the opposite
diue:im—! from the main psrt of the corresponding protfile,
the MNusselt number i;cruns, first gradually and then
steeply to 2 maximum ’nt the @#tagnation points. Past the
stagnation point, Nusselt number decreases less rapidly than
“en the approach side, showing a secondary peak in the
cooling curve at y/d = 2.4. A secondary peak is not alnic

' appsrent in the heating curve. Approaching the converging

nips, there 1is no reversal of heat flux as occurs at the
diﬁrginq nips. _

The negative Nusselt number nesr the diverging nips is
attributed to air passing through the nips. A gap of
spproxisately 1 sm _ had to bes left hotmn the rolls to .




-

prevent the sensor from touching the top or bott-:on roll.
The air passing through these nips would bring cool air to
the heating side and hot air to the cooling side, thus .
causing a small negative heat flux in the affected areas. .
This ncgativ; heat flux would not occ’-i.\/:" in a real calender
stack, where air cannot pass through the nips.’

The skeved shape of the curves is clearly attributable
to the motion of the surface. For the case of a2 single slot
jet impinging on a rotnging cylinder, van Heiningen (1982)
found non-symmetry in the Nusselt number profiles for mass
velocity ratios ("V#-psvs /pjuj) as lov as 0.06. In the
present study My, vas maintained constant at 0.23. At this
lavola of surface motion, van Heiningen (1982) obtained
significantly skewed Nuue‘lt' number profiles, which
displayed many of the features found as well in the profiles
presented here. '

Surface motion affects heat flux by changing the flow
characteristics and temperagure profiles in the region

adjacent to the impingement surface. Por the region where

" the surface motion’ is directed towards the nozzle, there are

several factors which affect the heat transfer coefficient,

not all of vhich act in the same direction. Surface motion

~in the directfon opposite to the wvall jet tends to increase

the velocity gradient at the surface, hence increases the
heat transfer coefficient. However, opposed motion of the
surface and the vall jet also has tlis effect of reducing the

‘welocity of the vall®jet more quickly than for s stationary

“ mmmmm*#‘
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impingement surface, vhich has just the opposite effect,

i.e. of tending to reduce gradients at the wall and hence
Y

the heat transfer rates. Moreover, surface motion results

in an unequal distribution of the nozzle exit flow, with the

_wall jet on the opposed motion side containing less than

half of the nozzle exit flow, Purthermore, surface motion
conveys air from the direction of the wall jet region
towards the stagnation region, i.;. drags boundary layer
£luid from the region where its temperature is closer to the
iurface’temperature. This thermal 'effect reduces the local

o!hctive‘ temperature driving force between the vall jet and

the surface, hence reduces the heat transfer rate and Nu,

Of these several effects, the data indicate, as did those of
van Heiningen (1982), that the effects tending ~l:c: decrease
Nu in the region of surface motion approaching the nozzle
niil predominate over the contrary effects.

On the other side of the stagnation point, where the
surface motion is in the same direction as the vall jet, all
of these effects are reversed, as is the net effect on the
Wu profile.

It is interesting to note . that there wvas no
substantial displacement of the staémtion points caused by
the roll surface motion, Even for a value of the surface
v.l.oc&ty mass ratio, M,g as high as 0.6, van Heiningen
(1982) reported a shift of the 'iuqnntion point in the
direction of motion of the cyund-r, by only about 0.5 thc

width of his slot jet. For the such smmller value of Ilw
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for the the present study the shift in the stagnation point
position was too small to be measured and is not important
in any case.

The cooling Nusselt ‘aumber distribution exhibits ;
secondary maximum at y/d = 2.4 on the side wvhere the surface
recedes from the stagnation point. No off-stagnation peaks
are evident .on the other side, vhere the surface approaches
the ;uagnaticn point. 'For the heating Nusgelt number
distribution, no secondary peak wals found on either side of
the stagnation point. The position y/d = 2.4 on the heating
side corresponds approximately with the position of the
opl;ical switch. The peak may have been loat in the process
of numerically matching the temperature profile for
successive rotations

For a round jet impinging on a stationary flat plate,
Obot (1980) found an off-stagnation maximum located at
y/8 = 2.0 for jet Reynolds numbers in the range of 15,000 to
60,000. Thus it appears that the off-stagnation peak at:
y/4 = 2.4 in Figure 4.2.1 was displaced away from the
stagnation point as a result of the surface motion.
Displacement of off-stagnation maxims in the direction of
cylinder surface motion watgalsc found by van Heiningen
(1982), but for a slot ijet. It is wvell documented that the
sscondary maximum reflects the completion of the boundary
layer transition from laminar to turbulent. In the region
between stagnation and the off-stagnation maximum, the

principal effect of surface motion is to incremse the
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velocity gradient at the surface on, the side vith motion
approaching Xhe nozzle centreline, and to decrease it on the
leaving side. This change in velocity gradient at the
surface a&vans:es boundary layer transition on the approach
side and ret}rds it on the leaving side. As a consequence,
the @;faé‘g\f transition occurs so quickly on the approach
side that the secondary maximum disappears into the central
peak, while on the leaving side the secondary maximum
becomes more prominent because it is moved farther out.

