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.! e aveLicaTion of high velocity air jols to heat or
eool & normal heat-transfer surfiice has tremeudous englocering
petential in vurious industries. However, due to the complexity
of the system, ne theoretical treatment bus yet been evidenced and
only very scant experimental data are available in literature for
reference. Viekers [170 studied loeal hest-transfer coefficients
of fluid jet hinpluging on a normal surface at the Jaminar flow
rexion.  Mis empirical equations applied to Reynolds number 250
to 930, the distance between the jet orifice sud the surface of the
target plate ranging from 873 to 200, and the values of X/D ratio
1to 3.2 (diameter of the jet orifice being held at D = 0.0367 in.).
Gordon and Cobongue [2] measured locad as well as average heat-
transfer coefficients for single and multiple nozzle jets at a
Reynolds nwaber of 7000 to 112,000 with the nozzle diameter
0.125 to 0.354 in.  Freidman and Mueller [3] reported their ex-~
perimental data regarding average heat-transfer rates of multiple
jet air flow from sloiu, holes, and noszles parallel to, or iinpinging
on, the heat-transfer surface. They studied the cffeets of injee-
tien angly, spacing, hole size, fxc“ (open) area of jets, plate width,
and s on, on b “x‘z\ transfer coefficients. Perry [-1} nmdc further
studies on the effeet of Impingement angles on heat transfer, the
maximum gagtemperature and velocity being 750 deg I' and 250
ft/sce. ])Lzanc and Han [5] fnvestigated the interference of the
imping

nwend atr flow with the spent air exhoust flow In s mnltiple
jeb system.

1 Numbers in brackets designate ](cfurem‘(;s at end of paper.

Coutributed by the Heat Transfer Division of THE AmnRricax
SociETs 0F MECHANICAT L\'mmmuu d;rl prosentod at the ASME
ATCHTS Meat Wransfer Confurence and Exbibit, Houston, Te
August 5-8, 1962, Manuscript received at ASMT Iiea«lqmuicm
April 30, 1962, Paper No. 62--HT-31.

Ie this paper, empirical equalions of local aswell as average keat-transfer
of single jel systemn were derived. Two aspects of ’hll{]/l[)](’_](’l systems lmz*e been studied.
Oue concerns mainly the wniform distribubion of heal-transfer cocflicients and ecosony
i of power consuniption.
3 efficients and the 'Z’?I!@ff{’]’(’il(:b’ among jets,
niginber from 103 io 10
te correlale empirical date to render practical application possible.

coefficivnts

The other concerns the high maguitude of heal-transfer co-
The experiments were conducted at Reviolds
tand hole \I:Cfmm Vsto Y in, diameter. An atlem piwas niade

The pregent work was stimulated by both practical and aca-
demic reasons.  The designer of industrial jet cooling or heating
equipment wants to kuow the correlation belween physics]:

characteristies of the systern so as to obiain uniform distributions |

as well as high moguitude of heat-transfer coeflicients. The
academic interest les, of course, in gaining a decper insight into
the complexity of this problem.

The purposes of thix investigntion nre:

1 To study the single jet systemn with an extended range of
heat-transfer conditions, to obtuin test data on local as well as
heat-transfer cocfiicients of the system, and to dorive
empirical equations:

2 To supply sulliciently detailed data about multiple jet sys-
terus for practical applications.  Both a simple multiple jet
systemy and a general multiple jet system have been treated, the
former dealing mainly with the uniform distribution of heat-
transfer coefiicients and economy of power consumption and the
Intter being designed to siisnlate a rotating eyHider.

averagoe

3 To compare the experimental data obtained from this
worlt with those of other rescarchiers
pe [ e diin
1051 2anaratus

¥ Tesiv of a Single Jet.  Tha test unit 2 cone

as shown Iy Fig
sists of an lnsuluted plenuny chamber 12 1u. on 2 side and & frame
for supporting the heat-teenslor plate. Hot air is Introduced into
the plerum chambor frong & separate ;:11)-1)L1ru<‘:r systom (INg. 15,
The chamber is insulated with J-in-thick marinite to insure a
constant alr temperatwre. A Y/g-in-thick steel plate with differend
hole c(mﬁgm'ntions is attached Lo the botlom of the chamber. A
sliding plate containing o submerged test bloek is mounted on the
frame at a controlled distanece from the jeb plate. The test bloek
is made of a fine silver piece of known size (1 in. 81, 1/ in. thiek)

