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-   Heat, transfer and. presswe drop» delation4* 
ships* df cylinders in duöts tüth air flow 
normal to the axis, -ar> presented for alr- 
velocities: fsöm. 5 to 120 feet per second'. 
QjrersH hsät transfer 2o.sf f isients and distriT"- 
btitions' of point iieJA'. transfer coefficients 
arotdldi cylinders are given for single,  in-line, 
.sy^etricaJLly s^ggeiSejd;;,^and- ms^Metri^Hy 
staggered ^rängeraentso    The overall heat 
tränsfer^änd! pressure (drop uäta: ;a\ee- eperMLat«d 
for all ärrafig'&ents.   ;They are- reduced to 
single^ equations toy the determination of face 
tors- desefioifig configuration ''characteristics. . 
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I. 'BimODUCTt-QH 

Because, of ever-widening demand for reliable operation •under ail. 
probable flight conditions-, adequate, cooling, JLa being recognized as .an 
important arid integral part cf the design of airborne- electronic equip- 
ment. - Past practices, of cooling electronic equipment by means Of 
natural .connection- and by- the: -uää p-f blowers., as aiiEiTläry;-Selyic.es. dj'ep 
•not fulfill, most present and, future requirements,, They stem from (i) 
aircraft. operation at; increased flight speeds and altitudes.-^.. (-2); equips 
ment designs <pf greater capacity arid higher heät roncöntration, and" 

). severer restriction in available ihstallatipn spacer 

$•"' 

Kaum 

Among methods of heat, r? je.ciloh from electronic components aha: 
equipments, details of, cooling by means of forced e.önyecz-ive air flow- 
offer a vast field for explorations This mode of cooling, embraces the 
use of air flow' .•which may either be induced from the environment of the 
aircraft- in flight, or from the installation, compartment of the el&c^ 
tf-onic equipment-, or may circulate at high velocity within the equipment 
case* The effective- application of this mode of heat dissipation from 
components, requires knowledge of .overall heat transfer cbeffIcients- äs 
well as- of the variations- of local heat transfer coefficients- on com- 
ponent surfaces« , For the evaluation, of these coefficients^ the Sffeets- 
qt air t^P-pe^ature. and pressure, rate of = air flow, and ar;r;^geiB£nt of 
-components must be known. Together -with the knowledge of Heat transfer 
cöeffjc§fnts> k^o-w^fdg^^Gl-pressui'e drops and their relation with the 
above factors is of .importance« ^The power requirpmelüt^for woling if 
•deterÄlhecF by^ pYelsuff u^p"Ma^räaI' fiow^i ^:e. S^>ressfng the: po^er 
requirement_ in. the fame .units of energy as the heat dissipated from 
the ^components .provides a means for the evaluation of t&e efficiency of 
.a.given cooling:.application. 

_.-" The problem of cooling, of electronic equipment is made complex by 
the presence of hot spots ;oh surfaces, of components, or assemblies having 
nor>-Tuüförm distribution of surf ace heat gis|lpatlön, resulting- from aii 
uneven Distribution of internal, heat" sölif-ceä* ^fp~ provlde~fpr remövalr 

of these hot spots, peripheral distributions of local surface heat 
"transfer 'coefficients, obtained by forced convective air cooling,, must 
be -explored as function, of component, arrangement and air flow character-? 
istiCB fhe= knowledge of .peripheral distribution'aids effectively in 
the elimination.'• of hot .spots and in the reduction pf power requirements, 
if' arrangements, are chosen in hich ma^dmtp heat, transfer -coefficients- 
coincide -with •usual hot spot locations-.,- 

The purpose of the present investigation has been to produce fuhda- 
.jaental heat transfer infor-matlsn which would, add to the. requir-ed 
knowledge- for the internal design, of electronic equipment pooled by 
forced convective air flow,, literature survey has disclosed that some 
.previous, work has been concerned with the determination of heat transfer 
coefficients on bodies of shapes and in arrangements- sisilaf to those 
of components- in electronic- equipment* . However > the data are only 
applicable in part and then mainly in. ä qualitative sense. Little in- 
formation .is available on overall and local heat transfer coefficients. 
on bodies- In ducts similar to conposents-: Installed in baffled passages. 
Pressure droo data, on cross-flow over banks- of circular- tubes lit different 
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abatement's•, although found in the literature.,, "have hot been cb-rre• 
lated on, a gerteral basis, of tubular arrangement,, thus, rendering, the 
data inapnil-icabie to the present need.,, 

Host previous' investigations were performed under actual or simu? 
läted free1-stream conditions!,    Reiher £7.) and Hilpert '('4, 5)+were the, 
only ones who investigated overall heat transfer coefficients on sur^ 
faces of .actual streamlined and squär§ tubeg arranged :in/bänks and 
singly*    The data obtained by Beiher on- tube banks were- qualitative 
and exploratory,;    In general,, npn- circular tubes-give, greater heat 
transfer than circular tubes under the same temperature: and ai£ flow 
conditions „    Pierson (10») and Huge (6); obtained over all heat transfer 
coefficients arid static pressure drops with circular itibes: of var-iouS' 
sisesj •arranged in tube panics for- both- heating and -epolläng of air». 
Grimisön (3^ attempted to correlate these heat transfer coefficierits 
but used an ärbitrari-Ly ene-sen- t-übe. ärfängement äs the reference; baäis 
for presenting the. djta<.    The static pressure drop was expressed by a 
friction factor based on the velocity-head in the'minrmnm flew äreä apd 
ihe ntimber of major restrictions and hp attempt wag made to correlate 
the dat<a in terms; of configuration geometryi 

The variation of" thö point -unit .heat- transfer, coefficient ar-pund. 
a- single cylinder.;. ita.axis._.normal to a f?e© airs.tream, was studied by 
a., number of- investigators-i- riQ-tably Aahmidt, and Wenner „.(ll^GiJäi &1  
arid linqing, and €heny (13?,.    The data of'Scbmidt and leanerwere ob= 
-tsirued for isothermal cylinders of three- different diameters.    Giedt-'s 
•data were fbi_-a nes-risothermal, surface,,   Epweverv the circumferential 
variation in surface temperature -was less than o°F„    His 4^ihCh diameter 
•test -cylinder1 gave relatively large- Reynolds nisabers with fair.-ly.ibw 
air*' velocitieso    -By means- of naphthalene models,. Winding and Cheny,   ect? 

around Cylindrical;  streamlined,  and flat tubes,   located in ducts -in. 
both -single.- and multiple configurations,    Their data could be considered 
analogous, to those, obtained from isothermal .surfaces»    Some discrepan- 
cies: •resulted in. the.-" comparison of these data^with ihose obtained in - 
conventional hegt transfer measurements-because' of %h§ differences in 
diffusion- .processes of a väper to. air and. of heätpü' air tö cooler aifi- 
Similar experimental, work with staggered tube banks Was also performed- 
by- Thoma (12.)  and Louris'Ä  (o) who reported results of qualitative inter- 
est« . ; , 

For various- reasons, the results of previous .investigations .are not 
directly applicable  bo the' evaluation of forced convective -cooling' of 
electironxc ; Vi-—'i-'"Oi They do'not describe circtEiferentiäl variation 
of=toint unit heat  transfer coefficients around individual components in 
banks.    They dp not- contain correlation of the. ever ail" "heat; transfer. 
coefficient of individual components- in banks with respect to -configura- 
tion geometry»    They dc not, relate the overall heat transfer coefficients 

§ee Bibliography ±s£- reference. 
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o-f components i£ banks- tö the inherent static pressure dropsy 3Siey indi- 
cate only the circiim^erentiai Variation of the; point unit heat transfer 
coefficient around isothermal bodies,. or nearly isothermal bodies, in 
free air flow Tghich should be appreciably different from; those obtained 
on bodies located in confined- passages and having large surface tempera- 
t\ire variations« 

., 2h view: of the deficiencies, -of ejxistiüg. information.:, äs äpplifd tö 
the problem of cooling, of electronic components? the present investiga- 
tion :itas ^conducted for' the- fbllp-ning piirposesr (I)1 to detetfeiing' the, 
eirctsäferential -variations of pöiiit unit heat transfer -coefficient for a 
simulated electronic component located in various ducted arrangements',- 
(2). to .find the relationship between overall heat transfer coefficients. 
and flow characteristics in terms- of configuration parameters, -and (3) 
to. determine the air pressure drop across1 one or several bodies in ducts* 
correlated in terms-of arrangement geometry, and therefore ^oalätätively 
and exactly applicable to; cooling- design; for 'electronic 'components» 

The shapes of electronic. c.<^p^epts-j?ary,.„ They consist of cylin- 
ders,, prisms apd igombinatiöBs thereof, The range ih' absolute: rHmensions 
is appreciableo This-great variety in shape and size of electronic com? 
ponents makes their üse=! for fundamental experamental studies impracticälö 
Therefore, it is necessary to idealize the problem for experimental in- 
vestigation«; The right circular cylinder here chosen for'representative 
studies because of lt«; convenient shape,, simulates many electronic com^ 
ponents such aj tubes;, resistors, sealed units, and potted miniaturized 
jaäsemb|äes.•_ Älsö^. the basic data obtained from cylinders- could be of 
general. usefulness for :öther "purposes.,7 in addition to the design-of elec^- 
tronic component arrangements and the orientation -of individual, components. 
on- the: basis of coincidence. of' their, hot. spot locations -with maxima of 
point uait heat transfer« 
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II.    StHKAäT 

Scope öf Investigation   --     - -    -     - 

The heat transfer -aM-prAs^^^^ 
in -air ducts wer-e< studied.    The direction of air flow was normal- to 
the cylinder axis.?    Single cylinder3? multiple cylinders in jMne, 
multiple, -cylinders- staggered;jsymmetr.icajlljr, about the center plane of 
the „duct 5 and multiple;- cylinders staggered asyilmietrlcally an double, 
rows- were' sMdledi ._=._..... 

Iteät transfer occurred from Son-.isothermal surfaces produced by- 
heat flow from an isothermal element, through an insulating layer,. 
'The temperature, differentials so determined, were Used for the" calcu- 
lation of point heat transfer rates;.. 

The. range of surfage temperature differences, referred to the 
co©Ii-ng air', was from 5.0 to 3§0oF«,.   -Air Velocities: .feä .3 to 12Q \£ e§t 
per second were used»    The- test cylinder "diameter was:, 1,-5 inches, 
fiuct widths1 varied from 2 to 6""inches-.- The spa.cings of multiple cyl-v 
inder'S; varied from 1-.'62|5 to 3- itrches. 

The peripheral variations of the point Nusselt number were deter- 
mlhed from, the test, results and were, correlated tö correct for sräfeeg 
temperature of the test, model.,    fee- .average- Ihisselt numbers werö cor- 
related with, the film Reynolds number of, the air flow and were reduced 
to ä single reiati^o^hipjof_the- saine. form as found in the literature 
Tor cylinders,in free aa? flow.   Sodificätioh factb£s^ describing the- 

&o^ifi-gur.ätloD, geometry were: •»eÄssd' spy numerical anaj^sis of the 'exp- 
erimental däta-i    In similar manner; ever all pressure drop data .were 
Correlated by the Use of configuration factors for -each type of eylin~ 
dJör .arrang-emsnti ..         : -_     ____'_'_ __ 

-.Resets      \ =" / o   9 ~~:~ ' 

The most noteworthy results may be summarized as, follows: 

I-, P.o-int heat transfer coefficients- on cylindrical surfaces in 
duets may vary from ioö to -100 per cent from the average value-. The 
-variation, is- a function of the .configuration and the flow rate»- Ex- 
pressed in terms -of ratio of points to-average heat transfer- coefficient,, 
this variation is; increased %j. reduced .air veloc-itys "The. greatest, 
ratio variations are obtained for in-line .arrangements of cylinders, 
the least for single cylinders« Also with-multiple cylinder arrang^ 
ments, ^greater Variation, öf the ratio of point- to-average ..coefficient. 
is- obtained for closer späcings than for wider späcings, The opposite 
applies for single cylinders which exhibit inci Basing ratio, variations, 

. with decreasing duet width. , , 

2. Locations, of maximum and minimum heat transfer coefficients 
are dependent on configuration .and flow- rate. ^-3-cimum coefficients on 
single cylinders occur 180= degrees apart, at the forward and rear stag- 

. nation points0 On- cylinders in line they occur 12(3 degrees apart, 
approximately 60 degrees on either side of the forward stagnation 
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p^int.    On staggered cylinders.one 03? t«o isaasäEsn coefficients isay oc= 
cvti  depending on the spacing,    xwö ESäimä occur1 f:ör- ;cipse -späciiigsr - 

' 3* *Bie. distribution and Eägmtliä:e.s öf heat transfer coefficients, 
on- the upstream- aäd' domisträam half' of a cylinder are only affected by 
the spacing: of the upstream and» do-ynästp-eam cylinder, respectively, it 
is. feasible to construct the. distribution. on a Cylinder with unequally 
spaced, upstream and dosmstream- cylinders from data obtained -with the 
corregponding. two: equal spa.Cings. 

4*    Gylindeiss arranged in a doublerrow äsypnetrically staggered 
configmatipn in reference to the center plane of "the' duct, have distri- 
butions of heat transfer coefficients -which- resemble, ä •composite of 
distributions obtained, with in-line and symmetrically staggered arrange- 
mentsi    Th& half adjacent to the duct wall  exhibits the .distribution of; 
an in-line cylinder., the other half that of •a. staggered cylinder* 

5» -Higher -rates.-of over all-heat-transfer than for a..sAngle oy? in- 
der are obtainable from multiple cylinders- for the same air finis- energy, 
requirement. Also, on the- sane basis., higher- rates are obtainable from 
staggered cylinders than fr-qm in-line cylinders^ 

6. Sie-form of the correlation factors for rates of overall jieat. 
transfer of in=lirie and staggered cylinders indicates, that for each 
»configuration- an -optimum spacing esasts. at- -which the greatest quautity 
of heat may be transferred from.- a surface of given temperature., using 

_thi: least- amotmt of energy to convey the cooling air'. 

7. Using symbols defined in the section- on nomenclature on page  14 
th-e. followf-fig equations are. Valid: 

 a«, -for^ppint, hfat ^transfer- at-ihe forward stagnation point 
of a single cylinder Ma duct-, 

lüf - •=    1.01. [Re^.(l +'sß£üS]®'°i 

.--.'" --:&=•- for average overall .he:at.._tran§fer . in general, 

:      %(aVe")  =    SF jW^)}11 , '•--_:. 

where the. values. of 0 and.n vary with Reynolds number' as. 
,fpilots: 

^f(ave) 6 &    - 

1,000-      6-,0C0 0.409 0.531 
6,000 -    50,000 0.212. 0.-606  ; 

SO., 000 - 100,000 Ö-.139 0,806 , " 

for a single cylinder in. ä free air stream 

~       1    1 

' .    for a single- cylinder in a duct. 

F    =   F1    =    1 + ^i ; -*~ 
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fl-Öl/S^ - 1,46/Sj^ * Q,.3l|[ßef (Ö..5.26, = «01554/S^ 

for 'staggered cylinders;,. 
i 

where f^  =    Qs.SO/S^ - I6.8Ö/S3. -+ 4iläj 

I5/S5.2 * 15.,53/ST + 3.6|j and      f2    =    ••[3:4. 

c»    f@* '"£&§: pr~essWe drop, per cylinder,: in general 

for a -single cylinder ^ 

^>    -   (1-VsT) .2.7 

..i.-^j.„i •jgg-jaarxEoe: rq^-snaeES?,, 

f- -     — — 

f 1tß£- -staggered cylinders,. 