The stagnation point Nusselt numbers in Figure 4,2.1
are 273 for the heating jets and 309 for the cooling jets.
Por the same Reynolds number and H/d = 4, den Ouden and
Hoogendorn (1974) reported Nu, = 270 for impingement of a
single round jet on ' a stationary flat surface.
Extrapolation to a Reynolds number of 110,000 of Obot's
(1989) results for a single cooling jet on a stationary flat
surface vould yield Nu,= 175,

The effects of roll surface motion on stagnation
Nusselt number cannot be extracted from the results of the
present study, because neither jet velocity nor roll surface
velocity varied (i.e. constant Mel. An indirect assessment
by comparision with published data for stationary surfaces
would not be very effective because of the large number of
other factors like noxzzle geometry, flowv conditions and
impingement surface geometry which affect Nu_, as is evident
from the differsnce in the results reported by den Ouden and

Hoogandorn (1974) and Obot (1960). Based on the findings of

ot kA
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van Heiningen (1982), a value of surface velocity mass

ratio, M,., of/ 0.23, as applies in the present study, »
increased Ny by about 2% and 4% for impingement- surface :

spacings of 2.6 and 6 nozzle widths. Thus for the spacing

of H/d=4 in the present study, it is safe to conclude that L.
/) ‘ these values of Ny were increased by <5% by thc effect of ‘
motion of the roll surface. e j

. The most striking features of the results shown in
Figure 4.2.1 are the fact that the rotating roll assumed a
steady-state temperature, T,, vhich is significantly closer

to.T than to Tj’, and that the average Nusselt numbers are ;

x
73:!: larger for the cooling jets than for the heating jets.

1t ”B and noc were identical and the heat exchange from the
O ends of the roll to the environment were negligible, it

sight be expected that the average Nusselt numbers on the

heating and the cooli—;m sides of the roll &amuld be equal and

that the rotating rell would assuse & temperature, T ,
equidistant between Sn and 'rjc . 3

- The condition of insignificant heat transfer from the

‘ ends of the roll is an ascceptable approximstion. The heat

transfer area from the ends of the roll (0.33 m3) is only

- 20 of that of the circumference (1.17 m?). The AT for the

’ ispingement heat transfer at the circumference is in the

range 22° to 25°C on the heating side and 10® to 15°C on the

¢ooling side. The aT for convective hest transfer.from the

( onds, l.e. T,

(_ 5°C. Thus the combination of the much smaller ares, much

()

- }“, is by comparison in the range from 1° to
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smaller A and-much smaller heat transfer cosfficients leads

to heat losses at the roll ends vhich are negligibly small

compared to the impingement heat transfer around the

N
2 EY

circumference of the roll. .

3 ' Another of the conditions.noted above, i,e. Re_ = Re

— . H CI
o ’ does not apply fully in this study. The nozzle exit
vtlocitiu and U were both adjusted to be equal to 70

jﬂ‘ i
m/s. With the difference in kinematic viscosity of the air

caused by the dittounec ?n temperatures, the jet \Royneldn
numbers wers approximately 100,000 on the heating side and ,
120,000 on the cooling -idc. At the :tagmtion point, where
QBQ Nusselt m.nbor varies approximately as Ar—', the 20%
difference in Mynoldl nusber would account for a 10§

0 difference in Nu . The diztutoncu vere found to be
consistently larger than 10%, patticulatly for large n/d and

T : positive deflection angles. Hence the ambient temperature
appears to have had s significant effect on the Nu_. '

Por a dependence of mean Nusselt number to tho 0.7

- power of Reynolds number (Martin (1977)), the 20% Reynolds

i, mmber diftotcnce corresponds to a Nusselt number ratio

ruc/i'ﬁa of 1.4 rather than 2, as found in this ntudy.‘ Hence

@ very strong effect other than that attributable to the

Reynolds number dittn?oﬁ?;s must have contributed to the

differance between the average Nusselt numbers to; the ' '

f cooling and the hesting sides of the roll. This is the

effoct of the ambient air temperature.
( ' An unconfined jet will exchangs heat both with the
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impingement surface and the asbient air by the" entraikmént
of the air. In bo!:h cases, the hesat i:r-nu!cr rates are
governed by the temperature differences between the air in
the jet and the -surface ('rj -'Tg ) on the one hand, and
betveen the air in the jet and ehci ambient air ('rj - TA) on
the other hand. 1f the ambient temperature is such that if:

"accelerates the decreage in temperature difference between

the surface and the jet, then the heat tunltg:r coefficient,
which( is defined with refsrence to the tqpnfatun
difference between the impingement surface and the air at
the noszzle exit ”jﬁ - T or % — Tc ), vill be lower.

The effect of ambient temperature is illustrated using
the mint;m*conditionu corresponding to ‘the data shown
in Pigure Q.Z.I.f The pertinent temperatures are shown in
Tigure 4.2.2. The nmn_tun difference botynn thg hot

fot and the surface (T - Ty) vas 22°C, and betveen the hot

jot and the ambient air ('rj,, - T,) 23°C. Por the cooling

. jet, the corredponding tempersture difterences were 13°C

(P, - T,c) and 8°C (T, - T ). Om both mides, the effect of
the ssbient air was to reduce the difference between the

sffective local temperature of the jct"und the surface, thus .
.ducesssing the heat ' transfer rates and the Nussslt numbers

compared with those which might be achieved for confined

flov under similar conditions.
Por the conditions used in this.study, the entrainment