S AT WIS
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A = area “hy = heat-transfer  cooflicient a,t ment and the spent air re-
A, = openaraaof jets, ratio of total 1 ZCTO intorfmlx‘:.nr:c _ moval u_lg-c of the Impinge-
orifice cross-s aren h' = surface cocflicicnt of heat ment system
to heat-transfer ares, per- transfer for free convection l, = distance bc.l.\‘,'(w-.n two thermos-
cent of au eneloged space Foup!v wires in pz-nlw
C, = specific heat of air { == th(j amount f’[ interference l, = thlckx.w ss of ailver probe
’ K = unit conversion factor m, n o= experimentally determined ex-
Cy, = specifie heat of silver puobe k, = thermal conductivity of probe ponents
D = diameter of lole material . P = air power per unit aren of
b= heat-teensfer epeflicient o= maximumn distance along the heat-transfer snrface
I = saverape heat-transfer cocf- heat-transfer surfuce be- p, = static pressure ’

ficient

tween a point of impinge-

(Continued on n(-.rl paye)
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Fig. 2 Test unit for single i«

and mass and qubmuhod n & markaile insulator (3 .9 31n. X
2in.). The top of the silver block is flush with the insulator and
the heat-trunsfer plate Lo form a flat surface for the i impinging air.

The tempeisture of the test block is determined by meoans of a

_ thermoeeouple wive cmbedded in the silver block. The finpuct

velocitics of the air on the surface are determined by means of a
separate sliding plate and aiv pressure probe systemn.?

? Pressure probe consists of a pitot tube and a munometer. Im-

Yo
pact velocity is derived from U, = ‘\/_@i~i} where p; and p, are
o

measured values.
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P¢ == total or stagnation pressure AT, = logaritlunie mean Lempera— Nu = Nussclt number, Iii/k
= velocity pressure, p, - p, ) —~ AT, Re = Reynolds number, ])Ucp/,u
heat flux AT Pr = Prandil number, ¢,y
. . I/“"/
== gpacing between jeb plote and In ==
S "1} o t (f cn ]‘“EPI to and AT, 6 = boundary-luycr t]ucmmss
wat-transfor surface . . : ;
7 . = U == air velocity 0 = time
= air tempeornture ) - . . .
5 o e ' ey danne U, = impact velocity L= viscosity of air
T, = probe surface temperature - :
, o ) X = distance along the heat-traus- = densily of air
T = initial temperature al @ = 0 fer sucface from the corde p = densily ob an
- er surface from the center psy
T% = final temaperature at @ = @ line of round jet, ps = density of silver probe
Ts = Ty = temperature drop in probe Y = distunce between the eenter 7 = the height of roughuess ele-

ATl - /7 -7,
A’I’z = T4 — T
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lines of two neighboring
rows of holes

ments or the depth of knurl
e = coeflicient . .




P

COUPLE

SURFACE

ess ele-
of knurl

ASTAE

LBRD L

2 Tests of Mubipie Jots. The apparatus as shown in Fig. 8 con-
stg0f @ plenum chamber with a distribution plate to regulate air
s for insuring uniform input air veloeity to the jets. In front
. the chawaber is the curved jet plute which sinulates segments
£ eirenlar roll s The hot air is introduced to the system
fromn the unit as shownin Fig. 1.

A heat-transfer probed (Fig. 4) is subinerged inte and flush
+ith the surface of the dummy roll which simulates o evlindrical
sent-trat
An adjustable spacer is used to vary the distance between the
roll surface and the joi) . The temperature of the heat-trans-
for surface is measaved by means of thermocouple wires imbedded
in the heat-transfer probe. The impact velocities at different
probe positions are determined by a separate duminy roll and air
pressure probe svstem.

fer susface.

Test Presedures

1 Single Jet. A jet plate with a particular hole configuration
isinstalled for testing. By setting up a fixed distance betweon the
jot plate and the heat-transfer plate, the following data ave
taken:

() Air temperature

(b) Initial teinperature at zero time

(¢) Final temperature at certain time intervals
(d) Tine intervals

Knowing thickness, density, and speeific heat of the silver teat
block in addition to the data obtained as listed above, the heat-
tranafer cooflicient (A) can be ealeulated from the fellowing equa-
tion for each test.

ArGS

L= 0 (1)

2 Simple Multiple Jois.  The test procedure used i the same as
for the single jet. However, the design of the jet plate is different
and the test probe is subierged in the heat-transfer plate in such
a way that it can travel a longer distance along the surfuce.

The heat-transfor coefficient is determined by
the following steps for each test:

3 Ruliipie Jois.

(@) Stabilize air temperature at about 350 deg .

(b) ©at the distance between the jet plate and the heat-transier
surface as desired.

<¢) Pasition the probe axial to the jetd.

() Sinbilize the probe surfiee temperature.

(¢) Obtain dats on lemperatures.

Knowing the thermal conductivity of the probe material and
the distance between two thermecouples in the prohe, based on
sleady-state conduction, the heat-transfor coeflicient con be
ealeulated from
Ty — Ty

SrE A (2)5
I, \ T, 1,

A separate seb of air pressure probes is used Lo measure lotal air
flow pressure and static pressure.