IJe. 

•£4,36 - :3v5^S- 
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Objectives; and, aeons' ---—,- 

She ultimate 'objective o^this^study has^ been to produce design an- 
formation: which could be applied tort£e~Söo33Bg of electronic equipment «T 
To meet this demand^  overall and local heat transfer coefficients; of 
heated Cylindrical bodies with nöö-uniföim radial heät. f&öw, ärräaged 
singly or mnitipl^- in ducted passages, and the' pressure drop across such 
configöratiöns '?tei,e determined,,    Ere. heat transfer and pressure drop 
data were intended to provide ä rational basis for evaluation of the 
economy of cooling, systems, from the standpoint of heat removal versus 
the, power- necessary to convey the required air quantity through; the 

Sie -• jnag'or requirements- öf a coollhg -design for .airborne eiectronic- 
eq^ipEsent -nSfe re-eeghized^to-&e:   -(1-3= -compact component .arrangement,. 
\Zj TninTmnp nse of power for coolings  and; (3) reliable- operation of ccm- 
pements at. ällöwable iMperatureso    Äil varxables affecting; these re- 
quireaents were examined«    These variables were; (l) surface temperätufe, 
(2). heat fltsx,  (s) flow rate,   (4j diet- dimension^ and \$) spacing between 
components.»    The range of average surface t.srperat'ure- in the- test ruus- 
was äpprösämsfeely iö€) tö £$£?? corresponding to a difference in tempera- 
ture from surface to cooling, ay? of to. to 3<2ü°F0    The range ef -celling 
air temperature was; 8Q to lÜHj^F appro3S^tely?!   The sanga of seat fTize 
•was 7 to 85 Btu. per hour - square" Inch (2" ts 25 watts- per square inch)., 
the, ränge of Mr flow rate was ü.14 t~ 8 »5 pounds per second- -per square 
foot öf gross duct area»    'This corresponded to air-ve-isfcities of .3 to 
feet per second approxi lately,  and'Reynolds numbers of 12QÜ-tö äs3üüüj 
based: on the diametej? of all test oyiihders of 1-oS lashes«    -Duets. 2 to 4 
ihches- wide were usedc    Center spaeings ,b«tweeh multiple" cylinders a£-- 
•ranged, in- line,, symmetrically staggered and äsyametricällf*staggered in 
reference, to the duct oehter line 7*er-e from io-62§-. to" 3 'inches,, 

Test^A--Bpaf.attiS... and. Models 

Tha test, set-up consisted principally of a centrifugal fan,  a. meter- 
ing section with a thas-plate orifice and a .steel or" alraaija'Jim test'duct 
of rectangular cross sesticn in. whish various cylinder arrangements--were 
installed*    Ä detailed sketch 02 tne entire .test set-up "and instr-omenta- 
tioh is- .shown in -Figure 1«. 

An exploded, view-of a,- typical- -tes*-sectior;- is shown." in Figure 2. 
Sie cylinders, are arranged in a 'staggered configuration in which the 
heated test cylinder^ shown removed from its mounting ring', is surrounded 
by unheated diwmy cylinders r tbas simulating a multiple cempoment; con-? 
figuration.    Two loS-inch diameter internally- seated sylinders -were used 
as test models«    The contraction, of the two cylinders was basically the 
same-.    They each contained four heating coils surrounded by .a 3/Scinch 
thicis shell of ^anslte, .an asbest-cs-cemens material;  oo'CiSlstljig of 35 
per cent Portland cement .and lä per cent asbestos' by weight,    The first 
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F'GURE 2.    EXPLODED  VIEW  OF TEST SECTION 
WITH STAGGERED  CYLINDER . ARRANGEMfNT 
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för preliminary exploratory tests, ä second cylinder, hereafter desig- 
nated as cylinder B, -was much more carefuuy constructed and more com?»' 
pletely instrumented than cylinder A and was used in the aluminum, ducts 
to obtain most of the data presented herein. A cross section of test 
cylinder B showing details of construction and instrumentation is shown 
la Figure 3. Temperature drops across the Scansite shell -were measured . 
by means of imbedded thermocouples and were used to calculate radial heat 
flow-* 

For multiple cylinder arrangements, the heated cylinder B was used 
with other unheated cylinders«. Sie latter cylinders sere made öf pol- 
ished loP^inch diameter alutainxm bar stock« They were mounted so that 
their spacings could be adjusted. Two unheated cylinders of 1-* arid 
i.95S^inch diameter, respectively, were used singly in place of the 
heated test cylinder to provide additional data for the correlation of 
pressure"dröps» 

A detailed description of the test apparatus, and its instrumentation 
are contained in Appendix I. The design öf the heated and of the unheat- 
ed test models is discussed in Appendix II. The test procedure is de- 
scribed in-Appendix-III. • •' 

Test Data 

Thirty different cylinder arrangeüients were tested in five ducts of 
different width, each 4 inches high. Measurements of circumferential 
temperature distribution around the heated cylinder A, installed singly 
in Scinch, 4-inch, and o^inch wide steel ducts were obtained oV^-r a ränge 
of Reynolds numbers and surface temperatures. As explained in gag®» §§., to 
5£, these data were considered not, reliable. However,, they are presented 
in this report for qualitative comparison with the other test data. Meas- 
urements of circumferential temperature distributions around test cylin- 
der B over a range of Reynolds numbers and surface temperatures were 
obtained for the cylinder located in 27 different single and multiple 
arrangements in 2-inch, 3-inch, ard ZaZ— inch wide aluminum ducts. The 
basic cylinder arrangements and their designations are shown in Figure 4. 
Transverse» longitudinals diagonal, and row pit dies are designated as Sj, 
_§£, §n.,_ and &., respectively, being multiples of cylinder diameter d. 
The specific test- configurations are itemised in Table I'. The indivi'd-^' 
ual pities are given in terms of cylinder diameter. 

-"!>- 
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Table I»  Test Configurations 

a*      Test Cylinder A in Steel Duets 

:   Suet 
Width,, 
inches : 

Configuration 

- ... -                                            e 

•   • 

5 
'4 
6 

Single 
Single- 
Single 

2o000 
2,667 
4.Ö00 

b«      Test Cylinder £ in Aluminum Ducts                   i 
-                                            -               -     -   - -     -                           i 

Duct 
Width* 
inches = 

Configuration 
1 

ST sf §D 
e.. 

2. .Siiisle.. ' 1.333 

- 

In• line r 17083" 
1,250 
1.5G© 

" '2-.-O0O; 
Staggered 'Q--957 

1.058 
1.345 

Is 167 
1.250- 
1.500 

- 

3 
; 

Single.    . ; 2,000 
In-line     ' - i:033 

1,250 
' 1,500 

2.000   . 

•—:•" 

-    :- 

Staggered 0oO?6 
- I.000 

1,153 
1.413 

Staggered., 
doubie-rovj 

' 0,355 ' 
" 1,058 

1.345- 

1.083   ' 
1.25G  ' 
1.500 

0.66? 

3.5 Single •2,533   • 
In-line 1.063" 

1=250 
1,300 
2,000 

Staggered Z.clZ 
1.167 

1.347 
1     f — 's 

Staggered, 
double-row I*C€C    j 

1.153 1,0-00 
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IV. RESULTS AND DISCUSSION 

Nomenclature 

A   area, sq.. ft 

C    constant 

d   diameter of"test cylinder, ft 

F configuration factor in film Nusselt number equation 

G mass velocity, lb per (sec-sq ft) 

h surfaee heat transfer coefficient,, Btu per Ohr^-sq fb-öF) 

K radial thermal conductance of test cylinder, Btu per 
(far-sq fb-°F) 

k thermal conductivity,: Btu per (hr-sq ft-
9? per ft-} 

Nu. Nusselt number, - hd/k 

n number of cylinder banks, or exponent, or number of surface loca- 
tions ' 

q heat flux, Btu per (hr-sq ft) 

Re Reynolds number, dQfyi 

S<j» transverse pitch, cylinder diameters 

Sj, longitudinal pitch, cylinder diameters 

Sjj diagonal pitch* cylinder diameters 

% row pitch3 cylinder diameters 

Sj,u upstream icsngitudinal pitch, cylinder diameters 

SJJJ doinistream longitudinal pitch, cylinder diameters - 

T temperature, ^R 

t temperature, F 

*r <tuci width, ft 

T relative conductance 

No. 41 - 14987 -14- 
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a   relative position on surface pi" cylinder,, degrees from the forward 
stagnation point 

£p       static pressure drop across the configuration, in. of -water 

ß absolute viscosity, lb per (ft^sec) 

p    specific weight, lb per cu ft 

•S3 
a^?r-.T-,  rt-P 2J 3W3Wa.'JXQix  Ox 

o, ratio of specific weights p/pQi(.äfc  StephanrBoltzaiiänn constant in 
radiation equation, 0.173 2 10"*8 Btu per par-sq ft•(^)^ 

4> modification factor 

^ configuration factor in static pressure drop equation 

Subscripts; 

•k area, used in F^ for calculation of radiant heat flux 

aye average of point values 

b bulk air condition 

eonv convection 

e emissiyity, used in F for emissivity factor 

f film, condition based on film temperature 

i inside surface of Transite shell of test cylinder 

o standard condition, 29.92 in. Hg and 59°F 

rad radiation 

ref reference 

s outside surface of test cylinder 

tr Transite 

x referring to location of surface thermocouple 

p, referring to viscosity 

Bata Seduction 

In all studies of heat transfer hj  forced convection the universally 
used parameters for purpose of analysis and correlation have been Reynolds 
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number, W/J, and Husselt number, hd/k, which are indicative of flow 
characteristics and heat transfer characteristics, respectively. Theo- 
retically or experimentally determined expressions relating the two 
damensipnless moduli are generally sought to present and interpret the 
results of investigations<, Examination of these two • iJoduLi shows that 
they contain (l) the heat transfer coefficient, h, a function of the 
heat flux and the temperature difference between the surface and the 
fluid. streams (2) the mass velocity., G-, a function of the flow rate 
and the cross section of the flew passage, (3) a characteristic dimen- 
sion, d, and (4) the physical properties of the flow medium, ft anrV k, 
which are s.ubj-e.c.t- to. variation due to change of temperature. 

.The purpose of this investigation -zzs  the determination of per^-" 
ipheral variations of lusselt number of a heated cylinder in single or 
multiple configurations». Therefore* the experimental study was under^ 
taken principally to produ.ee information which yielded values of point 
heat flux on the cylinder surface as a. function of angular position 
relative to flow, direction? The test models and particularly cylinder 
B used for this experimental investigation -were designed to permit, the 
measurement of local temperature drop across ah outer insulating shell 
with radial heat flow froa an internal heat source. The point heat 
flux -r.äs  calculated for any position by the temperature drop across 
the shell and ,a known point thermal conductance of the shell, based on 
the assumption that tangential heat flow was negligible and that only 
radial heat flow took, place. The point heat flux thus obtained made 
possible the calculation of the point heat transfer coefficients, based 
oil the difference between local surface and air temperature«. 

. In the calculation of Nusselt number and Reynolds -number, the 
diameter, d. of the test model was used as the significant dimension. 
The mass velocity, G-, based on.gross cross^sectional area, 'was determined 
conventionally by calcuLat-ion of air flow- from the orifice meter read- 
ings a. • 

In view of the large temperature, differences which were encountered 
in the experimental study, it was found necessary to determine- the ref- 
erence temperature for the evaluation of the physical properties of air 
to be used in the calculation of Husselt number and Heynolds number» The 
choice was to be made among the commonly employed reference temperatures, 
ice, surface temperature, bulk temperature and film temperature, the 
latter being.the mean value of surface and bulk temperature. A criterion 
for determining the reference temperature was furnished in the correla- 
tion of results» ?or this purpose, a number of preliminary plots of both 
the average Hosselt number over fehe entire circumference determined by 
graphical integration, and the ppint Ens seilt number at the forward stag- 
nation point versus Reynolds number were made for a single neated cylinder 
in 2-, 5~; and 3„5-= inch test duets, In. all the plot3, different reference 
T€33.peraT>*äres were usec for "the same test runs and the correlations were 
compared, The results of the comparison showed that the use of bulk tem- 
perature as reference was definitely inadequate, because in similar test 
runs with constant, sir flow, but different heat flow due to different 
surface temperature, several, bulk lusselt numbers were calculated for the 
same bulk Heynolds number.-. The correlations obtained with film reference 
temperature indicated generally better agreement than those obtained with 
surface reference temperature, Ä-ccordingly. film reference temperature 



was used in the final analysis and interpretation of the test data» 

• Methods of calculating point heat flux, point heat transfer coef- 
ficier.os$ and c-her parameters from the test data are described in 
Appendix V. 

For presentation of the Nusselt number distribution data, it was 
desired to show, if possible*  a single curve for each bulk Reynolds 
number and configuration«    However, the film Husselt number distribu- 
tion •was no* only a function of bulk Re'^nolds Etnther bist also of the 
surface temperature level which varied with heat, input,    investigation 
of point fiusselt number correlations with point Reynolds number for 
var3i§8Bi angular positions on the surface disclosed a generally applic- 
able relationship, namely, 

Nuf   =   CSef
n (1) 

The exponent n. varied from ©»5 to Oa76. depending on the position on the 
surface«, ^iailarly, preliminary plots of average film Husselt naaber 
versus average film Reynolds number gave the expression 

f\ave/     L r^avejU 

=   &&*$*& fßjßfi^"^ (2) LTT3 J^VX^ave/j 

Thus, a modified form of the average film Susseit number could be de- 
veloped tfoich was only dependent upon the bulk Reynolds numbero    The 
modified" filia Husselt number was expressed as 

0 62 
Strictly speaking- the modification factor in the form ÜLg(ave)^hl 
isas applicable only to average Nusseit number,»    However,  its point values 
{af/p^V"®2-   =   <$>„ «ere utilized to correlate point Musselt numbers at 
different surface temperatares for constant bulk Reynolds numbero    The 
exponent 0*62 «as accepted as a representative average value for the 
entire range of the variation of exponent n in equation (1) for the pur- 
pose of simplifying the data correlation, while maintaining its accuracy 
isrtiiin acceptable limits*    The errors in modified point Husselt numbers, 
due. to the use of the const-ant exponent 0.62., were m the range between 
plus sriu minus one per CSE«« 

Test Data Susmary 

Tables Ii to vTil contain a summary of the principal test data- ob- 
tained in the investigation»    The range of configurations and their 
dimensions are given.    The variation of flow conditions was indicated 
by the bulk Reynolds number for each run«    The individual runs are 
characterized bj the average difference between cylinder surface tempera- 
ture and cooling air as well as the saximum sai-s minimum film temperature 
determined from the measured, surface t-^perature distribution«    Each 
run is farther identified by a capital letter and a graphical point 
symbol which corresponds to the designation of the particular run in its 
graphical preservation in the figure irjücated as refere-ce at the bottom 
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or ea.cn column or une aaoä "cätttes. 