., of ambient air always caused the effective temperature

difference between the air in the wall jet T, and the roll
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surface Tq.to decresse more rapidly thsn would have been the
case without entrainment (i.e. vith a confined jet). This
caused a reduction in the heat transfer coefficient defined
in terms of the temperature difference between the air at

the noszzle exit and the roll surface. However, vhen there

‘is a large temperature difference between the roll surface

and the ambient air, the entrainsent of ambient air might
also cause the heat transfer coefficient to increase. Por
example, if the tcipcraturu of the jet and the ambient air
vers approximately .qual then the entrainment of ambient
air in the jet would help to maintain the effective
temperature difference betveen the jet and fhe inpingclont
surface, and thus increase the hcnt. transfer coefficient
based on the fized temperature difference between the nozzle
nitj and the mrficc. S ‘

1 It is clear that some account must be taken of the
efféct of the ambient _temperature when desling vi):'h
uuconﬂned' Jets. This might be acli:lovcd by idcluding an
appropriate temperature ratio in a regression equation for
the average Nusselt number, or by redefining the tuporltuto
driving force to include some contribution by the ambient
air. It might also be appropriate to dcthi.c the . heat
transfer coefficlents in terms | of the aetualﬂ “local
tamperature differences betveen the surface apd the air in
the Jjet, as proposed by Saad (1981) and -Das (1983) for
confined jets. Hovever, vhereas the local jet temperature

©ean "‘1’ cil:uhtul readily from s heat balance for confined
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jets, additional information about the rate of entrainmsent
of ambient air would be required for unconfined jets. An
additionsl difficulty in applying these aproaches in
practice is the choice of a suitable ambient temperature.
In the case of a calender, the temperature of the air which
is carried along by the motion of the roll surface may be
Quite different from the air lugomdinq the nozaly. The
smbient temperatures reported in the present vork were
approximste values of the laboratory air near the calender.
Unfortunately, these values are not wvell enough defined to
justify using them in a detailed analysis of the data.

4.3 BEffect of Nosmzle-to-Noszle Spacing on Axial Nusselt
/ | Number ni:tributioq —_
The Jjets impinging on the caloudnr rofl produce
tvo-dimensional heat flux distributions on the surface of
the roll (in the circumferential and in th¥ axial
directions) as illustrated in - Pigure 4.3.1. The
experimental technique used in this study produced detailed
msasurements of the circumferential heat flux distributioa,
To obtain axisl hest flux d"i-tri“hutions, mesasurements of the
circumferentisl hest flux profiles were made vith the
noszled st several azial locations relative to the heat flux

sensor. In the neutrsl position (Table 1), the centre nossle .

'll_‘ placed directly over the heat {lux sensor, and the
sensor would pass through the stagnstion poipt. When the

. Aoszles vere displaced sxislly from thelsenser position, and

A SRR e
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the sensor traced the circumferential heat fluz ail’trimiou
at positions x/4w0, the maximes in the circumferential heat
flux profiles, nov represented as Nupax rather than Nu,, no
longer represented the stagnation ﬁoint, but approximately
the line joining the stagnation points of adjacent nozzles.
A plot of the maxims in the circumferential distributions
as a function of the axial position, x/4, is then the axial
eQuivalent of the circumferential distribution measured at
the lmutul position.

Axial distributions were measured, with two
nossle-to-noxzle specings, 8/d = ¢ and S/d = 8, which .
reptesent the minimum and maximum specings normally used in
commercial application of these no::lcs‘. Por both
mlo-to-noulp _ spacings, ssasuremsnts ot - the
circusferential heat flux profiles were mede st intervals of
ome nozsle dismeter in axial position. The entire range of
positions cowered on both sides of the stagmetion point
correspond to the position nidway between - the e.\atro and
adjscent nossles, as outlimed im Teble 1.

The circumferential Nusselt sumber distridutions for
acssle-to-noxzle spacing £/74 = 8§ are shown in Pigures &.:.2&
to ¢.3.10 for the axisl positioms, 2/8 of 0, 1, 23, 13 and
26 respectively. Pigures 4.3.11 to ¢.3.18 iilustrate the
local Buseelt swmber distributioas for $A = dat'a/Md of 0,
21, snd 22 muv;ly. As expected, the hest !1;:.
distribution wes found 2o e symmetrical about :ld’- o.
This is Sllustreted in Table 2 by the smsll diffevemces in

P e R e B I o
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. ‘Pigure 4.3.12 Circumferential Nusselt number distributions
v for h‘Sld = 4 and x/d = 1 (Expt. 11). ¥
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Figure 4.3.13 Circumferential Nusselt number distributions

for 8/d = 4 and x/d = 0 (Expt. 12).
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'‘Tigure 4.3.14 Circumfareatisl Nusselt number distributions
- for 8/d = 4 and x/d = -1 (Expt. 13).
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Mu,,x and ;u- for corresponding =x/d positions. This azial
symmetry in the heat flux provides further emf‘imtion of
the reliability of the experimental technigue.