3The design of a heat-tranzfer probe Is based ou the principle of
conchuctinn heat transfer, the free conveetion efiect being considered
neptyible,
Alsp
6
where the {ollowing conditions are salisied: .
1 The gradicat in the Block is small or Biot number (/) < 0.1,
| 2 Heat losses from block Lo insulation during trausient are neg-
wible,

fYquation (1) is derived {rom @ = PEry — T = hAATm,

3 The ATwan 18 small as corapared to Thir =~ Lweti.

4 Mach numnber < 0.3. .

* Fauation (2) is derived from the general conduction heat-tra sfor
viiations Q = hA(Ta — T = kpd/1p(Ts -- T4). Total heat losses
21'0 negligible because with Grasliof number (based on air gop) below
2 X 103, natursl convection is suppressed and &7 is dependent on air

.
e Jot

v one of forced convection. There-
foreed conveetion heat-transfor
onless parameters such as Nusselt
1 Prondil number can be correlated

' - N S PR
Heal Transior Uander @ 8

This phenomenon is cles
fore, according to the clo
approach, a group of dira
number, Reynolds number

in the following form:

Nu == a(Be)™(Pr)» (3)
Where 7 is usually assumed o be /s

Tt has been noticed that the existence of turbulent air flow in
our experiments is due to ilie high turbulence in the jet and the
roughness of heat-transfer surface. According to Tiepmanu’s [0]
observation, surface roughuess does produce immediate transition
from laminar to turbulent flow when 7 > 0.928 which bolds true
in our esse. Viekers [1] estimated that the eritical Revnolds
number at which a round jet becomes turbulent is in the range of
1000 to 2000, Sinee, in those experiments, the inpact velocity of
air jots is between 100 and 300 fps, Reynolds number 10%-10¢
aud air temperature 300-to a50 deg I, the jels are highly turbu-
lent.

When compsring our wmecasured values of Ieat-transfer co-
efficients with the caleulated ones from Celburn’s [7] equation of
the turbulent boundavy Iny

Nu = 0.0202 (Re)Ys (Pr)/2 (4)

the results show that the moasured values are about 20 percent
higher with Reynolds numbcr as low as 102 This cvidently indi-
cates that vertical impinging; flow, rather than parallel fow, can
bring about higher heat transler.

Tn this work we iuvestigated axial ratios (S/D) from 1 to 12
with hole diameters 1y, 5/s, %16, T/, and 1/sin. In order to ex-
press the dependence of hoat-transfer cocflicient on S/D, we
equated f(S/])) to acin ecorntion (3) or

Nu = (Be)» (Pr)r f (S/D) (5

Using the experimental d
value m = 0.87 when n

Fig. 6 shows the variziion of local heat- transfer coeflicient
under the center line of s revad jeb. The variations of S/D to the
average heat-transfer coefiv Jont over a distance ratio X /1 frosn 0
10 20 are shown in Fig. 7. T#hese data indicats hardly any change
in heat-trangfer cocfficient vwhon the /D ratio is less than 6.

It is obscrved that the cmpiriedl equations for a single jet
impinging on & flat heat-tronsfer surface can be written as

Nu = 0.0233 Rets Pro-% (6)

for local heat-transfer coofiizient, and ,

Nu = (.0180 Ret& Pro-3 (D)

for average heat-transfer co sfficient.

The shove cquations sl that under the same ajr impinge-
raent system, the loeal hoat-transfer cocflicient is ahout 25 percent
bigher than the average heai-transfer cocfiicient over a distance
ratio (X /D) 0 10 20 and an S/D ratio 1 to 10. These Hiitations
are well within the rauge of interest for alr impingement heoting
or conling work.

In order Lo nrrive at o mzre general equiation, we obtain « fromn
Fig. 5, resulling in the following form

Nu = €.0220 R Pt (8)

When compared with equation (4) and with ein's [8] empirical
equation of fully develope? pipe flow for gas oil heating,

Nu = £.0115 Ree P (9)

the heat-transfer coeflicient: derived from cquation (8) are 18 to
35 pereent higher than those derived from (4) or (9) with Reynolds
number 10 t0 10%

Aucust 1963 / 238
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The ditference between equation (1) and cqutions (6), (7), (8)
lies in the definition of characteristic size. The advauinge of
using hole size instend of the distance along the heat-transfer
surfuce from the-conterline of jel as in cquation (4) is twofold.
Unlike the cage of a flat plate immersed in a purallel stream of
uniform flow, we do not have a free stream at an appreciable
Therefore the heat transfer is
governed by the turbulence generated during the cmergence of the
jet from the orifice. The heat transfor is allected by the pressure
drop (p. - p.) which gives a high velocity to thin out the bound-

240 / aucusT 1963
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Buased on our test resubts of single jet
experiments, we founed that heat transfer reached its highest with
a 3/i-in-din hole and wn X/D ratio less than 8. Therefore, in do-
signing simple multiple jet plates, we deeided on using 3/js-in-
dia holes with s 5/ in. center-to-conter distanee.  The plates were
made of 12 in. X 12 3n. X /g in. steel sheet with different row to
row distances, namely, 11/s, 3, and 6 in. because of the fact that
for simple multiple jot systom, 0.75 to 3 percent opel ares eon-
stitutes the most logical range in practical application. “The
variation of heat-tronsfer coeflicient with the &/ ratio was
correlated us shown in Fig. 8. The data indieate that when S/D
ratio becomes larger 1hion 20, all curves will eventuadly meet at one
point where the heut-aansfor coeflicient is identical in all cases.
However, at S/D rutis below 20, the local heat-trans{er eoofficiont
on the center line of hole is directly proportions! to the Y /1 rativ,
whereas the average beat-transfer cocfliclnt between rows of
holes s inversely proportional to the 3/12 ratio.