Peripheral variations of the modified fiusselt number UUf^a 2&& 

presented in Figures 5 to 34 for various cylinder arrangements :m 
ducts of different widths«, For cylinder arrangements symmetrical 
with respect to the heated test model, distributions of Nusselt number 
are presented for 180 degrees of the periphery only» In this cate- 
gory are single, in-line, and staggered configurations. For cylinder 
arrangements asymmetrical jfith respect to the test mo.del> i=e= stag- 
gered double-row configurations, distributions are. presented for1 the 
entire circumference* The cylinder arrangements and the cönfigura- 
tions are given as pitch dimensions in terms of the l.&-inch diameter 
of the test modelst, The  designation of configurations and arrähge- 
ments may be more clearly understood by referring, to Table I and 
Figure 4» For each cylinder arrangement, the distributiciis are sham 
at several different nominal bulk Reynolds numbers* 

Some test runs listed in Tables T-I to Till are not contained in 
the figures because they do not differ appreciably from other* runs at 
nearest Reynolds number» Also, some of the low-Reynolds number data 
are not plotted because the circumferential variations of the absolute 
value of point Husselt number are almost insignificant» 

The tables and figures do not contain the test data obtained with 
in-line configuration and unequal longitudinal spacings» These tests 
•were run for exploratory purposes and sample data are shown in Figures 
39, 40 and 41 in connection -frith the detailed discussion of distribur- 
tion curves» 

Data on pressure gradients and overall pressure drops determined 
in the experimental investigation are not presented in summarized form« 
Representative pressuse gradients along the duct wall for single and 
in-line configurations are contained in Figures 35 to 38, 

A noticeable general characteristic of all distribution plots in 
Figures 5 to 24 appears to be the better correlation of runs at equal 
bulk Reynolds .number but different temperature levels for low Reynolds 
numbers« The spread among test points for the same position becomes 
more appreciable at higher Reynolds numbers„ This may have been due 
to greater turbulence and local instabilities of air flow© Some of 
the spread among the tact points for a particular curve for a given 
nominal brlic Reynolds number is undoubtedly due to slight variation of 
the actual bulK Reynolds romber for the runs at different temperature 
levels« This may be noted from the data in Tables II to VIII where the 
bulk Reynolds numbers indicated for each curve are nominally equal but 
nav differ in some instances b-"- as much as two t>er cent« 
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table IV, Detft Sxaouor *«• Singl» end In-Lix» CyilncUr» in 3.5-Inufc Brat (&j » 2.353 

Configuration   j            Single              j In-line, Sj,= l.CS3=J is-lias, Sj.» l-.isO-\:iarUxa.^S7rLl«äOQ:l.lo?linSi_Sl-2.00oJ 

///       ^yy^y     /pV^y^y    y*yyy     y&yy^y     y^yyy 
•* O 

a' 
62,800 
62,600 

108 
236 

1.71 
250" 

140 
186 

62,100 
62,360 

83 
174 

153 
209 

142 
183 

62,300 
63,100 

78 
173 

130 
196 

140 
176 

62,430 
63,000 

78 
172 

150 
196 

140 
177 

62,400 
63,000 

79 
179 

149 
194 

142 
180 

B a !33,200 
53,050 

113 
256 

XT! 
264 

144 
198 

51,250 
42,200 

93 
134 

158 
222 

443 
189 

52,000 
52,400 

90 
200 

156 144 
216j190 

52.000 
52,400 

.86 
197 

156 
214 

1S6 
X89 

51, 608 
52,400 

91 
199 

036 
209 

148 
192 

C 0 
3 • 

«.,400 
«1.450 

126 
262 

186 
268 

152 
205^ 

41,450 
•41-, 400 

106 
222 

m 
240 

122 
ax 

«1,500 
42,200 

100 
213 

166!132 
2161186 

41,500 
42,200 

100 
204 

162 
210 

150 
184 

41,600 
42,200 

98 
204 

158 
203 

Ü0 
188 

0! c 31,100 
31,000 

139 
-269 

192 
273 

158 
215 

31,450 
31,430 

122' 
238 

174 
242 

150 
196 

31,450 
31,400 

117 
2o4 

168J151 
2341199 

51,420 
31,550 

110 
215 

162 
218 

148 
191 

31,450 
31,600 

110 
214 

160 
212 193 

s; 0 20,800 
20,600 

156 
512 

202 
2*4 

170 
218 

20,500 
21,000 

143j186 
2781266 

162 
218 

2i,acb 
21,000 

-145 176i155 
278J260J218 

21,170 
21,000 

15* 
256 

1Ö6 
241 

152" 
212 

'21,130 
21,000 

127 
251 

163 
2o8 

152" 
216 

? 
3 

10,530 
£0,320 

176 
329 

190 
276 

1&4 
234 

10,590 
10,530 

160J190 
306| 270 

iro 
234 

10,340 
10,580 

162]1891172 
308 j 2661235 

10,510 
10,550 

140 
290 

13» 
258 

167 
223 

10,530 
10,600 

i47 
232 

180 
251 

167 
228 

G 0 
• 

5,305 
5,290 

202 
377 

197 
292 

178 
264 

.5,275 
5.260 

,196 
375 

157 
296 

iao 
268 

5,300 
3,230 

193 
369 

193,176 
2931263 

3,170 
5,240 

1S2 
548 

198 
295 

183 
256 

5,170 
3,240 

176 
339 

194 
279 

182 
256 

U 0 
Q 

1,770 
1,765 

2ia 
390 

204 
296 

192 
27* 

1 
i 1 ;.•[ 
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Table VI.    Data Suaoar7 for Staggered Cylinders in 3-Inch and 3.5-Inch Duct3 

Configuration, 
»taggerea 

27,820 
27,810 

21,550 
21,5«) 

16,100 
15,790 

10,600 
10,490 

5,305" 
5.230 

114 
199 

149 
224 

154 
2o6 

69 
iso 
292 

16a 
212 

173 
234 

190 
248 

129 
193 
261 

140 
174 

15fl 
182 

156 
194 

119 
169 
218 

64,500 
64,330 

5.5,750 
33,950 

43,150 
4o.lo0 

32.000 
32.300 

150 
175. 

164 
201 

176 
i08 

187 
238 

178 
192 

186 
205 

190 
216 

206 
233 

160 
170 

166 
182 

167 
188 

18Q 
202 

41,500 
41,500 

30,410 
o0,410 

20,980 
20,950 

10,300 
10,310 

62 
132 

71 
140 

85 
164 

99 
19* 

150 
191 

152 
192 

130 
199 

163 
218 

139 
168 

las 
166 
135 
168 

146 
184 

32,100 
32,050 

81 
lai 

41,850 
42,000 

31,200 
31,200, 

21,000 
20,980 

150 
205 

186 
154 
204 

98 
192 

116 
2Z7 

162 
214 

167 
230 

42 
ias 
143 
182 

149 
191 

132 
Ä>2 

2,190 
2,140 
2,170 
2,135 

17o 
180 
344 
359 

172 

268 
288 

152 
168 
230 
248 

iO.,220 
21,000 

209 
274 

220 
236 

193 
222 

5,220 
5,245 

126 
244 

177 
244 

•159 
209 

10,330 
10,320 

126 
244 

ISO 
246 

163 
218 

10,700 
10,630 

242 
25? 

226 
261 

196 
224 

1.749 
1.745 

160 
303 

1S8 
266 

172 
238 

5,230 
5,243 

181 
262 

166 
234 

3,340 
3,303 

270 
531 

233 
274 

209 
242 

i.?ao 
1,770 

178 
330 

183 
267 

ltt 
246 

2,173 
2.1TO 

230 
373 

204 
280 

188 
254 

Her. rigor« 23 Figure 24 Figure 28 Figure 26 
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356 
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32 
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41*330" 138 193 171 

31,600 
31,443 

20,900 
20.950 
20,930 

10,350 
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246 

58 
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244 
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197 
266 

144 
197 
261 

256 

167 
215 

127 
160 
200 
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10,380 
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Peripheral Distribution 

General inspection of the. distribution curves in Figures 5 to 34 for 
all cylinder arrangements shows that they are fundamentally of different 
patterns«, 5he modified point film Nusselt number and consequently the 
point heat transfer coefficient on the cylinder surface may Vary *60 to 
1ÖÖ per cent from the average value« The locations of maximum, and mini- 
mum heat transfer coefficients on the cylinder surface also vary with 
differed arrangements. However, for a given arrangement the distribu- 
tioh curves at different, flo» rates are essentially, similar to one 

The relative circumferential variation of Nusselt number, as well 
äs the influence of bulk Reynolds hMsber and configuration on the dis- 
tribution are shown effectively by distribution plots of the ratio of 
point-te^ävepäg© Susselt humberi Figures 39 te 51 eent-ain represent?.- 
tive ratio plots for the configurations investigated. These ratios may 
also be interpreted as point- to«= aver age heat dissipation .patios as as 
relative point unit heat transfer coefficients« The variation of these 
ratios is  shown to be greatest for in-line configuration and least for 
single eonügaration0 

In general,- the variations of the ratios of point-to-average modi- 
fied Kusselfc- somber follow the 3ame trend as the Husselt number distri- 
butions. The ratio, plots emphasize several distinctions which are not 
readily apparent from an inspection of the Husselt number distributions» 
namely, that the range of the ratio variation increases with a decrease 
in Reynolds number and a decrease in Configuration pitch and that at 
higher Reynolds numbers the ratio variation tends to become independent 
-of"flow rates. For all multiple cylinder arrangements the range of ratio 
variation increases with decreasing duct width, fhe opposite applies for 
single cylinders» Ala? for single cylinders, the range of ratio Varia- 
tion appears to be only slightly affected by a change cf duct width from 
3 to 3»§ inches« 
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1. Single Cylinders 

The modified Nusselt number distributions for a single 1.5-inch 
diameter test cylinder located in 2-, 3-. and 3.5-inch wide ducts., shown 
respectively in Figures 5., 6, and 7, indicate several singularities» For 
bulk Reynolds numbers below 10, OÖü corresponding to a nominal Telocity 
of approximately 15 feet per second, the maximum point Nusselt number, 
and hence the maximum surface heat transfer coefficient, occurs at the 
forward stagnation point of thj cylinder (a = 0 degrees)? For Reynolds 
numbers above 10,000, the maximum Nusselt number occurs at the rear stag- 
nation point (a = 180 degrees). The minimum values of Nusselt number 
•occur at approximately 100 to-119 degrees from the. stagnation point for 
the lowest bulk Reynolds numbers and shift to approximately 87 to 97 
degrees from the stagnation point at the higher, bulk Reynolds numberso 

The variation of point Nusselt number in the peripheral region 
near the stagnation point ±s almost negligible. This region of uniform 
heat transfer extends to 60 degrees either side of the stagnation point 
for the 2= inch wide duct and to 2ü degrees either side of the staghatic 
point for the 305-inch "wide duct. 

In the wider duct, the distributions resemble those obtained in 
free stream tests« In the narrow duct, the uniformity of heat transfer 
over the forward one^third of the periphery must be ascribed to the flow- 
containing effect of the duct. 

A significant feature observed in Figures 5. 65and 7 is the 
shift in the location of the minimum Nusselt number with duct width and 
Reynolds number* According to Fage and Falkner, as cited by Schmidt and 
Sender (11)', the location of the Ednimum Nusselt number is associated 
with transition from laminar to turbulent flow in the fluid layer ad- 
jacent to the surface. Therefore, it appears that lower Reynolds number 
and narrower duct width which contribute to the restoration of undisturbed 
flow conditions downstream by"virtue of smaller dynamic inertia and a 
greater containing effect on the main stream tend to retard the occurrence 
of transition* 

The effect of this retardation is reflected by the fact that the 
ratio of the average Nusselt number of the dov;nstream half to the average 
Nusselt number of the entire cylinder increases with the Reynolds number J 
Schmidt and "tenner (il) have shown that when artificial turbulence is 
introduced by means of an axial interference wire on the upstream sur- 
face of the cylinder, the location of the minimum Nusselt nxaaber shifts 
approximately 20 degrees upstream and the average Nusselt number of the 
back half of the cylinder is raised appreciably= Thus, the reduced ratio 
Of average Nusselt number of the downstream half to the average Nusselt 
number of the entire cylinder at lower velocity ap^eers to be the conse- 
cuence of »eak turbulence due to retarded transition caused by decreased 
velocity. 

The effect cf velocity or Reynolds number on the location of 
the mj r^pniTr. Nusselt number and. on the relative magnitude of point heat 
transfer coefficients is shown in Figures 39 to 41 ?rhere the ratios of 
point-to-aver age Nusselt numbers over the entire circumference are shown 
at several Reynolds numbers for single cylinders in 2-. 3-,and 3,5-inch . .. 
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v;ide alvminass. test ctacts -,  respectively. It is- of interest to note that for 
each dtxct -width, the ratio-variation is greater for lower than for higher 
Reynolds numbers and remains relatively constant for Reynolds numbers 
greater than 50,000, At this Reynolds number the maximum range of point- 
to-average heat transfer coefficient ratio for the 2-inch, "wide duct is 
from 0.6 to 1«29j röiile for the 3 «5^inch wide< duct the variation is from 
0.49 to 1,52* The corresponding relationships for a Reynolds number of 
5000 are 0,46 to 1.58 for" the 2-inch vd.de duct, and 0.38 to 1.45 for the 
3 - 5~inch vp^de ductc* 

2. In-line Cylinders 

The Kusselt number distributions- for four in-line arrangemehts', 
each located in a 2~inch, a 3-inchs or a 3.5-inch -sn.de duct are shown in 
Figures 8 to 19.. These distributions differ quite markedly from thos.e 
obtained for a single cylinder<> In general, the maximum value of modified 
Nusselt number occurs approximately 60 degrees from the stagnation point 
•while the minimum value occurs either at the stagnation point or approxi- 
mately 140 degrees fron its The magnitudes of the modified Husselt number 
in these locations are approximately the same in ducts of same width at 
the same Keync-ids number, irrespective of spacing. 

A. second maximum value of the. modified Nusselt number occurs at 
approximately 110 degrees from the stagnation point of the test model in 
a 2-inch v;ide duct«, The magnitude of the second maxrTum. is considerably 
lower than that of the first. In ducts of 3- and 3.5-inch widths an in- 
flection cf the distribution curves appears at approxisately 110 degrees 
from the stagnation point. 