The Nusselt number distribution at 2/4'= 0 for S/d = 8
in Pigure 4.3.2 is identical to the one already discussed in
the previous section (Pigure 4.2.1, Section ¢.2). The
features which were found in this distribution, including
the lack,ot symsetry in 1local NMusselt numbers about the
stagnation point and the occurance of a secondary mazimum
where the roll surface motion is avay from the jets, are
also evident in the Nusselt number distribution tfor x/4w0.
With incressing azial disunc\o, |z/d|, from the stagnatiom
point, mii number decreases, and some of the
charscteristic festures of the coircmtountul profiles

disappear.
The maximum WNusselt nusbers, Iu.u, from each of the

circunferential distributions for /8 = ¢ and 8/4 » § an’

shown as &8 function of x/d in Pigure 4.3.16. At z/4 ~ 0,
the lum is in fact the stagnation MNussslt number, Nu, .
Prom z/d = 0, the Nuy,, decreass to 3 minimum at the
midpoint between adjacent nossles (x/d = 22 for $/4 = &,

2/4 = 24 for 8/74 = §). At the stagmation point, /4 = 0 and

in the region from x/d = -1 to /8 =1, the Wy,, sre

" sssentislly unaffected by noasle-to-ncszle specing,$/4. The
.fact that, as 8/4 is décreased frem: 8 to 4, Wuy,, xfor the

coeling jets decressed by 118 while Mo S0t the heating jets

increases by 68 is interpreted ss esperimentsl scatter, i.e.
.\} .

©
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thet Wu,, 18 mot significantly sffected by 8/8 over this

" range. At z/d = 22, the results for thcipctaqm -4

come to & minimum, which is somewhat higher thin the x/d=12
value for aksp-cing of $/d = 8.

Two types of interactions are possible bgcevnn
adjacent jets in a row \of jets impinging on a rotating roll;
the interaction of jets prior to impingesent on the roll and
the collision of wall flows betwveen two adjacent impinged
jets. The interaction before impect is enhanced vhen the
jets are closely spsced (low 8/74) and the nossle-to-roll -
distance is large (high H/d). .The collision of wall flows
Incc-ts more important vhen-the jets are closely speced (low '
$/4), the noszle-to-roll distance is small (lov i/d) and the

. jet velocity is high.

Based on these intersctions, Saad (1!!1) defined three
regimes for confined multiple slot jets. These are defined

‘la um of a critical dimensionless nr{ahh. S/H. The

throo rogimes are:

(1) S/H > 3.0, vhere the jets are an array of
m-intyracting jets, '

(2) 1.4 s 8/ 33.0; vhere the collisions of
wall flovs increases the Nu at the midpoint
between adjacent jets but the interaction
of jets prior to impingement is negligible
such that Iuo is unaftlected,

(3) 8/H < 1.4, vhere both types of interactions

are present vhich causes a decrease in the
R P




TR AR AT

i PO, YA TR A AT

) g :
e, but increases the Nu at the aidpoint of
sdjsceat jets.

In ths present study, for both nozzle-to-nozsle

(m‘ciags, the heat transfer rates were determined at a

nossle~to-roll spacing of H/d=4, thus the $/4=8 and S/d=¢

- nousle~to~nossle spacings correspond to S/H valuupof 2 and

1 respectively. The interactions found for S/H = 2 (or $/4
= 8) are eQuivalent to those reported by Saad (1981) for S/

© ranging from 1.4 to 3.0. However, at S/H = 1 (or 8/4 = 4),

the interactions found are not those predicted by Saad
(1981) for S/RH < 1.4, since no significant decrease - of Nu
vas foumd. Thus it may be concluded that a row of
unconfined round jets interacts less than an array of
confined slot jets.
- The LV distributions in Figure 4.3.16 are the axial
eguivalents of the circumferential Nusselt number
iitttibutionl at x/4 = 0. However, the circumferential '
distributions shov much wmore detail because of the
dimensions of the sensor and the spacing of measurements in
each direction. In the axisl direction, the vidth of the
sensor was 39 mm (1.5d) and measurements vere made at 25 mm
(14) spacing. In the circumferential direction, the width
of the sensor wvas 8 mm (0.3d4) and measurements vere made u:i
every 8 sm or 2.5* (0.44).

The similarity between the circumferential and 1tiu
axial profiles is illustrated in Pigure 4.3.17. In this

' tigure, the axial Ny, vs x/d distributions and the

*
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clu;nnnehl gu vs y/4 at /4 = 0 are shown superimposed.
Apart from the circumterential profile being skewed in the
direction of motion of the roll surface, the shapes of the
profiles are amazingly similar as far from the stagnation

v

point\ll y/48 = 4 and x/4 = 14. Beyond that, the Nusselt
\
m’-!nr\r in the axial profiles increase again, as they are

under

circumferential Nusselt number profiles continue to decrease

the influence of the adjacent nozzles, vhile the

with distance from the stagnation point. Pigure ¢.3.17
seems to suggest that with the exception of the slight
shewvness and the aress of jet interactions near x/4 = 24,
the jets behave much like a row of non-interacting jets
ispinging on a flat plate.

The purpose of using air nozzles on s calender is to
adjust the diameter of the roll selectively along its length
by cooling or hcating the roll. The local diameter change
will be proportional to the total amount of heat added or
removed at that axial position. Hence it is the
circumferentially averaged heat flux at any axial location
that is the important factor for cross-machine ‘calender
control. FPigure 4.3.18 shovs the circumferentially averaged
Musselt numbers, Nu, as a function of =x/4 for the two
nossle-to-nozzle spacings. These profiles in the azxial
direction of Ny, v and Wu are very similar in appur:nca.