In the engineering design of simple multiple jot svelems, the
holes are sparsely distzibuled and S/0 ratio is usually Lvrge and,
consequently, interfercoce among jets can be neglected. Moie-
over, the uniform di=is ibution of heat-transfer coeflicient, rather
than its magnitude, s of greater fmportanee in {his system. In
order to obtain heat-tounsfer rates of best uniformity and satis
fuetory magnitude witl: least power consumption, the scleetion of
proper hole configurat’ s is erucial. Fig. 8 shows that in all cascs
the heat-transfer cocfTizient eurves nearly become straight at an

Trzusastions of the ASE
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S/D ratio equul to 21.36. With 0.75 percent open area, the
average heat transfer at this S/D region is about 9 Btu/hr-ft2-deg
F as compared to 11.5 Biu/hr-ft>-deg ¥ with 3 percent open area,
yet in the latter case, the volume flow rate is four times greater.

The power consunption is proporiional to the product of vol-
mwe flow rate and pressare drop through the orifice. This pres-
sure. drop, in turn, is proportional to U2 Thus, for round jets,
we have

P = KUJ2A, (10)

The abo¥e equation interprets the effeel of open arew A, on unit
power consumption.

2 -Ravkigle deist In most eases, high magnitude of heat-transfer
roeflicient is as cqually important as its uniform distvibution over
the entire heating surface.  Further experimental work on multiple
iots was carried out on rolls which were designed to simulate the
setual heat-tranafer conditions on a rotating eylinder. Test duts
were taken on both top and bottom rolls (Fig. 3).  No significant
difference in overall heat-transfer coeflicients was obzerved under
the snme conditions as shown in Fig. 10, Later tests were made
on the top roll only. The gap (8) between the jet plate and the
heat-transfer surface and open area (4;) were the principal
viriables in these tests.  Fig. 11 shows the heat-transfer dis-
tribution curves with a fixed open area (4 percent) and various
wip settings, and Fig. 12 shows the curves with a fixed gap setting
{9210 and varied open arca. Both figures indicate the presence
of interference among the jets. The heat-transfer coeflicient
fil<')[is rapidly toward the edge, whereas its value remaing high
in the midst of the plate or near the nip. The trend clewrly
demonstrates how the impingement flow of one jet is eud by the
*bentair flow from the neighboring jet when both are aetive as
iets. The dmpinging flow from the jet at the edge of the plute
“affers most as a result of the accumulation of spent air exhaust
{“’W from all other jets.  According to (5], the amount of inter-
ferenee I is governed by the following equation:

1= A,L/S (1)
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In order to make I small enough so that there will be absolutely
no interference, it is neeessuvy cither to reduce A, and L to the
mininmum, or to inerease § to the maxinmm. However, it is not
feasible in practice to reduce 4, and L below certain lnits. On
the othier hand, an inerease in § decreases the impact velocity and
reduces the Reynolds number at the stagnation point on the heat-
transfer surface which brings about a lowering of heat- transfer
coefficient. The purpose of this experiment is Lo combine Ay, L,
and S in sueh a manner that » uniform distribution of heat-trans-
fer cvefficient over the heat-transfer surfice together with a high
mugnitude ean be achiceved.

Further correlation (Fig 13) of the average heat-transfer
cocfficient with the 87D ratin st different hole diameters indicates
that at S/D ratios between 2 and 4, the heat-transfer coeflicients
remanin high for all hole sizes (1 to 1/oin.). When the S/D ratio
is larger than 12, the same beat-transfer cocflicient can be ob-
tained regardless of hole sizes
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¥ig. 14 shows the effcct of open aren on heat-transfer rate.  As
A, increases Leyond 4 pereént, the average heat-transfer co-
S J p 7 i<
efliciont reaches a maximum level and then deelines. (1) = from
Ysto¥/oin,  8/D = 4and 8.) Tlowever, at an /D ratio equal
to 4, the heat-transfer coefficient increases about 30 pereent over
that at an S/D ratio equal to 8. :

. Freidman and Mueller 3] correlated. their test.data. of the. ...
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effect of spacing and o0 area on the heat-transfer rate. Their
findings were bused on hole sizes from 1/, to 3/5in., and the resulis
showed that the best Lype of air flow from perforated plates was
the one with an open s sa (they termed free arca) of 2 to 3 per-
ance of 4 to 6 hole diameters from the
heat-transfer surface. It is intereating to note froma our work
that with hole sizes fran: g to Y/, in. at 8/ ratio between 2 to 4
and an apen aren of 3 tn 5 poreent, the highest average heal-trans-
fer coeflicient can be ol:inined.