The different Eusse.lt number distribution curves should be ex- 
pected from studies of cylinder arrangements and flow direction. In the 
case of the single cylinder, the air stream impinges directly and norin^ 
ally on the forward stagnation point where the boundary layer starts to 
fern, and produces a relatively higher heat transfer coefficient. However, 
in the case of several cylinders arranspd in line, the stream flowing 
through the relatively narrow opening between the upstream cylinder and the 
duct -«all impinges Dn the upstream half .of the downstream test cylinder at 
a lccation :.ther than the forv/ard stagnation point. The flow at the nar- 
rowest .speniiis between the upstream cylinder and the duct wäll is essen- 
tially parallel to the duct axis but- is deflected toward the duct center- 
line in the region upstream cf the test cylinder, resulting in impingement 
approximately 60 degrees from the stagnation point« Also the impingement 
occurs at a higher local velocity than in the case of the single cylinder 
at equal Reynolds number. This is also apparent from the relative magni-- 
tudes cf pusselt numbers for the in-line and the single configurations at 
the same Reynolds number and duct widths For example, in. a 2-inch -wide 
duct at a Reynolds n^nber of 15,800 the maxLmiE. modified Husselt number 
occurring at the stagnation point of a single cylinder is 177, while the 
maximum modified Husselt number for in-line cylinders occurs between 50 and 
wC degrees from the stagnation point and has a v»lue in the range from 420 
00 455 for cylinder spacings in the range from 2<JO0 to 1, JS5 diameters. 
This also ineicaües that neither the location of the maximum heat transfer 
coefficient nor its magnitude, the latter presumably dependent on the im- 
pintement velocity.. are appreciably affected by cylinder spacing« 
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The location of the maximum heat transfer coefficient appears to 
be somewhat affected by duct •width.    For example;  at. equal spacing ef 
1.083 diameters, the location of the maximum Husselfc number is shifted 
from 60 degrees for 2-inch duct width to 6? degrees; for 3.5-inch duct 
width«    The effect öf variation in spacing is i±ie same in the wider duct 
and eauses a shift in the location of the maximum point of up to 10 der* 
grees.a 

When comparing the values of the maximum Husselt numbers at 
different- duct widths for equal Reynolds .nupber, an appreciable change- 
is noted«    For example., the mean value of- the maximtm Nuaselt numbers at 
a Reynolds number of 10,70(3 for all the spacings used in the 2-inch, wide 
duct is approximately 340«.    The comparable value at a Reynolds number one 
per cent- loser in the ^c§—inch OTide_duct__is approximated v   187.« 

Representative, variations of point-to—average ratio?? of heat 
transfer coefficients for the in-line configurations are shown in Figures 
42 to -45 for two spacings5 each in the 2-inch and the :3«5-~inch rn.de duets. 
Curves for three cylinders arranged in line with longitudinal spacings of 
1.0S5 and 2*000 cylinder diameters in the 2-inch wide duct are sham in 
Figures 42 .and 43 respectively«    Curves for these same configurations are 
shown in Figures 44 and 45 for the 3*5-inch wide duct.    These arrange- 
ments represent eombinatioiB of least and greatest spacings and duct 
widths.    The ratio variations, of the intermediate in-line arrangements 
fall approximately proportionately within those of the described arrange- 
ments.    In general, ratio variations are greater at lower than at higher 
Reynolds numbers.    It may also be noted that for a given longitudinal 
spacing the ratio variations, are greater for the 2-inch wide duct than 
for the 3.5-inch -wide duct and that for each duct width the ratio varia- 
tions are greater for the closer spacings than th^y are for the wider 
spacings«    For example,, at .a Reynolds number- of 3v,Öüü and a longitudinal 
spacing of l„6f3 diameters, the variation is 0e5G  x> 1*9& for the 2-vn-ah 
wide duct while for the same spacing in the 3.5-inch wide duct the var- 
iation, is about from 0.55 to 1*75,    At the same Reynolds number for three 
cylinders in-line .in the 2-inch wide duct,  for a longitudinal spacing of 
2.00 cylinder diameters the variation is frcm 0o5& to 1.59 

The indicated variations show that- the effect of duet width on 
the relative distribution of ^usselt number is not very great, although 
noticeable,  and tends to reduce the variation with increase of duct widr'ac 
The effect of spacing is somewhat greater and evidences itself in re-? 
duced variation for increased spacings.    In. comparison to the variations 
obtained for single cylinders, those for multiple cylinders are greater* 
They do not differ materially in respect- to minimum ratios but may be up 
to 50 per cent greater in respect to maximum ratios.    This again points 
to the sizable spot cooling effect produced by the~ impinging air flow 
originating at the minimum cross^sectional flow area between the duct and 
the upstream cylinder. 

Figures 52 to 54 show several representative variations. of point 
tiusselt number for three cylinders in line with unequal longitudinal up- 
stream and downstream spacings.    The distribution curves display close 
resemblance and comparable magnitudes to those with even spacings In a 
duct of the same width«.    Remarkable similarities are observed -."hen >j._^ 
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frontal distribution and rear distribution are compared individually -with 
corresponding distributions of in~iir/e cylinder arrangements •with even 
spaeings equal to the upstream and the downstream spaeings.;, respectively. 
This comparison indicates that the distribution for unequal spaeings can 
be considered as a composite of two distributions for even spaeings and 
that, consequently, the former distribution may be estimated with reason- 
able accuracy by combining half distributions obtained for equal spaeings» 

3» Staggered 'Cylinders 

»s shown in Figures 20 to 22 the three staggered configurations 
in the 2-inch wide duct have similar profiles and indicate that the maxi-^ 
mum Husselt number occurs at the stagnation point and that minimum values 
of approximately equal magnitudes occur at about lQü degrees and 15U 
degrees fiicm ihe stagnation^ point0 .Ss two distributions for staggered 
cylinders obtained in the 3-inch wide, duct are -.videly different«. The data 
for--the closer spacing shown in. Figure 23 indicate a maximum-value of 
Musselt number at approxnmat ely 45 degrees, from the stagnation point and 
a minimum value at about 120 degrees« The maximum. Husselt number for the 
wider spacing shown in Figure 24 occurs at 27 degrees while the minimim 
valiss shifts from 105 degrees at low Reynolds numbers to 155 degrees at 
higher Reynolds numbers« The two staggered configurations in the 305-meh 
wide duct also differ markedly as shown in Figures 25 and 26. The maximum 
Husselt number for the closer spacing occurs at 35 degrees to 45 degrees 
from the stagnation point while" the minimum is 100 degrees. The distri- 
bution for the wider spacing, is comparatively flat with a maximum Husselt 
number at the stagnation point and a minimum at either 95 degrees or 155 
degrees« The distributions fox- the closer spacing :ai both 3- and 3c5-inch 
wide, ducts show a fundamental pattern similar to that of the in-line con- 
figuration except that the maxima occur at 45 degrees- and not at 60 degrees 
from the stagnation point as 13. the case for the in-line 60 nfiguratipn« It- 
is of interest to note that in these arrangements with closer spacing; two 
maxima, of equal magnitude occur at 40 degrees, tc the right and the left of 
the stagnation point, -ranlie only one maximum, namely at The stagnation 
pbint, occurs for other spaeings» 

Examination of the locations of the rraximum. Husselt number in 
Figures 20 to. 26 and their relative values gives a qualitative indication 
of :ihe ,existing flow characteristics, in the narrow duct, 2-inch wide, 
the occurrence of the maximum Nus seit number at the stagnation point in- 
dicates that the effect of "the cylinders in the upstream banic, located 
symmetrically relativ© to the center—line is to create a jet which im- 
pinges at the stagnation point . This results in a r.aximum Husselt number 
which is greater- the smaller the spacing between banks is, For longitud- 
inal spaeings fron ü 957 to 1.34 5 diameters 'and a buiä Reynolds number of 
10,6U0 the maximum Husselt number decreases fror.: 33c to -54C- The values 
of the «usseit number in the downstream half of the cylinder are consid- 
erably less affected, 

The jet effect is also illustrated by comparison of the Musseit 
number at the stagnation point in the staggered arrangement viith that 
obtained for a single cylinder. The respective values, as obtained from 
Figures 20 and 5 for a Reynolds number of 10 oOO are 385 and 148. 

The convergence of flow effected by the upstream can!-: is a func- 
tion not only of  longitudinal spacing but also of the transverse spacing 
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which, is,. the. wres—st invest-'* sat-"* on is s^'usoTf^sprss with Ariet width-    This is 
illustrated by comparison of" 'the distribution obtained. Star the 3- and 3.5- 
inch ducts with "ii.oise of the 2--;inch duct,    The fact "that. in. the wider duct 
and at the smaller longitudinal spacings as shawm in Figures 23 and 25 two 
naocawiia, occur indicates that actually two separate Jets are formed «hose 
velocity .and convergence are dependent cm, the transverse spacing.    Again,» 
the absolute values for the imrroTie]?' dlict   are appreciably greater and the 
location of the acxJisa. is shifted slightly toward the stagnation'point for 
the narrower dwelt,.    The c«o:»enpgence of the:  jäte, is indicated fey comparison 
of" Figures 25 and, 24 which she» the relative magnitudes of the maximon value 
and its position to change appreciably with longitudinal spacing,,:    ibr ex- 
ample, at a Reynolds nuaber of 10,550 and a longitudinal spacing of 0.576 
diameter, as shown in figure 23, the mäüftmum Husselt number occurs at 45 
degrees from the stagnation point and has a, value of 563 as compared to a 
Susselt number of 155 at the stagnation point.    Compared with this, at a, 
Reynolds number of 10,660 and a longitudinal spacing of 1.00 diameter, as 
shown in Figure 24, the maxiinm Husselt nuaber occurs at 25 degrees from 
the stagnation print and has a value of 263 as compared 'to a Husselt imtnber 
of ,235 at the stagnation point*    This tendency of the flow to converge into 
a. single jet of Erne uniform velocity is further substantiated by the shapes 
of the distribution curves „in Figure 26 for a 3,5-inch wide duct and a lon- 
gitudinal spacing of 1.16? diameters at which the convergence appears to 
if,«,: ire been,, completed since an essentially constant Eusselt nranber distribu- 
tion is obtained in the peripheral region extending 30 degrees either1 side 
of" the stagnation" point. 

Tariations of pjint-to-average ratio of lusselt number for the 
staggered configuration located in the 2-inch and the 3.5-inch wid-* ducts 
are shown in. Figures 46 to 49*    The effect of longitudinal spacing is ob- 
tained by comparison of Figures 46 and 47, both for "'""he   2-inch duct but 
of different l^nsJtadinal spacimgs of 0.957 and 1.345 diameters, respect- 
ively-   Ajj a Reynolds number of 30,000, the ranges :,,f" the 'ratio variation 
are almost identical, and .ire fron 0.75 to 1.65 and „^„„roa 0.71 "ton 1.60, re- 
spectively.    Toe effect of longitudinal spacing on the range of ratio 
variation becomes nope appreciable in ducts of greater widths    As shown In, 
Figures 48 and 49 for "the 3.5- inch wide duct at the longitudinal spacings 
of 0.673 and 1.167 diameters,  the ranges of ratio variation at the same 
Reynolds number of 30,000 are from 0.65 to 1.66 and fron 0.70 to 1.33, re- 
spectively.    Thus, it becomes apparent- that the least, range of ratio 
variation is obtained with configurations of largest longitudinal and 
transverse spacings„ 

4.    Staggered. Double-Row Cylinders 

•nsselt nuaiier profiles far the staggered, double-row configuration 
-are presented in Figures 2? to 51 ->nd have relatively little siniLra-ity 
'«ah profiles of other configurations.    The profiles are non-s^nmietrical 
•about the center plane of "fee heat si test cylinder.    However,  even though 
'the distributions of Kesselt numbers over the two halves of the cylinder 
are not similar, the average va3_^es c,f jJusselt ninher for each half are 

•approxiEatsly equal     Generally- the avenge values of Musselt number of 
the Tight, <or inn^r half,  directed to —rd the, duct's cents» "lime is 
sligSitly greater than that of" the left or outer half.    There is also little 
sirsilrrity between r: rallies obtained! with different späcines.    "l";.,e shape 

mo.   =1, ii,...:, 



of the lasseli member profiles is considerably changed when, the cylinder 
SpÄCingS  oaTo  Ajt'/wSie«« 

From the configuration, it :1a noticed that the cylinder arrange- 
inent with respect to the right or inner half of She test model is nearly 
identical to the staggered, configuration and that tue'arrangement with . 
respect to 'the left or outer half is very similar to the in-line config- 
uration.    Is the 'heat transfer coefficient distribution is: dictated by 
the flow field which is largely influenced by cylinder arrangement, re- 
wuRiMiWi annes of" iJusselfc «wnihei« profiles" of the right half of the teat model 
to that for the staggered configuration, and of the left half of the 
test model to "that for the in-line configuration would "be expected for 
all spacing»,,,    Scseires?:, only for closer spacings this resemblance is 
.more pronounced.    This can be observed by comparing the distribution curves 
off the right half of the cylinder" shorn in figure 30 with the distribution 
curves shown_in Figure 25 and that of the left half of the' cylinder shown 
in, the same Figure SO with the distribution curves shown in Figure 179 all 
for1 a duct width of 5.5-inch-    Similar comparisons may be made between 
Figures li and 23 for the in-line and 'the staggered configurations im a 
5~5nch nd.de duct and Figure 27.    "the similarities betaeen the Kusselt 
number distribution curves as noted above, despite the differences in the:»* 
magnitudes, yield significant .indications of flow similarities«    Comparing 
the right half" of the distribution curve for double-row" stagger with wide 
spacing with a corresponding distribution curve for a symmetrical stagger „ 
as shown by Figures 28 and, 20 respectively, a, less pronounced resemblance 
than for the closer spacing; is observed,,,    This lack of resemblance appears 
to indicate that in closer spacings the flora fields around the right .and 
the left halves of" the test model, are less affected, by one another than, in 
wider spacings. 

Several representative variations of point-to-average ratio of 
Busselt number for the staggered,., double-rora .»^figurations located in a, 
3-inch wide duct are shorn in Figures 50 and 51,    At a Reynolds number of" 
30,000 the variation of the ratio is from 0*55 to L.74 Cor a longitudinal 
pitch of 0.853 diameter and a diagonal pitch of 1*083 diameters,»    The cor- 
responding variation is from CL'5 to 1=4 for a. longitudinal pitch of 1.345 
diameters and a diagonal pitch of" 1.50 diameters,    'fite Reynolds number 
effect on the range of ratio variation is not appreciable for elrsar spats- 

5.    Test Data, of Cylinder .1 

Figures 32,,,  33., and 34 present the fi'asselt number distributions 
obtained with test cylinfer " located isiinp^ly in S-ir/iä, 4-inrSii9 and 6-inÄ 
'«ade steel ducts, respectively.    The reliability of these data is djubfc- 
fill,,, as evidenced, by comparison of Figures 32 and 13 which show the 
disagreement "between, the data obtained with the tsw  test cylinders, each, 
located in a duct of different- material, but of the sane width*    The shape 
off the curves at the lower Reynolds nnubers art similar although the mag- 
nitudes differ slightly.   However, at the higher Reynolds nuEibers there 
is little similarity between the curves,    it must fee assumed that the 
'data obtained with test cylinder B looted in the alumMuss ducts are sore 
nearly correct because the cylinder and ducts were rtore carefully construc- 
ted and am ämpircved experimental technioue "sas utilized. 
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la mentioned in the descriiHfcxon of the construction of the teat 
gp-Tjaders äa Ärveadäs II-t  cylinder * ;«s hanc^-fimaiheidL.    Äisi process nay 
have resulted .in a. honr cylindrical surface with flat sputa and irregulari- 
ties.   Both the inner surface and outer surface ttiaraacou.xJ.es IT ere posi- 
tioned wia-niroaniniy:,.,    The outer surface thermocouples '»ere cemented into 
longitudinal grooves which could account for variations in depth from the 
surface.    Idtenise,' Hie thermocouples on the Lmer shell surface may have 
varied in depth ürom the surface.    Thus, an air gap may have resulted and 
the effective thickness of the. Iransite shell, was probablj different 
between, various pairs of thermocouples.    Bie outer and inner1 surface thermo- 
couples may not have 'been radially opposite to each other ami this could 
also cause an erroneous measurement of temperature difference across the 
Transite shell at any particular location. • 

Because of thermocouple failure some of these data were obtained 
vxLth only one pair of thermocouples*    "UIKS», temperature profiles around __ 
the periphery could not 'be obtained simultaneously at a particular air flow 
and power setting.    The cylinder could be re si ticked at five- degree in- 
crements only by means of the hold-txoan screws instead of with a vernier 
and guide ring as provided for cylinder B.    Therefore,  to obtain a tempera- 
ture distribution around the cylinder, to he used to calculate the Busselt 
fflEiher distribution, it was necessary to shut off air flow and power input 
while the cylinder was removed from the duct and rotated to a neu position. 
Ibis procedure extended the data-taking over a considerable length of time 
during which ambient conditions ray have changed appreciably,    filsc.,,  each, 
position change required the air flow and power input to be shut off, .then 
re-set,  and subsequently,  a stabilizing interval to be absei"wed,    heedless 
to say,  this resulted in a large experimental scatter due to variation la. 
Reynolds nuaber and power input between individual test points« 