The Nu vs x/d profiles for S/d@ = 4 and 8 are very
sinilar fromx/d = -1 to x/d = 1. The small aspparent
changes because of 8/4 in Nu at x/4 = 0, which are less than
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“{ for both the heating and cooling jet cases, may be
considered to be fluctustions within the limits of
experimental error. The small differences in the values of
¥ sre due to the different ambient temperature. At z/de=t2,
the 8/d = & curves have reached -_liuilu, whereas the 8/4 =
8 eur‘vn continue to descend toward a sinimum at . x/4 = 24¢.
Apparently, there is no interaction between adjacent nozszles
for |x/4] $ 1, but there is for |z/d| > 1.

Two important differences between the $S/@ = & and
$/8+8 Wu vs x/4 profiles are the smaller variations in heat
flux along the length of the roll and the higher total heat
transfer for the S/d=4 specing. Por $/d=8, Wugy Mygy °
1.3, while for 8/4 = 8 this ratio is 2.0. In cast irom
calender rolls, the axial fluctustions will be rod‘nod by |
eonfuction in the roll, nonetheless, large fluctustions are
wadesirable and should be minimised. The azisl sversge
Mussslt number, which is indicative of the toécl hoat
transferred is 208 higher for the S/d = 4§ arrangemsnt.
Wowever, it must be realised, that this is a emm of
using tvice the number of noszles and thus twice the amount
of alr. Per no‘::lo, the 8/4& « 8 arrangement actually
transfers 508 more hest than the §/d = ¢ arrangement.

Clesrly it vould be desirable to spece the noszzles §
dismeters apert to derive more benefit per noszzle, yet by
spacing the nosziles & diameters apart, a higher and more
oniform total heat transfer could be achieved. Both.
sdvantages could perhaps be realized by using two rows of
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nozzsles vwith an nossle-to-nozsle spacing of 8 diameters.
These would be staggered, so that axially there would be one
nosszle ovgr‘y ¢ nozzle diameters, and the rows would be
uﬁantod far enough, that the spacing between the nozzles
of the two rovs would be at least 8 diameters. In the
experimental calender, rows spaced 8d apart would correspond
to an angular dtlphémnt ‘o! $1* between the rows.

In Pigure 4.3.19, a compsrison is mede of the
circ_!onntially' averaged MNusselt number as a function of
x/4 tor three cases: )

17 One row of nozsles with $/4 = 4
(uwrimnl‘ data)

2. Owe row of nozszsles with £/4 = 8
(experimental. dats)

3. Two rows of nosszles, each with $/d = 8§ but
staggered aslong the azis by 3/ = 4 and
pesitioned 51° apart on the circumfersace,
(sppronimated as the sum of two rows of
the case 1 srrangessnt).

It vas sssumed thet displacesent of the nossles by
o = 225.5° from the neutral position will not affect the
Busselt nwmbers significantly.

It is clesr from Pigure €.3.19 thet the tws seperate
rows of nossles speced at /4 = § wonld be substsntially
mere effective them the single rov of mosxles speced b
8/6=4, beth in terms of total heat tramefer asd in termm of
the hoat transfer wnifermity.
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2 (Expt. 16).
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Figure 4.4.3 Circumferentisl Nusselt number distributions

l’ for H/d = 4 (Expt. 1).
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for H/d = 6 (Expt. 17).
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H/4 = ¢ specing.

The effects of surface motion on the MNusselt number
distributions are very pronocunced at H/d = 1 but hardly
mt;cuhlo at /4 = !.- The Nusselt number distribution for
/8 = 1 are strongly skeved in the direction of the sotion
of the roll, vhile those for H/d = 8 appear almost
symmetrical,

The effects of surface motion on the local Nusselt
number distributions appear to be proportional to the
somentum of the jet near the surface of the roll. The
somentum of the Jjet near the surface of the roll is higher
for the jet vith the lov H/d spacing than for the jet vith a
high H/d spacing. Thus the motion of the roll surface:will
have greater influsnce on the jet ;ith the low H/d specing.

The secondary peak, found at y/d = 2.4, diminished
vith incressing /8 specing, following the trend of the
stagnation point Nusselt numbers, Mu, . The position of the
secondary pesk d4id not shift with H/d spacing but became
less noticesble until H/d = § vhen the peak disappeared.

The stagmation point WNusselt numbers, Wu,, for the

Meating jets and the coocling jets are presented in Pigure
4.4.6 as a function of H/d spacing. Por the entire range of
W4 spacing from 1 to 8, Wy, decressed vwith incressing w/é
spacing.

The heating and cooling jets exhibit the same trends
is W, as s function of N/d spscing. The Wy, for the
cosliiy jets are higher then the heting jets. The

"

{
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folloving linear relstioaships were fitted to results asd
are included in Pigure ¢,4.6 for 1 s KA S 8 .
Westing: MWy = 338.0 - 21.1H/d  for e = 100,000
Cooling:s My, = $26.6 - 26.2 W4 for Re = 120,000
Obot (1980) reported that a msximum in Ny, existed for
short (1/d=1) sharp-edged inlet noszles at H/d = 4 and at
R/d = 8 for contoured inlet nozszles. Kataoka and Mizushina
(197¢) and Gerdon and Akfirat (1965) have also reported a
sazimum in Nu, at a H/d specing close to 8. Koopman and
Sparrov (1976) whé used short sharp-edged inlet noszles
reported an apperent maximum in stnmtion. point mass

!

transfer coeffecient at H/d = 4. Mo evidence of a maximum
‘m Ry, at /@ spacing of ¢ or l was found in this study.