2e0

Conclusions

The heal transfer of bigh speed impingement jet fow in heating
or cooling a norraal heni-transfer surfuce is not yot thoroughly ex-
plored at the present thme. The problem of single jet funpinge-
ment has often been tre ied by applying the theovetical analysis of
forced conveetion he

14 transfer. To define those dimensi
groups in equation (¥ in terms of impact veloeity and hole
diameter used as char:teristie size underlines the {fundamentsl
differences between ou empirical equations (6), (7), and (8) and
those-of--other reseaicirers-[4 and 71 Our preference secins
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1o b more appropriate in a system where the turbulence in the
fmpinging stream is generated during its cmergence from the
erifice and where the velocity at the stagnation point under
the jet is directly reluted to the effectivenecss of impingement.

The plots Hlustrating the variations of loeal as well as average
Leat-transfer coefficients under a single round jet with an axial
distanee ratio S/ (Figs. 6 and 7) are in agreement with those of
baane and Han [5] for their two-dimensional jet. Their data for
jocal hieat-trausfer coeflicient at the same S/D ratios are about
20 pereent lower than those of our round jets, and for average
heat-transfer coeflicient, ours are about 30 percent greater. IHow-
ever, in both cases heat-transfer coefficients remain constant up
to S/D = 6, but start to decline when S/D > 6.

In multiple jet systemn, the flow pattern becomes much more
complex.  Neither existent experimental data nor theoretical
treatment are available to help obtain a desired magnitude and
uniformity of heat-transfer coeflicient in engineering design.
This work is aun attempt to correlate empirical data in such a
manner that practical application ean be made possible.  Further-
more, the interference among jets was actually measured (Fig.
15).

Two aspeets of multiple jet systems bave been studied. One
concerns mainly the uniform distribution of heat-transfer co-
eflivient and economy of power eonsumption. Our test results
indicate that uniforsity can be achicved at an S/D ratic larger
tan 21; and 0.75 pereent open area is most cconomical in power
ronsumption.  The other concerns the feasibility of shnulating a
rotating eylinder in design.  Our test resulls show that the best
(_‘fpe of air flow tln ;‘\ i round jets Impinging on a normal heat-
transfer surface is st //) ratio from 2 to 4 with an open area of 3
to 5 pereent.

The data obtained from tests on the multiple jet system are most
elpful in designing a eylindrieal model of a rotating heat-trunsfer
device,  Given the heat-transfer rate required, the optimnm
N/D ratio and the percentage of open arca ean be detcrmined.
The distribution of heat-transfer coefficients over the entire
sutface can also be predieted.

Aeknowladgments

The author wishes to express his gratitude to the following per-
fons whose help made this paper possible:

Professor J. 1. Pobter, Stevens Tustitute of T cchnology; and
Professor M. J. Levy, Newark College of Engineering, for their
valuable comments and sugeestions.

The Man: wgement of the United States Rubber Company for
ivrmvsxou to pullish this work and especially to Messrs. I J.
Btodes and R. H. Hugeer for their encouragernent and adviee.

Mr. D. N. Curtiss for his collaboration in all phases snd in
particular for hig excellent design of the heat-transfer probe.

Messrs. AL 8. Glowacki and . W. Morgun of the Test Labora-
¥ in the Mechanical Enginecring Research Depurtment, who
Were responsible for building the upparatus snd taking the daty;

Loy

tn

Miss B, G T mmpoldt for her assistance in arrangiug and typmg
"‘l‘“‘ li)flnus(,mp‘{._ Tom e e e s T TS s mens

Journal ef Heal Transter

T Drying,

Reforenees

1 J. M. ¥. Vickers, ”Hem Transfer Coeffelents Detween Fluid
Jete and Normal Swurface,” Frdisirial F ng Chlewdstry, vol. 81,
no. 8, 1859, pp. 967-972.

2 R. Gordon and J. Colx
Plate and Jets of Al Imping
Transfer Conference, Part 11

3 8. J. ¥reldinan and

que, “Heot Transfor Relween a Flab
ing on I, 1661 International Flent
L1351, pp. 454400,

. Mueller, “Heat Lronsfer to Tlat Sur-
faces,” Proc. Coneral Di on on Yleal Transfer, Uho Tnstitute
of Mechunicu] ¥ngineer, ondon, 1051, pp. 138-142.

4 K. P. Pervy, “Hc’xt Trevefor by Convection Irotn a Hot Gas
Jet to & Planc Surface,”” P Institute of Mechanical Engincers,
London, vol. 168, 1954, pp. 775 -784.

5 R. A. Daane zmd S. T Han, “An Analysis of Alr-Impingement
Drying,” Instttule of Paper Clumistry, Tappi vol. 44, no. 1, 1961, pp.
73-80.