However, when the distributions of Figures 3-2,,  53, and Si .are com- 
pared to taose obtained aj BSeii (.2) and Schmidt and Hemmer (H) a maraed 
similarity may be mated«    fhese reference data «ere obtained-for cylinders 
of large diaiaeter exposed to essesit'iall;:;' free-suresm flow which resulted 
in IBCKI   -re-ater Reynolds aiaiLers.    it Is li&aly that the surface roc^ness 
::f test cjlxmasr A Bay have increased the effective Reynolds number appre-. - 
ciably so ihat qualitatively the Busselt number distributions nay "he "*'''' 
compared with the reference data,,.    ?or duct widths greater tlian tso cyl- 
inder diameters the flew cortditLaEs would approach "tlki.se realised im a 
wind tunnel or free stream con figuration. 

jure taps ?ere c:~ere<:   -  fche half-cylinders _..=- led along the - 
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"1*hlS"Sl!S! l!ü'_'t'!"'_butiOI2S   are  fo_*   S. _______si  constant ww  7?'l npitir  inif" amTTWimg*«— 
mately 4» 32 pounds per secondr-square foot which corresponds roughly to 
a bulk Reynolds number of 42.500 or a flow velocity of 60 feet per sec- 
ond* 

Inspection of Pig_re 35 discloses several significant features.. 
"Die j_a___sa__. static pressure drop varies inversely with duct width and 
is attained at a distance downstream! of the center plane of the model« 
-fee occt!?r?iü!.ce of EHUCSESCS static- «'pessi'nre drop downstream of 'the center 
plane andicates a EJUJIBBB flow cross section si mi Sar to a vena contracta. 
He distance appears to be increasing with decreasing __Ld1___    as would 
be ejected, complete recovery of the sajämsm. static pressure drop is not 
realized downstream, where ehe priginälL flam cc_ic__t__ns are beüe^Ted to 
have been, restored«,    the percentage of recovery, defined as the ratio of 
the a____u_t öf .statia oressur« recp'ggrs-  .o fane usuömza. pressure drop;, in- 
creased with increasing duet _a.dth. 

Figore Ä sheas the variation of static pressure along toe duct 
'nail, at several different sass "welcci t-ie& for a typical in-line comfig^ 
uratioa, consisting of three 1J5—inch diameter cylinders spaced at a 
longitudinal center-Mne-t^r-cent er-line distance of 2.25 inches which 
corresponds 'to 1-.5 cylinder diameters»    Although these distributions are 
for the 55-imch wide ducts similar distributions are obtained for the sane 
configuration in ducts of different width .and for various longit-mdinal 
spaclngs in the sane duet»    'Sie __________ static pressure occurs nearly at 
the center plane of the third dc5snstream-cylinder =    ^his is probably due 
to the partially confined flow passage upstream.,  caused by the first two 
cylinders.   Consequently,  a more gradual redne .ion in flow area occurs« 
;>ear the upstreaa-cylinder,   fee  scatic pressure variation is similar to 
that for a single cylinder«,    "*ae static pressure fsnrthRr decreases .as; the 
stream flows downstream beyond the sept er1 plane of toe upstream cylinder. 
Comparison of variations of siati: pressure at different mass velocities 
indicates that the Ea_____ja static pressure drsp is roughly proportional 
to "tlla,e square of  fee Ease velocity .and that- the percentage of" recovery sesss 
to' increase with decreasing velocity. 

"Eise effect of longi--s______l spacings can fee observed qj cc__p_ri_-g 
'the 'variation, of static pressore in a 3-Inch äüe duct with single cylinder 
in Figure 35 and 'toe variation for toiree cyl±r;ders 'in line at a mass ve- 
locity of 4.36 pounds per second-square ioo_ in ^'igtre 36*    in 'both cases- 
'toe. duct "sid'tias are the sane and toe, rass velocities nearly eqcai-    ^ke 
pressure loss for one cylinder is approximately 1_-_ __:_ae3 of sate,  and the 
pressure loss for three cylinders is approTP "at-ely !_•__  inches of" *-:a~-s_' 
mich corresponds to a pressure Ices of 0.55 men of r-^ater per er"" toisr,, 
<_,, _.»»—•   •iHUUi   __«_   ;-ia5s     re - _S i       ^    S«U8a —1___!3     ._,_,      KITS    S_i  3* _—. /JLinlp-'—_ 

configuration is considered as a. cc__?i£uraci_n __* n?__._ iple cylindt-rs. lon- 
gitudinally spaced infinitely apart» the pressure less per cylinier ,:_„s 
re_:cec zc  s. xr.5-_1era._e e_t_e»_t "or closer scacinc:« 

]_. a __i. 
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7/ere obtained in a 3-inch -wide duct at ä constant nominal mass velocity 
of 5?49 poxjnds per second-square foot, corresponding to a Reynolds number 
of 52-. 000 and a velocity of 75 feet per second and for four different 
center-line spacings,    For comparison,  the static pressure distribution 
for a single cylinder at essentially the same mass velocity is included. 

The distribution curves for- üie in-line cylinders, are essentially 
similar to one another.    The maximum static pressure drop appears to be 
increasing "with increase of-longitudinal spaeingi    The pressure logs on 
a per-cylinder-basis also increases with increasing spacing} with the 
single-cylinder data as the limit.    The percentage of recovery increases 
Tilth diminishing spacing -, as calculations eh basis of the shown curve 
values indicate. — 

The effect of cylinder diameter on static pressure variation along 
the -«all of the 3.5=lnch V£lde duct is. shown in Figure^ 38 for three cyl- 
inders of different diameter.    The pressure drop data shoiai in Figure 3tf 
for a single i-indi dianeter and a 1.938~ineh diameter cylinder were used 
to verify the correlation obtained with the%.«ö"xnch diameter test cylin- 
der *    Comparison of ^Igore 38 with.-35 shews that increasing cylinder 
diameter produces the sane general effect on the presstcre, distribution 
as decreasing duet width -which would be expected from similarity consia- 
«rations when the pressure gradient is assumed to be determined by the ratio 
of cylinder diameter to duct width» 

in order to determine the effect of heating on the static pressure 
distribution at the dust wall, comparative runs «ere made at constant air- 
flow -with the test cylinder heated and unheated=    No effect of heating 
could be detected within the accuracy of the instrumentrtion, therefore 
for each configuration only one static pressure distribution was obtained 
at any given Reynolds ruiaber even though the surface tssaperature of tne 
test cylinder nay hare varied 200°F or more for the range of heat dissi- 
pation used.    However,   in all instances the temperature rise of the air 
was small and did not exceed 5°F. 

Overall Keat Transfer 

1»    Bffee'- of Cylinder Arrangement on Nusselt Huaber 

Variations of modified average Nusselt number HUJ>^«(a-re) 
with bulk Reynolds number for several cylinder arrangements are shoim in 
Figures 55.  &*z   and 57,     The. curves indicate the relative effect of cyl- 
inder arrangement- or. the Sussex* number for the physical arrangements 
described \j cylinder diaaeter;   cylinder spacings, and duct Tidth.    The 
qualitative variaticr; of average surface heat transfer coefficients are 
also described because, far  the same cylinder   diameter, as is the basis' 
of the data,  the heat transfer coefficient is directly proportional to the 
Nusselt number. 

Figtjres 55 -inc. 5V,   xntain curves for single,  in-line, and stag- 
gered confignra"* ions is. the 2-inch and S.^-inch wide duct, respectively. 
Such curves for a fix^d d.i.:.'-- -idth may be compared directly since un-ier 
zhLs condl-Aor- a <i^-r. bul> Reynolds number indicates a constant quaniity 
of air fiow    irrc3oeoti"e of c~linder arrangement« 
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The curves in Figure 55 indicate an appreciable increase of heat 
transfer by use ©f multiple ^cylinder ärraHgeiäent.    The increase over the 
single cylinder in the 2-in3h duct is in the order of 50 to 70 per cent. 
Among the in-lice arrangements, a longitudinal spacing corresponding to 
lo5; cylinder diameters appears, to produce the greatest heat transfer«    How- 
ever j the ränge of variation of the values obtained for longitudinal < 
spacings between 1„083 and 2*00 cylinder diameters is only approximately 
15 per cent,,    The order of -curves of constant longitudinal spacihgs indi- 
cates the existence of an optimum value -within ehe investigated range which, 
however; may be greater or smaller than 1,5 cylinder diameters* 

With staggered arrangements in the 2-inch wide duct, grr ter heat 
transfer than witn the in-line arrangements may be obtained.    The greatest - 
values "indicated in Figure 55 are for the staggered, configuration with a 
longitudinal spacing of Cn9?:7- cylinder diameter»    Föi1 this arrangement ä 
qualitative increase of 20 per cent over the meaii value feg" the in-line 
.configurations is indicated,/ 

The nature of the curves in Figure- 55 for the 3«5^inch wide duct 
is similar to that .£ the curves in Figure 55 for the 2-inch wide duct. 
However,  an outstanding difference is that the increase of heat transfer' 
with multiple i^liss spaeings over the single cylinder is not as appreci- 
able as. for the .2-1^ \& si.de duct-.    For the range of longitudinal späcings 
investigated,  the  variation in heat transfer is of about the same order as 
fir- the narrowe?.3 ci,/-.  although the curves appear to have a tendency to 
converge at the higher- Reynolds number.    Ägain5 the existence of an optimum, 
spacing is indl^atfiio    Like in Figure- 55, the highest values of heat trans- 
fer are shown i..? -.us staggered spacing«,    However *  in contrast, the increase 
ever the iif->^i>i3 si^jag is 'very appreciable«    The aaximuni values of heat 
transfer ooi-aiaed f.,-.." a. staggered arrangement with a longitudinal spacing, of 
0o6v3 diameter are app^-oxri£ä.;-eiy 100 per cent greater than the mean of those 
f;? the in-line arrangements,    Quantitatively the heat transfer coefficients 
obtained fa? the spa ing are equal to fee niaxiauni values obtained for the 
staggered arrangea.=r/  La. tee 2-inch wide duct with Öb.^5!"-diameteT longitudinal 
spacingo  . ^ohsecr:;^- - „-- uhe  ra^ues for the- in-line arrangements in the 3*5- 
inoh wide d-uv" ccl---vj appreciably fror: those in the 2-inch wide duct«    For 
equal Reynolds n.;r:r-•.;',, öLssi.?ring the same air velocity, the heat transfer 
coefficients in '.::.'- T'ic.?r dh.-"• are approximately 40 per cent lower» 

For-  .- '5. pa: _=c- •, -ns heat transfer coefficisnts and Nusselt numbers 
obtained wi~-h a CL _-  :«-•:«* 3'aggered configuration in a 3-inch and a 5„5- 
indh. wide duo'- ax-- p..    '.ed.    For- reference purposes» Figure 57 also contains - 
values for a sing is-    ylinder in each of the ducts,,  it is evident that heat 
transfer fr-cm a single ^/l^iaa? in the voider duct and at the same Reynolds 
number is soiaewha\. i."wera    A- a Reynolds number of 10,0.00 the difference is 
in the order' cf 10 per cent,    The double-srow staggered configurations, show 
heat transfer coef f i .ients up 7.0 13C per cent greater than üie single cylin-: 

derso    The..Dagcit-dö of the heat "transfer coefficients is appreciably af- 
fected x" variatior.0 in' spa ,ing=    In the 3-inch wide duct,  for a range of 
diagonal spar-iaga -:• JZL ^„OS-   :c I„50 cylinder diameters, the heat transfer 
coefficient is red_;ed cy approximately 55 ps^ cent«,    Like in the symmetri- 
cally staggered, arrangements.-  for which the data are given in Figures 55 and 
5f;  the iarge-sx- hsa~ transfer is obtained at the smallest diagonal spacing« 
The range of diagonal spacings for the 5.5V inch -aide duct is smaller and 
covers only the values of I0l53~ and 1.413-cylinder diameters.    The difference 
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between. the heat trähs-f er indicated by the we curves' is only in the order 
of 15 ptsr cent» 

It is noteworthy that- the curves for the double-row staggered 
configuration! sholto in Figure 5.7 represent; for „any given Reynolds mj&r 
ber, heat transfer coefficients of decreasing mgriitüde with- increasing, 
diagonal spacing, irrespective of the duct width.    Also, the- slopes of 
the lines expressing the variaiaohs of heat transfer coefficient Mth 
Reynolds ntjraber- are., "while- »pillar, not equal, for the various, eorufig• 
^rations investigated.    Therefore-,  it appears that for purpose of gen?- 
eräi correlation the. slopes "»MfLd hot be constant but would be dependent 
on Rasing, as- itsIL. äs. Reynolds rhumher? , _-. 

2>   Kusseli IJumber .änd-£r-esssr-e'JÖr,op Relation 

Be^-%terpretäti6n öf the average, heat transfer carves- in: Figures 
:55,* 56, and 57 oh. the basis ef enesgy • requirenahts; fof indicated boat 
transmission is -of importance to describe Bore completely the effects of 
cylinder arrangement and air flow velocity..    Sie ratio of average modi- 
fied. Husselt number to corrected pressure drop per cylinderr at a given 
'Reynolds number and fixed duct width.  is a direct andicat'ioh of the heat 

•feSansfesu obtained per unit of energy inpu'c to the air streas!.3 necessary 
to produce the. .given, velocity of .flow«    Eras the efficiency of heat ex- 
change for the various arrangements may- be evaluat-edä    &lsö, the effect 
of Reynolds number on heat transfer per  unit energy requirement may be 
•illustrated.  , 

figure 58., like,.-Figure; 55--;- contains Chartas for siagie'i, in-line, 
and staggered' cylinder arrängeEeiits. in the 2~o2ich *lde du.ct„    It is ap- 
parent that the' efficienay of heat exchange is- greatest- at the lernest 
air vexöcityo    EcweVeT}  at should be noted that    .ie total heat exchange 
obtainable from a given siirfa-se for- a specified temferatufe differsnee 
•decreases -mth air velocity in-she manner- sfcsmi by Figur'?-? 5c.  öK-  and 
57*    Applied to the cooling of electroni? c-ompönsats *hioh must dissipate 
a- fixed quantity of heat irc-rr. a .gi^en surface,' reduction "i*i eboIiAg air- 
vplocity results- in increased tea.per-a.tore rise- ei. th,e surface. 