The trend in My, vith /@ specing is quite siailar to
that noted by Gardon and Akfirat (1965) for a jet with a
high level of artificially induced turbulence. Gardon and
Akfirat (1965) concluded that the linear waristion of Wy
with W& vas the result ‘of the high level of turbulence in
the jet at the nossle exit. Thus it appears that the trend
im Wy, showm in Pigure 4.4.6 is the result of a high
turbulence level in the jet. HNHowever no turbulence
sSaasurements were mpde, vhich might verify this hypothesis.

The regression equation proposed by Martin (1977) the
fmpingement heat transfer for a single round noszzle has been
iscluded in Pigure 4.‘.6.( This equation vas fitted to data
from various sources. The scatter of the dats around his
ognmtion was sprozimmtely 2158, Our data fits within this
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scmtter, but indicate & stronger nrinien’ with B/d then
dows Martin's correlation,

. Mgure 4.4.7 illustrsted the circusferentially

averaged Nusselt numbers, Wu, ss a function of H/d spscing
for the heating and the cooling jets, for the single axial
position, x/d = 0, of this series of runs. The Nu decrease
more slowly with increasing H/d4 then Nu, . No clear maximum
exists, but Tu tends to level off for H/d spacing betveen 1
and 4. .

A similar trend in Wi was seen by Wedel (1980) for an
array of rounded-entrance round jets. He reported that for
Fl fractional srea, defined as the ratio of the noszle ares
to the impingement area, of t =0.0138, the nessle-to-plate
lpc!n; had no effect on Wu for H/d specing between 1 and &.

Ohot (\1”0) noted that the maximum found in the curve
of WU vs M/ became less prominent vith decreasing f. Por £
smaller than 0.0567, /8 did not aflfect Wu significantly in
the ctenge 1 /4 £8. The fractional area, {f, for- the
present study wes 0,00128. Thus the trend cbserved in Wu as
s fuaction of W8 spacing would seem to be ducv to the smsll
value of £ (large impingesent ares). 1

Both lug and Wu are substantially larger for the
cooling jets than for the heating jets. 1In Section 4.2, the
large differences between Mu for the heating and cooling
jets sides vere attributed to the effects of the ambient
air. The much ml;:t differences betveen the heating and
cooling values of l% cannot be sttributed to this effect;-

&
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- particularly at ssall H/d specings. The only plausible
explanation found for this difference was the effect of
Reynolds number, vwhich accounts for only 108 of the
difterence in Mu

¢.5 Bffect of Cylinder Circumferential Angle
The effect of the circumferential position of the
nossle around the middle roll wvas studied by displacing the
msin $30° from the neutral position. ;innlurmntn were
mede with nossles at e = 60° and 120° on the heating jets
side and at L 240° and 300° on the cooling jets side. The
nossle-to-roll spacing wvas maintained at W4 = l and the
[ nossles vere positioned normal to the surface of the rell
(o= 0%) a8 in the mﬁtr&l position.

The 1locsl Wusselt number distributions for the two
circusferential angles (230° from the neutral positiom) are
‘peesemted in Pigures 4.5.1 and 4.5.2.  These two
distridutions slong vith the neutral position are shown
swpezinpesed in FPigure C.Q.i. The positiens of the curves
are displaced by 230° from the meutral position but their
shape has not changed signiticantly.

On the hsating side, the curves are essentislly
coincident for the initial 45°, where the smll leakage of
l!'ll air through the bottom nip to the heating jets side
produced negative heat transfer coefficients. This regios
s not been affécted at all Dby the d4displacement of the
sessles about the circumference. On the cooliag jets side, '
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Nu (Cooling jets)
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" the results over the first 45 show a little more scatter, " g

#
vhich can be attributed to the amount of hot air leaking

through the top nip. When the heating nozzles were
positioned closest to the top nip (g = 120°), .more air was
| forced through the top nip than when they were placed
further avay from the top nip (eC = 60°).
The Nusselt numbers near the converging nips did show ;
a slight increase as the nozzles were shifted towards these y
nips ( 6y = 120° and 8 = 300°). However, the nozzles at
these circumferential angles are not yet close enough to the
converging nips to affect significantly the regions of high
heat transfer. The regions of high heat transfer extend .
approximately 45° or 7 nozzles diameters on either side of
(;} the stagnation points. |
Neither the shape nor the magnitude of the Nusselt
number distributions in Figure 4.5.3 were affected

significantly by shifting the stagnation point £30° around i

the circumference of the roll. The effect of

circumferential nozzle position on the stagnatjon point and
circumferentially averaged Nusselt numbers is shown in
Figures €¢.5.4 and 4.5.5 respectively. The total variations
for either Ng} or Nu are less than 10%, which in view of the
accuracy of these measurements (I 5%) cannot be considered
significant. " Hence, it can be concluded that
circumferential displacement of these nozzles by 130° did
not have any significant ef fect on the overali heat transfer

(j to the middle roll. .
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Judging by the Nusselt number distributions in Pigure
4.5.3, it would appear that a further displacesent of the
nozxzles by 30° tovards the diverging nip (in the direction
of smaller values of 6 ) would have little effect on the
heat transfer. A further Adisplacement towards the
converging nip however =might lead to reduced heat transfer
to the roll onto which the jets are impinging. In terms of
nozzle diameters, it sppears that the diverging nip can be
approached to within approximately 5 nozzle diapeters and
the converging nip within 10 nozzle diameters without
affecting the heat transfer to the roll significantly. This
conclusion needs to be confirmed with measurements made vith

nozxles having different diameters.