6 H. W. Liepmann and G. ¥L Fila, “Investigations of Nifects of
Surface Temperature and $irls Roughness Elements on Boundary
Layer Transilion,” NACA Reopart 890, 1947,

7  A.P. Colburn, Trans. AYCRE, vol. 29, 1933, p. 174,

8 D.Q.Xern, “Process Haort Transfer,” McGraw-Hill Book Coi-
pany, Ine., New York, N. Y., 1450,

BISCUSSION

- k. Daapg®

Ajr impingement heat travsfer is of considerable Importance to
the paper industry as well as others, and additional data leading
to better understanding of sizh systems are welcome, even if only
to confirin our own previovs voork.  Mr. Huang’s resulis, coveting
a wider range of variables than we covered, confinm our own
findings particularly on heat transfer under a single jot and with
respect to trends for multiply ‘et systems.”

However, there are Jarge quarmt, tive discrepancics between
his heat-transfer values for :aultiple job systems and those that
we obtained. Mz, Huang's raultiple jet systems used o different
hole arrangeiment than we v orked with.  In our case, the holes
were spaced in an equilateral triangular array, which we cxpested
would give the most coverug + with the least interference and thus
would provide the maxim: v average heat-transfer coeflicient
for a given open area, hole #'ze, S/I? ratio, air temperatore, and
velocity. His holes are spnced in rows, with the row-to-row
distance muel Jarger than t3o: distance hetween holez in cachirow.
Contrary to our expeetstt o, he shows higher heat-tronsfor
cocflicients for compar conditions.  This resull is ak
contrary to his own data for a single jet.  Comparing his Pigs. 6

{
i

I3 <5
and 14, it apipears that the sworage Ieat-transfer cocfliciont 1]]LC‘)(=1‘;_

a multiple jot system is Digher thau the pesk heai-tr
cocflicient directly wndor oo of the srune jets operating individu-
ally with no inhibiting effect »f interference between jets.

In order to make sure thxy something very unespected was not
actually going on, we set up: o experiment to determine local and
average heat-tr .‘Lnsfu coslii-ients under a single row of holes
using dimevsions equal to {ose included in Mr. Iuang’s work.
The results of this experini-nt fall about 40 percent lower then
those shown inhis Fig. 14, ~lso, in our previous work, we found
that the peak bheat transfer occurs with a lower value of open
area. In this study, as well as in our previeus investigations,
we either worked with naz.! 5 having a negligible jet contraction
or based our computation o7 open area on the vens contracta
dismeter determined from weasurements of orifice discharge
cocflicient. Tt appcars thet the open area values given in the
subject paper are based on fotal hole area not considering the
jet coutraction which nuwt hinve been present.

I think that there are o fo point“ of interpretation which also
warrant discussion.  Mr. H: ong's considerations of heat-transfer
uniformity are not necessoiiy sigoificant for heat transfer to a
moving web of material. or example, jets on an equilateral
trinngular array can be sci sufliciently askew to the direction

er
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of travel so thut ench point of the moving wel experiences the
same aversge heat-transfer rate while passing through the systein,
even though the local heat-transfer coefliciont varies considerably
overa fixed surface under such an array of jote.

According to the author, the best system s that which copr-
responds to the peak of a curve Mgl 140 This does 10t
consider the air blower power requived. Tt eau be shown that a
system wilh loss open aren tha that corresponding to the peak
of & curve iu B g T can achiove the same average hest-transfer
coeflicient with nuich less air PO unit area using a somewhat
higher veloclty, but with Joess horsepower as compared with g
system at the peak of the curve, o

Dareyt £, Fistzger gud John 1. Schaners

This paper helps provide design criteria for the use of jet
cocling and heating in modem applications. The transient
techuique used by the author to obtain heat-transfer cocflicients
s a couveniont and inexpensive method for obtaining these
coeflicients, and it iy particularly suited {o the unpinging jet prob-
lem.  Some recent experimental work at Stanford University [9]¢
utilized & similar transient moethod to  oliain beat-transfer

“edeflicicnts for both slot aud circular jets impinging on flat sur-

faces. The results of this work indicate that the Tocal heat-
transfer coofficients depend not only on the ratio 8/, but also
ou the ratio X/D and the Jet nozzle or orifice design.

These discussers feel that the Importance of X/D, as an in-
dependent parametor affecting loeal heat-transfor values, should
be clarified. Fig. ¢ presents the loeal heat-transfer coeflicient at
the jet stagnation point; however, it is apparent from the descrip-
tion of the experimental apparatus that this js really an average

heat-transfor cooflicient fu a region around the stagnation yoint, .
o L

The size of the region depends upon the hole size. Yor exanple,
sinee the silver target block wos 1.0 in. scuare, the use of the
0.250 and 0.125.1n. holes would resalt in X/D ratios at the block
edge of 2.0 und 4.0, respectively. It should be pointed out that in
the range 0<X /<4 {he loeal heat-transfer cocflicient varies
as much ag 50 percent, for S/D<86, as reported by Gardon and
Cobongue (author’s referonces [21). This strong dependence of
loeal heat-transfor cocflicient. on X /D probably explains the
large scatior of the duta of Fig. 5.