Greatest heac transfer efficiency at lowest air' velocity- II also, 
indicated \sj the curves In F'igiüre 59 -  sippJ?^ ^o ^Figure- cS-,. but for a   = 
Soö-'inch "aide ;i"ict; and by Figire oO  ""-"' deusle^roii? staggered arrangev- 
ment:s. in gnctsyiBd, S.5 Indite iside,    fh-t values short: for dLfferäit ducts 
say -be- -e-cmbare^ on the bas-ss- .of equal fias- ram?    Since the fic-TJ r.ate: %s 
proportional to the prodtut of Reynolds number and due- --idth,,   Comparable 
points.'are obtained, at Reynolds- numbers related- to .eäcn o'cher inversely 
to the duct HLdthi,/   For ~ gräiäplg, the curve^v-al^e- .obtaitiea iH Figure 5% 
corresponding tc an in-^ine longitr-dnnal .spacing of 1. 50^ cylinder -dia~ 
•meters at a Reynolds- number of 35,GOG is 200.    for the same, flow ra~-e; 
the Reynolds number :m Figure 59 must, be 2Q.QQC since the dust.Tridth 'is 
related to that of Figure 5S as 3-„p to 4ö0,     Therefore-   the curve-value 
obtained, in Figure 59 and corresponding to an inline "lcr.ri* -linal spacins 
of l-»öÖ~cylindet diameters-, is l'?CXJ*.    Tl-is shcTäs the ratio cf „ea''r- tr-ans~ 
fer per halt p-©>jsr I'-eauiremeHt to be nost favorable for the wilcst* adf 
oa-ssage- if the», air flow rate is fised.,    Ano^Lsr basis   "I  caparison *"?buj.d 
be eoual 'air- flovr TslG^iir-v ^hich is &-iained a^ t..e s^A %e;r_sLis number-« 
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Under this condition^ the ratio öf heat- tr ansfej? "to- uiait- *"">iser 2?erMx?ement 
is determined by dividing corresponding cxörve^valües by their respective 
duct, -widths.    For example* the above^möntioned eurve-value öf 17UU at % 
Reynolds number of 2Öj.G00 in, Figure 59, divided by the duct width of 3.5 
inches, gives ä comparative value of 486,    The corresponding value in 
Figure 58 * at the same Reynolds: number of 2Q,,000 and the longitudinal s^acr- 
ing of 1.50s5cylinder diameters•, is found to be 400- •which, when, divided by 
the- duct -width of 2 inches gives a comparative value of 2ÖÜ-.    Thus,, on the 
basis of equal flow velocity as well« the -raider air passage., in the range 
considered, appears tö be more favorable if the- ratio of heat 'transfer per 
unit energy requirement is an important criterion,. 

The- curves in Figure 58 for various: cpnfigurations in a; 2-* inch 
wide duct indicate: similar relationships: as those in- Figure 55 £n r#spect 
to the_ of f ect of ^^iguratxoh«    Thf; multiple configurations exhibit values; 
for the: heat transfer-pressure drop ratio which are rather closely relatf.d* 
and appear to-differ' Only over a range öf approädbaately 30 per cent.    The 
Values are,, however $ vastly differ eht from those for the single cylinder, 
being at the same Beyäöids number oh the average more than 200 per cent 
greater«    This is appreciably different from the relationships for heat 
transfer only, as indicated in Figure, 55.    Also in respect to relative posi- 
tion the curfes in Figure 58 differ from those in Figure 55«    For the. ice 
line arrangements no optimum longitudinal spacing appears to be indicated, 
instead, the values of the heät tränsfer^pressure drop ratio increases -with 
reduced longitudinal spacing.    The highest values sheran in Figure 53 are for 
the in-line* arrangement with a longitudinal .spacing of 1.083-cylinder di^ 
ameter f.   ^hose for the staggered arrangements^ equal closely the average 
values for the- inrlinf arrangeirent but cliff er- in. their order from those in 
Figure .55 in, that the. values, for ®.e larger longitudinal spacing are 
greatest.: .,'-". 

Like in Figure 56,, the curves in Figure 59 for the heat trans fer^- 
pressur.es drop Ratios of various configurations in the 3.5-inch wide duct 
appear to indicate, a considerable spread of values«   Ho, great inferioricy 
of" the singie cylinder is apparent."   The order of in^^e -configurations 
in respect to magnitude of the heat transfer-pressure drop ratio is opp«*- 
.site. to-, magnitude of longltudihal spacing.    The greatest values are shöwr 
for.the smallest longitudinal spacing of ii0a&-cylinder diameters«    The 
•staggered configurations have values considerably lower than the in-line' 
configurations, the lowest being those fox' a longitudinal spacing of G-.673- 
cyiinder diameter tfnich differ but sightly ftorn,those for the single cyl- 
inder«.    THus,9 the heat tralisfer-pressure drop ratios for the various 
configurations in the 3,5-inch wide duct are related among each other 
differently -than the heat transfer coefficients..   Among the- latter., those 
for -the staggered configuration and a longitudinal, spacing, of Q«!$73^eyi- 
inder diameter are greatest and are about IOÖ per cent, greater than those 
for the single cylinder,, as shown" in Figure 56* 

in Figure 6u, like-in Figure 57,  double^row.staggered configura- 
tions .are compared with single .cylinders ,in tv-?o- different ducts of" 3~ and 
3.,5-inch Widths respectively,    the curves for the heat trans'fer^pressure 
drop ratio indicate, lo^er valueä for  sraller diagonal spacinga.    The values 
for the -single cylinder- in the Scinch wide- duet 'are up to,iü per cent lorier 
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than those, £öT the smallest, diagonal sjpaeing of i.ü£^cyMnder d±ame1>- 
ers,    Tne values for the single cylinder Ah the. 305Vihch trade duct are 
about 20 per sent greater than those for the smaller diagonal .spacing 
of..i_..i§3-Cylinder diameters.. _Jhe_entirq range of valties indicated for 
equal Reynolds suffiber -is about 10G- per cent of the. -pnisom. laities, and 
is comparable to -the range of heat transfer mides in Figure 57. 

- ! 
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Y0   •CGHREIATäß» Q? RESULTS 

PeripheraJL'Qistglbutlea and Roint "Values 

The circumferential variation of point iiusse.lt number around a 
single- cylinder in a free air stream -was studied by various investiga- 
tor-ss    Sompar-.is.on; öf' their data discloses considerable disagreement, 
as pointed out in References  (11) and (I3.),0    However, data in the lit- 
erature for the. single- cylinder in free air flow are quantitatively 
comparable; and offer a basis for comparison o-f the data obtained in the,, 
present investigation for evaluation of the duct effecte 

Busselt number d'isi-ributiohs: as optained for 'trie single cylinder in 
*£•,/ 5f;,_" ana 3o5^incE wide ducts are shöin in Figure 5*1 for ä Bulk 
Reynolds number of 5'2?0OQO    For comparison, the distribution curve for 
the same Reynolds: number and for free stream conditions äs reported' laf. 
Schmidt and Wenner (ID is also included,,    The duct effect is .quite ap- 
parent,   it eWderices itself is increased point Nusselt numbers with- 
reduced duct- widths *    ,jä:isO; the effect appears to be more pronounced on   . 
the distpibrtion of the- upstrea.iL half of the cylinder*    The location of 
the mihijnurri Nusselt number is slightly affected by duct 7n.dth»    It .shifts 
about 10 degrees downstream en the periphery for a variation from free, 
stream to 2-rinch duct width«.. 

Schmidt and Wehner's data conpare favorably with Squire* s theoretical 
solution for the Nusselt number at the stagnation point 

Bätä obtained in the present- investigation may be compared on the 
;basis of Squire*s equation, W evaluate the duct effect as a function of 
dioensiohal relationshipso    For equal faim Reynolds, nxmhers, Jlusseit- 
rrambers at the stagnation point .of single cylinders, in *ducts are, found to- 
be greater than- for free stream -conditions»   -Also, in general, the .Nusselt 
numbers are- observed to be. increasing with decreasing, duct width«.    The 
factor   y 1 \ Vd/w , where .d/w represents the ratio- of cylinder diameter to 
duct width-,, correlates satisfactorily the experimental data with Squire* s 
equation, as shöisn in". Figar-e 62„    The- form of the correlation factor is • . 
-such that it reduces- to unity far the. free stream condition where w- is __ 
infinite«,    The correlation factor must net exceed the- value of 19414 since 
this would correspond to a ratio of cylinder diameter to- duet width of 
unity which'means that. no .-fiovir area past the cylinder is- available,. 

OvegeH ff eat fgansff.sy- 

The different relationships between average frusselt number -and bulK 
Reynolds number as shorn "in Figures 55, 56,  and 5~ 3erve to illustrate 
the. configuration effects in individual duct-Sc    General correlation of . 
heat transfer in different  configurations: and ducts is feasible  QJ_ express- 
ing the average film Husselt number as- a function of film Reynolds number 
and the char act eristic dimensions' of the. e.oufigurat-,ian<,    The average film 
Husselt number is the averagp of, the point fesselt numbers»    The film 
Reynolds number is .evaluated on trie- basis of the ^ean of the ayerag» .sur- 
face temperature and the bull-c air temperature 3    In correlating 
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McÄcUyas1 (9) average line drawn fron results obtained by several experi- 
menters, with single cylinders- in a. free äir stream may serve as a- reference 
for comparison* 

phe general fom of the correlation equation >*öu3:d fit the curve drawn 
by MeÄdams and would have the equation 

Nu •ffeve.) e°,F "as 
-t. - 

t!%(ave)j. (4> 

The Values of the constant C and the exponent n are functions of the Eey- 
nolds number -and may be closely approximated by the following values* 

Be: f(ave) 
;it>. 

n 

6*000 - 3Q,0OQ 0o22i2 0.69b 
3Qj,,000 ----- XO©._;Q0Q'     ._ 0 J59- 

,    .0,.  —.-./_ 

The configuration factor F has a differeht form for each type of .cyl-? 
inder arrangement- = It is unity for a single cylinder -in a free air stream* 
For ä-H other f3nfigurJätiQns,/it must become unity for infinite-iöngitud-' 
ilia! and transverse pitches- ?his -would des'cribe a single cylinder in the 
free /stream conditions'. 

fee- average film Kus'selL number-, "Nu {f. 
ducts of various widths are correlated M 

for single, cylinders in 
s c-f the~ factor- 

's? =  (l + ) (5J 

so that a plot pf 'p?Uf (oaTe;/ (l + tfd/w)}-. versus Rf£ gives substantial 
agreemefit with the curve presented by Mejldaas*-   This.is shgah. by- the plot, 
in -Figure 65 which contains data, for five duct widtbs> 

For the correlation of. the data obtained with in-line cylinders^ the 
Factor- F_5 obtained for a single cylinder.^must be modified to take into- 
account the finite- longi-iudinaa: spacing öf cylinders«?.    She single eyM£e 
der may be considered as a special case of in-line; cylinders for which 
tue longitudinal pitch Sg. is'infinite»   ^s previously defined, S^ is the 
longitüf'ira;! spacing, is. cylinder diametersV   Thus, if the modification 
factor- assumes the.form (1 * «jjj., <£ P*4ft be- aero when S* is infinite©.   It. 

numb:erH-versus-^^nGlds number iiii.es ate hot parallel and do not. pöäsess 
the same ct^/atüre as. that Of. the reference line shewn in Figure 63«    Con- 
sequently^ the factor 0 Susi be a function of the löhgg.tüflinal pitch S^,. 
the ratio d/w: -and of the. Reynolds number 0    Tee ratio-d/w may also be 
interpreted as the' transverse pitch-- S• of Several rows o£-i^»liae cylin- 
ders, each row bsüng in a duct of. equal width.    Eras, the data may be 
applied to banks of tubes by assrnirig the effect of duct walls to be negli- 
gible«    The correlation factor obtained by numerical approximation- based 
uoon the exr-erriaentai data is 

Ho.- 41 - 2A$c7 -69- 
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F2   =    (1 + tfd/w) (l * cb) 

=    (1 + OTi){ 1 *   [(3/SL> - (0,872/S^)]; i 

x  Tl.8j/ST
2 - 1.46/ST + O^SlSlfSö^526 - 0i,35 (6) 

The ägreeseöi öf -ez^riEentaä., data,: using, the co^elation factor- iF« srith the 
reference line is shorn in Figures 64,, 65 9 and 66, Respectively:, for duets 
of 2-1 3*-, and Si 5-inch •Hidth, sach mth foi?r longitudinal pitdiese    Agree- 
ment for the Scinch iride. duct äs shoi®. ifi Sfigage '64 is the best.    The: data 
for the 3*»5-inch fide duct appear' to deviate the Eost from the reference 
line particularly at the Iö7?er Seynplds number..   Appreciable spread- äppears- 
to esst -with the correlates Nusselt n^ibe> being c«i the «wage xO to 3© 

viiS: -ccu-ve« 

•For the staggered^ cohfigCEr-atiönsji the saxae typeof' öiei Sßdificatxoh 
factor |s for the in-line, ^äfi|iB?atioh is necessary*    Here too, 4> is re-^ 
quired: to -becosse zero- %m& -Sj t§= ihf ihite-| to- r-edue© to ihe factor for- 
single cylinders.    The foisi o'f correlation factor obtained in- the saias 
rr&nner- -as- for- liar-line cylinders is- • 

1 _ Gils;: 

•ediere     f^   *    fll5.50/S^ - 16*80^ + 4.is| 

(7) = 

ana 

The accuracy of the correlation, factor äs applied to the experipiental data 
is .sho-?8i ih' Figures. 6? and 68 plottee* for sesren. cylinder arrangements in 
three ducts.«    the points, .shotin, in Figure: 67 for -fee 2-inch -side- duct- are 
very close to- the reference line, except at the- loaer Seyoolds numbers'.    The 
points- 2M- Figere 68 deviate scpeishät- nore..   f.oor- eorr elation at 2jmReynolds, 
•niaäbers;,. .as. shoTsn .in .sayer-aiL -Q£' the figures;,, -^.y .hä^e been-. caüäM. by inae^ 
curate- det-er^na-tic-n of the 2xsw heat flow rates obtaxmd under these conda.^ 
tisnse.   Lps? heat floss ^as the. result of the limitation, of the internal, . 
taaperäture to oQP°F and' of low neat transfer coefficients».   The sBäil. tect- 
perature differentials, across the Transite shell,, thus encountered,, could' 
be measured to an accuracy of *'1°F' Tshich nay ha#e resulted in errors in 
point heat transfer coefficients of as high .as- lo per' cesW 

The data for fee dquale^ro-ar.  staggered configuration ^ere not correla^ 
ted bscaiB.e they were, hot afailaole- in- sufficient TaSieties -of cylinder 
arrangpent' to persii- accurate evaluation of all the. variables affeeing the 
heat transfer coefficient».    . 

•gtatüg iyessure Drop Correlation; 

For the correlation he -$essure drop data, the effects of varxatiGn 
s-f flnid properties were disregsrded'«    ^nus,,. the resulting relationships TJere. 
limited to the flo-s of air in the inpc^pressibie^flow region«    l^eiiEiihary 

riction factor determined in the cen?eh-? resx-l^arxcri of the variafii.cn 
namier maxca^ea a 3recoEL2nant 

EuEner -sas ?t isoiaüecu 
•_:£ corr 52.cn si 

StriG-ti 

:iee~. oi   cy 
C:' en,   t-b 

i Meg- conj 
effeci 

iiiraipion», 
Beyholds- 

-speaMsg,,  this- effect isas neglected, since 

3.i.C-fP? 

il f 1^-5-  n^i^^taieff^v^^'^^ri^^^isp^-^'r^^--' 
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the assumed variation of pressure drop •with air flaw rate suggested9 for 
any given configuration, an. esaenti.äliy constant friction factor,* 

Figures 69,  70,. and 71 show the correlation plots for: single:, in- 
sane, and staggered configuration, respectively.,    fee corrected pressure' 
drop is determined by the product of the measured pressure drop per cyl- 
inder and the ratio of air density at test condition to standard air 
density \0oQ7q5. pound per cuBxc foot)1«    xhe <5&rreeted pressure d-rop is 
plotted as a, function öf the mass flow velocity modified by a configurar» 
tioh factor Y *    She slope of the line in each figure corresponds,, for 
•the. :gr:eater .£ange of the modified, mass. flow, velocity^ to the djuäension- 
sjüy specified value of 2.    This suggests a. constant friction factor. 
However, in the lower ränge öf mass flow velocities,, »eme deviation may 
be- observed which -must- partly be 'ascribed to an- increase of friction 
factor with reduced, velocity and the dfeendeney of the friction factor 
oh' flow velocity at low Reynolds numbers» 

Th§ liae sxiqwn. in Figures 69, 70, and 71 to fit «he test data- has: 
the equation 

(aApi/a. =   'Ö4B1 &/Y ,--;-   (3) 

Äs shown in Figure 69, the. determination, of the constant, is ma& Ssssd 
only on data obtained with a 1,5-inch diameter cylinder,,, as iix the case 
of the heat transfer data.    Additional points, are shorn ^rrespöndlij^ tc 
three different- configurations obtained by the rise,of a- i-^-inca disEieter 
cylinder in, a .2-inch and in a 3.5^inch, wide duet, and by the use of a 
i»938^ihch idiaaeter cylinder in ä. 3B5Vinch wid§ $nct. 