¢.6 Bffect of Deflection Angle

The deflection angle, ¢ , was varied from the neutral
position at ¢ = 0" to ¢= $30° (experiment numbers 21 and
23) and to ¢+ 245° (experiment numbers 22 and 24). The
nozzle-to-roll spacing of H/d=¢ and the circusferential
positions of e = 30° and 270° on the hesting and fooling
sides, respectively, vere maintained throughqut these

3
experiments. In the neutral position, the nozzies vere

normal to the surface of the roll. The sign convention
sdopted was that for a positive ¢, the jets vere orientated
in the direction of rotation of the middle roll, vhile vith
s negative ¢ , the jets were positioned to oppose the -
rotation of this roll.
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The 1local MNusselt number distribution at the axial
position, =x/d=0, for ¢ = £30° and $¢5° are presented in
Pigures 4.6.1 to 4.6.4. These Nusselt number distributions

exhibit the same features noted earlier in Section ¢.2; the

lack of symmetry about the stagnation point and th%

ocourance of secondary peaks as the roll recedes from the
cooling jets. Hovever, the size and shape of the
distribution curves were altered significantly by the
deflection angle, ¢ .

The stagnation point Nusselt number, Ny,, are plotted
ir; Pigure 4.6.5 as a function of ¢ for the heating and
cooling jets. Both curves exhibit the same trends in ;luog
the Nu, increase steadily vith decreasing ¢ to a maximums at
¢= -30° and then decrease at ¢ = -45°,

One effect of deflection angle, ¢4, on the local
Nusselt number distribution wvas to shift the profiles
somewvhat, either in or against the direction of motion of
the middle roll, vwith respect to the corresponding profile
for ¢ =0° (neutrasl position). The extent by vhich the
profiles are shifted, expressed in terms of npnlo d;mtcr,
4, is plotted in Pigure ¢.6.6. Both the stagnation point
Nusselt numbers and the extent of shift exhibit the same
trend in deflection angle. ’

As the deflection angle is changed tovards the
positive direction from the neutral pasition, the jet
arrives at the impingement mh\u with an orimut\im sore
nearly psrallel to the surface, snd flowing in the seme
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- )
direction as the surface motion. In the limit, i.e. ¢ =90°,
the jet would arrive tangent to the surface and moving wvith
the surface. The hiéh values of heat transfer coefficients
tor impinging jets derive from the high velocity gradients
and thin boundary layer in the impingement region. Thus as
is increased in the positive direction, an increasing
fraction of the noszzle discharge flovs with the impingement
surface on the leaving side of the stagnation point, and
flows in a coqdition similar to a flov parallel to a
surface.

Thus, vwith increasingly positive values of nozzle
deflection angle, ¢ , the progressive loss of the
impingement flow characteristics, which give the high heat
transfer coefficients associated with impinging jets, causes
heat transfer coefficients to decrease, as is seen on Figure
4.6.5. A corresponding trend is evident in Figure 4.6.6 in
that, as ¢ increases from the neutral position of =0°,
the Nusselt number profiles also shift toward the direction
of motion of the impingement surface, i.e. the profiles
occur slightly later, relative to the neutral position
profile. The extent of shift of profile is however not
large, vith the heating and cooling jet profiles shifting an
average of 0.73d (or 5°) in the direction of surface motion
for both measured cases, ¢ =30° and ¢ =45°,

Por small changes in deflection angle in the negative
direction, the consequences of increasingly positive values
of ¢, deucridbed abeve, comtinue to apply but nov teo the
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opposite effect. Thus as this angle is changed from the
neutral position to ¢ =-30°, the profiles now shift earlier,
in this case by an average of 1.5d (or 10°), and the values
of Nuo increase by 7 to 10%. However, as the noxzle
deflection angle is increased still further in this
direction, to ¢ =-45°, thus directing the nozzle exit flow
more strongly in the direction opposite to the surface
motion, Pigures ¢.6.5 and 4.6.6 indicate that both of these
measured effects reverse. Thus, by ¢ =-45°, the shift of
the profiles reduces to an amount nov averaging 0.54 (or
3°), and the values of Nuo drops to about the same as exist
for the deflection angle of ¢ =0°. With the nozzles
inclined at negative values of ¢, a larger fraction of the
nozzle discharge is directed towards the region of
impingement surta.ce approaching the stagnation point, i.e.
to a region of opposed flow. In this region the impingement
surface drags fluid towvards the stagnation point, i.e. in a
direction opposed to the jet flow. One effect of this
condition of opposcd" flow is that the wvall jet thereby
expands more rapidly, thus causing the wvall jet velocity to
drop sore rapidly, which in turn leads to a reduction in
heat transfer coefficient in the region from vall jet to
stagnation point on the side of the jets where surface
motion approaches the stagnation point.h Thus it is not
surprising that by imrasing’ o‘tro- 0®* to -45°, it s
demonstrated that for some values of ¢ around -30° there
occurs & mximum in Wy, as well as'a msxismum in the shift of
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the profiles in the direction opposite to surface motion.
The circumferentially asveraged Nusselt numbers, i:,
vhich are plotted as a function of deflection angle, ¢ , in
Pigure 4.6.7 for both the heating and cooling jets, do not
show the same trend in Nu. Purthermore the results ktr the
heating and cooling jets are distinctly different. Ihe
1