A comparison of the values presented in Fig, 7 with those of
Tig. 6 indieates that the duta points of Tig. 7 must have heen
obtained by averaging data taken af differeut X/D ratios out
to X/D == 20, SQince the author did not speeify the method of
obtaining the varigus /D ratios, it is presunied by the dise
cussers that these wore obtained by moving the silver blaek out to
various eadial positions with respeet to the stagnation point of
the jot.

If the block was moved with respeet to the slagnation point,
then caution must he wsed in applyving these results, for they
may apply divectly only to the partieular heat-trangfor conditions
of the test. If the block surfuce and surrounding insulation
surfuce are at the sume temperature as the adjacent heat transler
plate, then the block will 1ot affect the thermal boundary layer
on the plate, and the measured heal-transfor coefficients will be
those which would be obtained on the fint plate without the silver
block. However, if the block surface i5 ab & different termperature
than the adjacent plate, then the thermal bouwlary Taver on the
block will dopend not only an the position of the block on the
plate, but also on the temperature differonce bubw oon the black
and adjacent plate.  The logal heat-transfer coofhicients recorded
for the silver block in these two casey may be quite dilferent [10]
and would not nece ssanily vary in the same manner with posilion.
Unless the author has considered the effeet of the block tempoera-
ture on the meastired loeal coefficients, bis conelusions mighé not be
entirely valid for the practical case of h cating or cooling a more

8 Mechanienl }1)1{;;1'1)(151‘1:1;; I’)n:pm'tzm:'nt,., Stanford Universiiy,
Stauford, Calif,

® Numbers ¢ and 10 ju brackets desiguate References ab the end of
the discussion.
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- Rifred H.

or Jess unifurin tomperature surface.  For the tests with el
jets with the heai-transfer probe it is explained in the paper tha
the probe has bron moved to various positions with respeet t
the holes. Thus the temperature of the probe surface is inpe:
tant i tho mul iyl jot fosts ws vell as in the single jot Losis,

The qualitative results for the et internction presented by th
author should be of definite value in the desigu of multiple je
arrays from single jeot data,.
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9 D. T, Me v, “Spot Cooling and HMeating of Plane Surface.
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June, 1962, Alsg published as “Spot Cooling and Heating of Sur-
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¥

This paper is very timely.  There is a great deal of nterest in
such systenis for thie purpose of drving sheet materizls like puper
or textiles.  Seveal times it happens that a mulliple #t in-
stallation does not live up to expectations; alnost invariably,
subsequent invesiisutions reveal the eause to be neglect of
factors found impectant in the present paper by Tnang and by a
previous communication by Gordon and Cobonque (reference [2]
in the paper).  1lis fact makes it very important to understund
these two pupers #ud, perhaps of equal Imporkanee, to compuare
them.  This hring: me to my question.

Comparing the 1esults of Hueng with those of Gordon and
Cobonque, one find: cortain discrepancies.  One must remembor
that the two sels of speriments were not identicnl: ono leboratory
used sotherinal plelos while the other adiabatic; one used fuid
colder than and the other hotter than the plate; one used nozzles
aund the other orif S, it iy interesting that, whereas Huang
finds a good corc' tion between the Joeal values of Nu and the
0.87th powor of Re, Tiordon and Cobonque find gond correlations
between local Nu values and the ball power of Re. Again, in the
bresont paper, Fig. 7 shows no offeet of X/ (varying from 0 Lo
from 0 1o 8) on the avernge heal-tronsfor
cocflicients, and 7y, ¢ shows no eficet of 8/ ve rindion up to

<heat transfer. The ditailed sbudies by

i

%

S/D = 6, on lao

Gordon and Coborcne, on the obher hand, would lead one {o

expeet quite o meoded influence on these prrameters for X /d &

or S/D L6 Woul

elear up these dilfieq
Similarly, comp:

the author care to commuont and perhapz

ba?
cons by the author between his restilts snd
those of Gordon wd Cebonque on multiple jets would be mast in-
structive.  TFor exu iple, the use of two bases for the Reynolds
nmumber by the two laborutorics is « liitle inconvenient for -
signoers and research workers; oue's own preference would be for
the somewhat sirmplee approsch of Nuang. Perhaps the author
would eare to commicut whether the use of bhigher Lnear specds
by Gordon and Cobanque necessitates the use of their basis
for the Revoolds poimber 6r whether his relationships cover
the enbire range of th iy results.

The author is thasiful 1o the disuissers for their indorest in
this work and for {Le valuable comments.