The value of the C°nfigjnfatien. factor- f „is, af-f feted by the- type of 
configuration»,,  For the single cylinder,, it-is 

For cylinders- in Ixrig- the expression for the single cylinder is further 
modified to- thf foist 

•Öbriotisly, ^ 2, is- egiial. to Y 1 «ien the. longittidinal spacing, becomes .in- 
finite *iiiich -feuld be ea^valent to the -single -cylinder.    Similarly,, for 
flinders.: staggered s^^etric-allry relative to the axis, -of the duct, the 
-.exareosioh for the single cylinder' - ig: modified to the fom 

fhe modification factor for stagger, is only a function of longitudinal 
spacing and approaches unity as the spacing approaches infinity»    How- 
ever, the indicated dependency of the modification factor on- longitudinal 
spacing- alone may not be entirely accurate since appreciable -scatter- of 
the. test points for the staggered configuration is observed in Figure 71. 
She modification factor, is probably affected cj the ratio of ihe- maximum 

*> the m^nimim flow area and-shouic    therefor e:,  be also, a function of! 
**J 
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transvEE'se pitch» 

Mice for the heät transfer data, correlation of the pressure drop 
data for staggered, cylinders,, in double röiss was not ccsapleied because 
of irisuf f iciejit data» 

In general, the correlation as presented by equation,:{?") Say lack 
validity because of the quality of the data oii -which it isi based»    Iti 
iüäny instances,  the location of the- pressure taps relative to the con- 
figurationof the cylinders, \ias such that., in all liKeliho'odj, ^complete 
recovery was* meäsured-s. :u,e..', the flow velocity at the dösö?;stream tap "waa 
slightly greater' than that at the upstream tap.    The instrumentation, for 

1 the measurement of' pressure, gradients did, not permit very accurate de-* 
teraiinationä--&t low flois veio-cities because of ihseösitivity af She 

fee generalization of the, pressure, drop correlation to cpnfigurätiohs 
of cylinders or tubes iii multiple rows and banks may be somewhat inaecur 
rate since the correlated data include the sfeLn frict-ipii effect öf the 
duet walls.    The- relative magnitude; of the effect at high mass velocities 
may be insignificant in comparison -with the pressure drop caused, by the- 
preisence o£ the cylinders.    However> at iöw velocity the tendency' for in- 
crease of the. friction factor may cause this effect, to be of greater 
significance which would partly explain that, under these. eöhditioäSä the 
terrt points lie, above the correlated mean line? 
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ÄFEEKDIG1S 

f*    fer APPARATUS jfefc ElSTfKHENTÄTIOlJ 

Prescription, of Test, Apparatus 

Ifre test set-up consisted priinariiy of a centrifugal fail,, a thin- 
p.late pr-if ice meter mth suitable piping, äfid" steel or a^Tgnihuifr duct - 
test sections, in «ich the varioiis: cylinder arrä^esehta: ^ere iastalleftk 
A diagPäE. of the" test sei>np is. shgrin in -Figure I* 

Air -::as supplied by a 2CKLhch diaueter American Blower, Type F9 fan 
saith a rating of 60G cubic feet- per Eiirrate- at 545G revolutions per ninute. 
Air floit -was measured by neaps -of thin-plate orifices installed 7?ith 
flange taps-, in a &—inch diatiete^. dpct»    The pressure: differential across 
the orifice 7;as measured- with a^T^SäSo. .eter.    Four orifices -fiere required 
tö coyer the range of air flc«.    Ä 12-inch long,, egg-aerate .straightening 
vane Tras installed at the blc-uer -discharge.    Sigh^räfesh screens -were in- 
stall äd at both sids of the= round-tc^rectangular transition piece at the 
end of Wie l^inch^dnct and' upstreaja of the test sectaion*    The- älr- flow -^as-- 
"regulatcd- and the- static pressure level in the test section 'aas g&4£%3&B.eji 
constant by neans of .a bleed valve at the blower discharge. 4 throttling. 
plate at the blösfer inlet,  and a damper at. the discharge of the test seo- 
ti(#a "• ' .'--' ' 

All test ducts -aere rectangular in cross section and 4 inches- h&gh. 
Ihe- ;ste?el. •d-uets^-Here- welded, of ^hot--»oiled sheet .st#el.-and- "stere '?b- 4, .and ' 
,6- inches' •side.    The- inside surfaces «ere. c£a7tfd\mtfe ältyrüvqm: foil tö re- 
duce heat losa feosi the test cg~lj.rder by rsdiation«, 

•• -The ov-inch Enid's steel test duct •'was bolted directly to the round-to*- 
rectengular transition piece» and the 4~inch; and Srinch' 'Hide ducts -öer'e 
connected to- this transition piece -with intermediate reducing sections« 
The -6^inch -viide; duct «-as 54 inches long iaith -Sie test, cylinder located 16 
inches from »thedischarge end.    The= 4»inch and Erinch ^ide steel diets "sere 
3S and 40- inches- long, Tes^>ecidrm^$-3 "eith the= cylinder located in each 
16- inches ifiois the =ais.cbarg0 end» 

• %&, 'kLTssiHuci ducts T?er.e Hade 2, 5, and 3-1/2 inches 'iside and Trier.© 
fabricated, of- i/^lnch thick top and bottom plates and 3/16^inch thicK 
side plates^, bolte-i to» the top and botton plates.    The joints ^ere. gasfest-* 
e&. -aith heavy thread and sealfed with Giyptql-    -ill the iäside surfaces 
ft-ere polished before assembly to reduce radiant heat- loss frofi the test 
Cylinder« 

Each, of the o^V^inch aad 3» inch ??ide alumnus.- dusts consisted of 
a 5-foot lore ~ inlet section and an IS-xnch long inter changeable test  . 
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section*,   An egaioded '?iew öf a t^ical test section Is shown in tbs 
photograph of Figure 2.    Details of the method of ddtt assembly, test 
cylinder ihstaila-tiohj dummy cylinder locations» and' static pressure 
tap adapters may also be seen.    The test cylinder -was located in the 
middle of the 18^inch test section proper. 

The S^ihch wide alumnum inlet and test sections •sere made -in- 
tegral in a single 3$-ineh long section.    The test cylinder was 
located. 9 inches, from ttie discharge end« 

Instrumentation 

jgj- temperatures iäere; SSäsured by means öf ir^iHC^hstantazi ther^ 
.mo.coxrple.s and^a^feoSn jmdic^i^ J^te^tiö^ster..   'Töaperät^es for 
determining the density in. the calcniatiön of the air flötf Tsrere~öh^ 
taihed f^om two thermGicoüpIes of' 5&-gä^ge ^re pmced in the irjötreiäBi 
orifice run.    Air temperatures in the test section were obtained from 
a single thermocouple probe of 3CK gauge -wire placed at the entrance 
to the inlet duct.    Temper at we measurements on the- test, flinders 
•were obtained from thermocouples imbedded in. an internal reference 
surface and cemented to the outer surface of the test cylinder»    The 
location and installation of these thermocouples is explained in 
the description, of the test models in Appendix II» 

Alx pressures "were measured by means öf manometers*    Piejsometer 
rings of fouf taps each were located one inch from the upstream and 
'dösmstream-orifice; faces respectiYely.,    The upstrfeam static pressure . 
.of .the orifice and the jtaticpressure in fee test" section- were meas-* 
urM in- inches: of water -with well-type. Eerria^^gBSt^S;.    xhe'stätic" 
pressure differential across the orifice was measured in inches of 
water *pn a micmmanöÄeter-o    Staldc pressure di5i^iputa;ons.along the 
alvminum test sections were obtained: 'üj means of Q«, 0135^ inch diameter 
holes drilled along the horizontal center line of the'test sections' 
side•"plates.    Twenty.taps, were used--in the 2r-in^h "wide duct and 27 
taps in the 3-inch and 15-1/2-inch wide, djiets.    Th£ pressures: -were m'eas- 
-ured in inches of alcohol on a ;co.mon-^ell type* manGaxieter "board arid 

•were referred against the „static pressure, at the duct ~:inlet<>,   'Varia- 
tions of static pressure along the steel duct were not, obtained. 

.Bower was. supplied, to the heatäng. coiis= of the test cylinders- from 
a Il0--^p.lt a.cw source through a constant-yoltage Sola transformer» 
The power- input was adjusted by use of a variable autp transformer.    The 
power inputr-tc. *be main heating-, coil Was measured with a festen-, pr.eci- 
sich wattmeter. 
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^iehröme-V i&r-e-.   The outer surface öf each coil" was. coated with several 
a laves?s öf Sauereisen csaent,. baked and'g^piuad' smooth.'" The" power leäds 

•were brought outside- the model individually by means of eight separate 
binding posts, which staved also to align the heating coils and k£«p them 
in place..    The heating coils were stacked inside the copper shell with 
a light press fit»   A longitudinal slot I/Scinch wide was cut on one 
side of t&e copper shell to allow' for differences in themai expansion 
between the copper and the Transite.    Mine iröö-constäntän theiEiöeöuples 
were installed in thei outer surface of Äe\cp_pper shell and eyenly 
spaced over 1ÖÖ degrees of the periphery9 opposite the expansion slot. 

This assembly was pressed with a light press fit into the laminated 
outer- 'Jil^ite shell of 3/3^inch thickness and _1.5=i&fefr diameter,*    The 

,> ••_ , .surface .th^^ 
: %y iroipeoastantaii1 thermocouples;, made of •Wot^indä-- wire, around the 

same ISO degrees of periphery as the inside thermocouples and by copHsnt^ 
« ing; the grid to the surface with Säusreisen cosfcesit,    The" therBpcöuple 

junctions wer^ spaced so as to provide temperature jmeasw^ents at lOr 
degree intervals« 

The. thermocouple grid, was prefabricated by stringing the bare iron 
and constantan wires on a specially made jig to pp:sitiog the wires äe~ 
curately.c.   The censtantah wires w^.i positioned parallel and on 0.131- 
inch, center line distance corresponding to 10-degree^intervals on the 
cylinder surface and were elamped in place«" Two iron wire« were 

* positioned normal to the. constantan wires to. psofide a coapon positive 
l§ad.    Eacb intersection of the "iron and constantaa." wires -was then 
spot-welded to form a- junction to be located on a .horizontal circumfer- 
ential line around the test cylinder.- 

This grid, was carefully positioned around the externäil surface of 
the assembled test cylinder and evented In place by coating the satire 

•surface with Sausreisen client.    After through" dryaisg and baking-, the? 
surface- öf the >cylirLder .-was."ground to :size to provide a smjöpta. cylinr - 
drical surf ace.    Inspection after grinding showed, the thermocouple^ 
junctions and the, lead wires to. be practically at the surface. 

The bottom plug, and -tiie top flange were positioned and sealed by 
means of wire ring gaskets and the entire assembly was clamped together 

I;; securely with a s^ing-lG§Lded assembly rpd'i    Lead wires for the outer 
surface, thermocouples- -were attached to the splice bolts in the outer 
shell and threaded through; the top flange.    All thermocouple lead wires 

•; were wrapped around 'the terminals on the top of the flange- and the lead 
; wire holes -were sealed against leakage with. Sauereisen, cement..    The 

terminals were insulated with powdered .magnesia and "glass- eloth ribbon. 
*. ^ The sprsw terminals, in the- top flange provided far quiek and easy ex- 

..   tension of the thsr^pocpüple and power leads and penaitted complete 
removal of the cylinder from the test duct for modification or reworking. 

v The top flange and the graduated ring Were indexed so that they 
Y .could, be accurately positioned with respect to- the themocouples on the 

surface -ef the outer shell.    Both pieces were doweled to the body of the 
cylinder, to maintain the correct reference, position,.    The zero-graduation 
was setöppusrse the vernier-zero so that- the first: surface thermocouple 
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?K?uld face directly upstream and «öuld Vindicate conditions at the stagna- 
tion point. 

tMhsated Cylinders; 

Iii tests of multiple, cylinder arrangements, test cylinder B -was: used 
Kith other unheated cylinders.-    The unheäted cylinders tfere .made from 1.le- 
inen diameter aluminum bar stock and polished to reduce radiant ..heat loss 
from 'the t.est cylinder« 

To produce in-line configurations,  an. unheated dummy cylinder was 
installed upstream- and another downstream,  in. the same, plane as the' heated 
Zylinder•, as shovel in. Figaro 4.    The dus?sy cylinders, were: located as shown 
iä Figirrs©" '?2 and could' he- adjusted for variation of löngitisäinaui Spac-ings 
and slamped in-place*    ^ 

The same method of installation- as for in-line cylinders was U3ed for 
the t?fo dummy cylinders in the center plane of symmetrically staggered- .ccö- 
figurations.    In addition,   to simulate true staggered -configurations as 
show;! in Figure 4,  four half-cylinders were fastehed in, the side plates, of 
the duct at predetermined locations,   in the manner shown in the left naif 
Of Figure 73'.    unused locating" holes, were plugged, by means of gasketed 
inserts held in place, by a back plate.. 

The double-^rcw staggered configurations *iere also produced -with the 
aid of dummy cylinders;,  as shown in Figure- 4*.   Two- cylinders were located. 
upstream and two cylinders -were- located downstream in. p^edetermined loca- 
tions ,     The manner .in which these duamy cylinders weive located and fastened 
..is' oh-o-~i^2rr-t'he"rigHt half of Figure- 733> ; .        • 

Twp= unheated test cylinder.^ of l.'OQ- and l<;938-inch diameter, respect- 
ively -, were constructed for- obtaining additional pressure- -drop- data of 
single configurations.»    'Having a top flange- plate fitting the. locations- of 
the hold-dewn screws for the test cylinder, -they were -mounted, in the same 
manner as -the heated test cylinder 3» !      ;  =  :, 

,n       _    .1   *-r^O;~ ^no *±±   -   'iL-rr^O. 
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EEE.     TEST rEOCEEURE 

This description, of the test procedure refers specifically to that, 
used with cylinder 3, The procedure for cylinder * was. similar,, except 
for details' of locating and indexing the test cylinder. 