heating jets produced a maxizum Nu at ¢= 0° with s 1

reductions in Nu as ¢ vas varied in either t\e positiv /or
negative direction. The cooling jets showed an increase\\in
Nu with increasing ¢ , vith the exception of the result at )
¢ = -30°. At ¢= -30°, Nu is 20% higher than the trend
shown by the other four data points. This maximum does
coincide with the maximum in Nu for both the cooling and
heating results, but not with the maximum of the Nu heating
curve.

The different shapes of the Nu, heating snd cooling
curves are most likely a consequence of the complex
interactions of the flow fields of the jets and those
associsted vith the calender rolls. The change in these
flow conditions vwill affect the heat transfer to the roll
and the heat 1losses to different extents. Since the ratio
of the heat lost to the heat transferred is much higher for
the heating curves than for the cooling curves, it follows
that these curves should be affected differently. Por the
Iuo curves, hesat losses are not important, and the shapes of

the cooling and hesting curves are quite siailar.
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5. SUMMARY AND CONCLUSIONS

The effect of nozile position or .ocal and average
heat transter rates for a row of round jets 1mpinging on 8
rotating cylinder was .nvestigated exper:menta..y The
cylinder was the middle ro.. i1 @& vertical stack of three
driven rolls, ‘esch 45 mr :n diameter which were set up ¢
simulate the conditions in a paper mschine calender The
rolls were driven at a constant surface speed of 6.7 a's,
and air was blown from 2% om diameter circular commerciai
calender cooling nozzles w:tn a nozzle ex:t veloc:ity of 70
s, vhich vas eqQuivalent o a Reynolds number range from
100,000 to 120,000. Both heating and cooling of <the roil
vere studied vith nozzle ex1t temperatures :n the range 15
to 22°C and 55 to 62°C and roll surface temperatures xn\;ho
range 28 tc 38°C. The foliowing range of nozzle positions
vas 1nvestigated: .
Nozzle-to-roll spacing, H/4, 1 to B‘
Nozzle-to-nozzle specing, S/d, ¢ and B -
Axial locationsg, x/d4, -¢ to 4 for S/de=8
-2 to 2 for S/A=4

Circumferenti1al angle, © 60°*, 90°*, and 120°

H
and &, 240°, 270°, and 300°
Deflection angle, ¢ , -45" to +45°.
1) The temperature of the ambient air, which was entralned
by the jet flow, was found to have a v¢‘ pronounced effect

on the average hesat transfer rates toc the roll. Heat

N
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exchange betveen the jet and the surrounding air reduced the
temperature driving force betveenn the Jjet and the roll
surface. For heating jets, mthe ratic of temperature
differences "rj - ’!'S;/dTJ - '!'A vas much iarger than for the

cooling jets. Consequently, the heat exchanged vith the

-
surroundings relative tc the heat exchanged with the roll

surface vas smalier for the «cool:ng Jets, and the average
Nusselt number, wvhich was measured vith reference toc the
temperature difference TJ - Tg, vas larger for the cooling
Jets than for the heating jets.

2. The nozzle-tcoc-nozzle spacing of S/d = 4§ was found tc
produce 2 .7V higher and more un;: form heat transfer along
the _ength of the roll §han the S/& = 8 spacing. The higher
heat transfer 15 a conseqQuence of wusing twice the number of
nozzles and therefore tvice the amount of szxr. Noziles
spaced at S/d = 8 actually transfered SOV more heat per
nozzle than those spsced at the S/¢ = ¢, Two rows of
nozzles, placed on the same roll, «each with S/d = B8 but
staggered along the azis by x/d = & and positioned 51° apart
on the circumference will transfer 508 more heat than one
rov of nozzlies with a specing of §/4 = 4.

3) The circumferentially sveraged Nusselit numbers decresse
vith increasing H/d. This effect becomes less pronounced
for H/Asd,

4) The position of the nozzies around the circumference of
the roll, @ |, hss no significant effect on the average heat

tzansfer, provided the stagnation point is at least 10
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nozzle diameters avay from the nighh.

5) The stagnation point Nusselt oumbers, Nu ., shawved a
maximum for both the hsating and cooling jets when they were
inclined by ¢ = -30° i1n the direction oppesing the rotation
of the roll surface. The circumferentially averaged Nusselt
number showed a maximum for ¢ = -30° for the <cooling jets

and a sax1mur at ¢ = 0° for the heating )ets.
4
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Appendix
For cach rotation of the roll, the surface temperature
distridbution, which 1s 1llustrated in Figure A-l, is used
to calculate the local heat flux distribdbutiom according to
the procedure outlined in Section 3.5.1. The local heat
flux distribution, for one rotation, is shown in Figure A-2.
‘The local heat flux distribution was calculated for 100
rotations and was averaged point-wige over the 100 rotations.
The resulting heat flux distribution is shown in Figure A-3.
The heat flux distribution was then converted to NKusselt
nusber distributiom by the definitions shown on page 68,

Section 3.5.2.
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