To Mr. Duaane, 11¢ wnthor is gratefal for bis criticism on the
discrepancies in the o erimental data. Tt g always a problem
for experimenters to . reo on the test results since each has his
own test method and, reorecover, the test conditions cun Lardly

10 Research Profogse f Chemieul Ingineering, Dens
technic Institute, Troy, “lsw York. Mem, ASMIT.
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- identical. However, the foct that the local heat-iransfer

otlicient for a single jet (Fig. 6) is lower than the average heat-
* e osfer coeflicient under & naultiple jet system (Fig. 14) probably

. ults from using two different heat-transfer probes.  The one
s - sngle jet is a fine silver block and the other for multiple jet

aen is i probe elaboraiely designed as shown in Fig, 4. Con-
Conently, the equations for caleulating the heat-transfer coefli-
ot for these two svatems are different, Fguationa (1) snd (2).
v unintentional delay, and it is likely to occur, to record the
“ine inferval between initiad and final temporatures by the experi-
eater will result in a more conservative hest-transfer cocflicient
¢ single jet system. The author had no intention to correlate
e data of these two separate systems in his work.

A, Daane’s eflort “to make sure that something very unex-
coeted was not actually going on™ in Fig. 14 is appreciated.
ilawever, the test results in Fig. 14 have been verified by re-
sonning the tests. To owr regret, Mr. Daance did not deseribe
«tat kind of heat-transfer probe he used and how he had arrived
ot his data. Furthermore, the data in Fig. 14 were not obtained
{rotn using a certain jet plate with a single row of holes as in Mr.
Dane’s ease. As a matter of fact, the multiple jet plate was
ed with staggered holes of rhowbus shape, the row Lo row
nee being about 14 pereent less than the centerline to center-
Lnedistance. Only the jet plate nour simple mvltiple jel system
sosimdlar to the one in Mr. Daane’s tests. Ifis data should
probably be compared with those in Fig. § instead of Tig. 14,
obviously, the difference between simaple multiple jet system and
multiple jet system was not clearly understood.

The author does agree with Mr. Daane that when a moving
web travels through the system, multiple jets spaced in an
cquitateral triangular array will give the best result.  The hole
wrrangerment in our multiple jet system was designed with lis
wery notion in mind.  From our tests, we find that there exists
+lower Bmit of open area, below which the average heat-transfer
coellicient drops drastically.  Unless Mr. Daane can prove to
the contrary, we believe that an open area from three to five
pereent will achiove the best overall results in multiple jet system.

The author agrees fully with Messrs, Metzger and Schauer on
the Importance of X/D ratio as an independent porametor to
fival heat-twansfer coefficient. It is more appropriate, for prac-
iral reasons, 1o define the loeal heal-transfer coeflicient as the
~al-transfer rate of the whole impinging strength of a jet o a
Leat-transfer surface rathior than that of the partial strength of a

0
}

i~}

Jowrnal of Heal Tramsfer

jeb at the stagpation point. The impinging flow gains its full
strength, not at the stagnaticn point, but at the point where the
flow first comes incontasct with the-heat-trausler surfaes. Dueto
the sweeping effect, the beundary layer thickuess is minfnnon at
this point and is greatly incressed when the sweeping strength is
gradually weakened.  Turbulence is generated from this impact
and yet thelaminue core reinsins at the centerline of the Aow. The
sweeping radius of a jet varies with the impinging velocity, S/D
ratio, and the hele size. We have observed from our tests that
the sweeping radius is about two to four hole dinmeters.

In single jet tests, the author was aware of the importance in
maintaining the temperature of both the test block surface and
its surrounding insulation surface the same as that of the adjacent
heat-transfer plate, when the test block was moved with respect
to the stagnation point. Same caution was taken for multiple
jel tosts.

The discrepancics Professor Nissan finds fu this work and that
of Gordon and Cebonque [2] in regard to the effect of X/D and
S/D ratios on local and average heat-transfer coeflicionts may
be explained by the fact that in order to present, the true strength
of a jet, our local heat-trausier cocflicient was obtained by aver-
aging its values in theregion of X /D ratio from 0 to 2 or 4; where-
as, in Gordon and Cobeongue’s ease, it was tuken at the stagnation
point. Siuce our data are relatively more consistent, the X /D
and S/D ratios at their Jower range exert less influcuce on the
heat-transfer coeflicient in single jet system.

For multiple jet system, the choice of characteristic size ac-
counts for the only marked diffcrence in defining Reynolds
number in the two gets of experiments.  Gordon and Cobonque
used the spacing between nozzles and we the hole size. The
advantage of our preferenes has already been discussed in the
paper.  Since spacing belween nozzles is always equal to or

=

larger than hole size, the Reynolds number obtained by them is
probubly higher as compuared with that derived by us. Our
definition of impact velocity is equivalent to their interpretution
of arrival velocity. Their mass flow rate in terins of air per unit
area of nezzle array is comparable to ours in terims of air per unit
cross-seclional area of hole combined with the use of percentage
of open urea as an independent variable.  Therefore, if the effect
of Reynolds number on geometrical variations (our holes and
their nozzles) is negligible, our relationships should cover their
results.

AUGUST 1963 / 245