The guide ring to position test cylinder B in the tunnel was lo= 
cated on. and fastened, to. each test duct.by means ;6f f§'# hold-down screws* 
The test- cylinder was inserted part-way into the duct from the. top- and 
the split, top fairing ring, was fastened in place*    The top flange- was: then 
seated in the guide ring and- the zero, msitioh on the graduated ring lined 
Up With a scribe) marl? on- the vernier support,    T&Q vernier support, had been 
previously located so that the s&ILbed line coincided with the.' giäde flnj 
center line 'which was perpendicular to the duct*s longitudinal center line. 
The vernier^-zer© was set in line with the zero, of the gr44'äatöd sing? 
Thus*, with the ^linder in this, position, the two surÄce thermocouples 

/which were diametrically opposite one another were exactly lined up with 
the duct's longitudinal center line and hence with the- flow..direction«;    The 
top flange of the test, cylinder was securely" bolt&d to the duct top plate 
and. tfie position, of the cylinder -was visually inspected from the downstream 
end of the duct.    The dücü assembly and cylinder installation were checked 
for leaks before any test runs were started.  , 

T^e blower was turned oh and the desired air, flow and the static pres- 
sure level -in th? duet were, set by adjusting the. bleed valve,  the iyaiet 
thro tiling plate, xnd the- discharge damper'*    The power supply to the heat- 
ing, coils was turned on and the input adjusted to the desired value by means 
of the variable- auto transformer.    Preliminary temperature readings, were 
tälien at Srmihute internals' until the .same teöperatlp^e readings/,were noted' 
in at least- two successive readings.    Temperatures, were then- considered to 
be stable and all pressure; and tefipera.txire data weye, recorded«    Birring ini- 
tial start's;,  at least one-half hour was required to reach- thermal 3tability= 
Subsequent- power- or- air flow changes required ICH to 15-minut.e stabilization, 
periods... --.--"-. 

After all data "-lad been recorded for this cylinder .position,, nominally 
rsf-prei to as the z er c-= degree position,   *;l:.e hsld-rdown screws- were looeenfdj. 
th> model -.vas rotated 5 degress count er-clcek5;ise,. and the hold-down screws 
were r'e-tjghtehed.,    Af-.er- allowing the te-persture" to /stabilize, while- main=- 
taining constant air fir« and pcwier input, the. same data; werje recorded as 
before.    "Then.either air- flew or power input, was changed to the next de-r. 
sired value and the same proegdu^e repeated except that the cylinder .was 
rotated 5 -degrees clockwise axter the data for' the first position were- re-; 
corded.    Thus,,  only tv,'e model tesitiens were required to obtain temperature 
readings at ÜHiegree intervals* Over lö'ö degrees' of the periphery of the 
c~lindsr.« - 

Except fei? spot-checking,   the reprodueibility of teslperature profiles 
ca t':e opposite side of the cylinder was hot questioned, this procedure was _. 
.used on all  configuraticrs in which the flow pattern, was symmetrical about. 
the duct cent er-line.    In the staggered-,  double-row 'Configurations' addi-- 
t-irnal positions of the test cylinder with ISO and ,135 degrees of counter— 
cioe'esiss rotatisri were recuired te obtain- the noh-symmetrical temperature 
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distr i'b •a.tiona. 

Pö-MöP input was arbitraz^p-^ ^Limited so that the temperature at the 
interns5-, surface of the external transits shell did net exceed approxi- 
mately 3Ö0°'F.,   <&ir flow was limited by blower capacity and static 
pressurs le^el in the' test dacb\whi.ia was maintained at approximately 
35 indies of •water presS'ase abovk' ambient conditions» 

./No changes in the overall weggifffcTTiP^^iW^iR the pressTapegrad- 
ients ia the duet were observed with variations ef "iKe-pSsaX-^^pst .l?. 
the test cylinder..    Therefore,  the multiple-tube manometer indicating 
the pressure variation along the duct, wall was vesd. only once for each 
air flow fate änd ^'.t?figurö.t.tcn..  .ßM E.eadiBä& issäfe" taken afte^ an 
appreciable equllibztiimt pes-iödw    "he upstream ddct pveöa^e was fppxled 
to. the common weil whi.--a was so positioned that the" range of graduations 
<?f the aiÄnometer board was' best utilized«, 
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The eight pairs of the^mocouplesj. located ön. radial lines 45 degrees 
apart on the internal and external surface of the Transite shell, did not 
give equal temperature drop measurements when" operated in the, same, posi- 
tion Relative to the ,air flow, while .air velocity-and power fnpait were 
held constant« Therefore, all .measurements were^made, mth. t^r same .pair 
of thermocouples rotated to assume a required number of positions relative 
to the air flow direction to- determine the thermal conductivity .of the 
Transite shell as a function of temperature, neeess&ry for computation of 
point heat transfer rates« The external and internal temperature profiles^ 
taken with the same pai£ of t-hermöeouples for a large number of test runs 
were integrated graphicaHy to aetermine, for each- run* an average, tern?- 
perature difference, sand an average temperature of the Transite* The 
power inputs were correlated for end losses. The net .power input for 
each' test run was divided .by the average temperature difference and appro* 
priate constants to determine a tb***m',_l .conductivity for the average 
temperature determined from the temperature distribution, data. The re- 
sulting conductivity curve fitted the test data within *2 per cento The 
calibration data so obtained were used for the. calculation of point heat 
flow rates, abased' on, measured temperature differentials and assumed purely 
radial heat f-Iiow. "••''" 

Cylinder B' --.":," 

•Ereliminary calibration tests of .cylinder B indicated that* under 
constant flow conditions, .and with ä constant internal temperature, the 
surf ace temperature indicated by the ±9  thermo couples, operated in the 
same .peripheral position,, were not equal. It wräs determined that the 
inequalities of temperature differentials so indicated were not due1 'to< 
thermocouple error but were caused by variations -in the radial, thermal 
inductance of" the external Transite .shell* This was ascribed to the 
-iahomogeneit^ of the Transite and the. probable existence of a small air 
gap qf variable thickness; between the copper shell and ike internal, surr 
face of the Transite« Calculations showed that the conductance could be 
decreased hj as much as 20 per cent, by an air gap of OöiQOirinch thicks 
nessi In addition, indication of the existence of eei eir- gap. was 
furnished by a change of the relative magnitudes- of the variable tem- 
perature differentials measured by different thermocouples With changes 
in the temperature of the copper shell. This could be explained in part 
by the; ehgage of %ermal .conductivity of aiir with temperature and in 
part by the. probable- expansion sind ebntractien of the- copper shell with . 
temperature,, the latter causing a dimensional variation of the air gap* 

In view of the above findings,- it was necessary to perform an ex-? 
tensive calibration of the test cylinder... It was. also established that, 
an. apparent increase of thermal conductance occurred at low air veioci^-. 
ties when the calculations i'ere based on the heat input to the two central 
heating elements* This was interpreted to indicate a percentagewise in- 
crease of end losses at low velocities. In the 2-Siich test duct, constant 
thermal conductance was obtained at /eioeities fr-jater 'than 60 feet per . 
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second,    Therefore, the calibrations -were perforated at this high velocity 
aöäi Sie «»-nductäiices so determined -Kere< used for the. analys-is o£ heat 
tra^fe* ät all velocities selected for investigation* 

The procedure us#d in the calibration was to rotate Sie test cylinr 
der one» complete revolt&ipn. '$&. st#ps #f 10 degrees for, four •power' inputs 
and ep^tant air Telocity*    Ulms, a Complete surface temperature profile 
was obtained., as determined "jgy- each thermocouple for the sajne power. 
ia^dt and ä •corrssr'ondJzi£ internal tssn^srattsis»    *5isss tem^eraturs *^EC• 
filers were: similar bat, Äen ^dividual ly averaged ever the entire cir- 
ctaaferencej indicated different Tallies of temperature differentials 
between^ ike copper shell äM\ t'ic outer surface of, the cylindes'^.   Säjä&f 
the smallest average differential was determiafd by. thfiisocouplt iM* 
iöäie^tiägT tne greatest, radial ^nductaneej tftis th@r®?.c©apid was fca&§& 
äs the reference. - 

?ixed flow conditions, and power input defined the average conveetive. 
heat tro&sfer coefficient*    This criterion and the. assumption of purely 
radial heat flow served as a basis for correlating, the conductances at 
ail locations with the conductance at the location, of thermocouple 
?br any thermocouple (xy':< the relationship 

K.   (t^ *-" t-) -    ==    h (t„ ••   _, . 
^2£..     3.=        aS'X^ -   S T3-.X 

was' assumed to be valid.,    fee symbols were defined as follows: 

h     average convective heat transfer coefficient. 

. t-3    average surface temperature of the test cylinder' 

t£   temperature of Jlnt.ernal coppsr sheji. of the- test cylinder 

_._ tjj    air temperature 

%~ . ther^44^^.M:4C.tari.c:e; between copper. shell, and outer 
surface of the test cylinder at location of theröo- 
•couple; fx) 

Therefore;,  the relative thermal conductance of any location :(s) with r.ef-r 
erence to ihe location of thermocouple (6=) was defined tsj 

T       =     J Tx   =     V   =    %.-,t3Jb   ^    %- **?x X X H   ~;   =^ef. ' "   XtJ~ tP£ ^t^^"x 
She temperature differences, in the above eouatxon -sere the average values 
as determined fr.orL the Calibration runs,    The value öf 3^. for. any spe- 
cific thermoco.tEle locations .were: found to vary with internal copper 
shell temperature* 

The absolute value of 'K„ .« a-f a function of average Transite tem- 
perature was determined fras."k single test runs at different power input 
at velocities of 60 feet per second or greater.    The distribution of 
temperature diff srentlals iias determiüed 'oj operatiiig the tsst Cylinder 
in two positions, with, äa angular displacement of 5 degrees. .. The dis-- 
tribvition of heat flux was assisted to^ be detemirsd at any peripheral 
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?hen,  the average heat flux through the tsit length of the Tränsite shell, 
«equal. i&, the length of the two center Seating. slsffisnts for a thermocouple 
locations tsas n_ n 

'qaro    "    C W 2 <k   =    (WM,] 
.1 

ä#i* *s)x (35) 

'&%SQJ the average h§ai liux -gas to be equal to the potter input- •per ynit. 
surface area ?7^»    Therefore., the solution &r the; reference conductance 
%sef' a^ varieus; power inptrts äi4; conresponäingly different Jfcansite 
timperatüres tras. obtaineä by s 

^ef   *' •n 

1 

' ** (*£ ^ %)3 
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to    SEBHGDS OF S1LCUMTIÖN 

The test data consist of .measurements pf the following, qaanti^ 

1  The inlet air temperature upstream of the petering section* 

2„ The static pressure üpstr-tsSni of the metering sect ion. 

3d Manometer heading, of the; pressure drop across the' orifice. 

4k9    BasGmeti&s. pressure* 

5 © 'the inift _ai^ temperature "of the tejsfc section. 

•6o The inside- .surfäse er1 copper -shell temperature, of iie. test. 

7» The outside rsurface- temperatures of the- test .cylinder» 

$».   The- manometer readings indicating static pressures at 
^riöus locations along the. wäll of the? test - :sect±an> 

In calculatang the peripheral distribütic/h 'of point trait heat 
transfer coefficients s the assumption of purely radial, heat flow 
through the- "Transite shell- if. mid.© because1 of the low thermal COCH- 
ductility of the mäterialo The  small tiamper&ture. gradients' $n the 
tangential direction,, .as compared to the» te^eratur© gradients in 
the. radial direGtion. permit" little- tangefitial heat flows, 

in*_e,st-igation of the error •resulting from the; assumption of 
purely radial heat flow for large peripheral temperature .gradienta 
9btainesd; sin the; tests indicates mazämum local errors- iii the calcu- 
lation of the radial heat flux* äs -butlihedYhelow, ntot in ©xöess 
of 5 per cent. 'Höherer«, for most point heät transfer coefficientss 
the error resulting from- this approximation is. considerably smaller. 
For locations where the tangent to the .surface temperature distri-s 
but ion- curve has- 2erx>-?slep©j the calculation -erro? is ail. 

The point heät transfer -coefficient, is) defined as the- rate of 
heat transfer per unit area and unit temperature difference in: Btu 
per '4ho.Ur^(?F^square- foot)'which is equivalent to the cohyecti'g:© heat 
flusLjper degree, temperature, differehee? o?' 

-&7* Kon-^S-V (17) 

The cpnveciive heat xIxix. is equal to the radial heat flux through 
the Transite, shell less the radiant heat flux from the surface, or 

%,c •onv %L "' %äd .   (IB) 

Based on the assumption of purely radial heat flow, the total local 
heat flux q_; is expressed by equation (14.) which is: 
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  --x^iX    - i at the mean of i   . 
30 of the description of test modelt calibration. 
where 'Kpjf is evaluated at the mean of t^ aad t äs explained on page 

The point radiant ;heat loss q:«^ ig, calculated "bgr 

 e&"&v*s ~ *b ' KM7J V** 

where c = 0.173 ä 10; - * The constants. F^ and %. for the configuration 
with aluminum düst -«alia and a cylinder surface of :shite cement are 
estimated as/ intermediate vi&uös. between cases 2. aMC'$' of reference/ (i); 
to he 0.1 and j, respectively. This estimate is considered to he eohr 
servativeo However, numerical computations. <shöw that the amount of 
radiant heat flux is only a small fraction of the; total heat flux. 
Therefore,, any inaccurate evaluation pf the constants ^equation (l?) 
would result in ah insignificant error in the heat transfer coefficient, 
xhe film; Nusselt number- is calculated, as defined by (hd/kj) where k£ is 
the thermal eöhdubtiviiy of air* based on the mesa of local surface 
temperature and the inlet air temper atiire«,. = 

Fbg the purposes of data pFesgitatipn and correlation, the ibulk 
Reynolds number ($J//ü. .) .is calciHated» The rate of air flow in p/nmds 
per second is calculated according, to. standard pg^cjdure by use of data 
items (l) to. (4-) and a calibration curve, for. the orifice* The corr'es^ 
ponding mass velocity. G in pp~mds per seconds-square foot is- deteriuined 
by dividing the gross cross» sectional area of the test duet into the air 
flow ratä. The bulk viscosity of air is evaluated at the inlet ä±r 
temperature of the: test sectign.s data item (5»), and the loS^-inehi test, 
.cylinder tdiameter is used for the diäracteristic dimension d, in. feet« 

Batä. plots for ä typical surf ace tespefaturei variation» the izpLei 
;a±p-t#.perat-ure» and the insxdiö shell tSaperature are shorn» in Figurr 7i 
för-Sun.=A^14:? in ä Stanch mde duct with three in-line cylinders of 
•& =5 1.250,. .The mass velocity & is calculated from the mass flow aid. 
the duet gross: cross-sectional area as> 1<»;6'32; pounds per' second--square 
foot. The: caiculatgsd values of .point- .film Nusselt nisaber are plotted in 
Figur-f 75-s The. procedure of obtaining the Kusselt •number Variation is 
xliüstEäted; by the is-ilo"3iä| calcHlätiöös- for a ~ 10° with the ..surf ace- 
temperature measured by thermocouple (M? 

* ms^f 

= 91^ "b 

•(l») Calculation of Total Heat Flux 

Local .average Transite temperature. t^     -    (tg *-t^)-/2 

A- ^.      J./i.-i.n    .     .-7.oA\ in       —      <z£r>Q.T?. 

'Ho. 41 -. 14=937 -.90- 



z'Jifc- 

ha,. 41 -  14937 _o 
ij^*^-?üE3<tn2asKrraraw«*!£«V3?re^^w'»''^*'"7'' 

•Si 



Reference conductance of Transite at t* = 369°F, 

.._ Relative conductance fox? location of th&r5äo.eo,üpl« (2)*., at . 

_  Yg = = 0<,.;941 

Hence,, from equation (14:) fo? the location of thermocouple 
(2), - , ; 

==:   Mo.5 3r;0..?4! <4IQ - .2 

=   62-90 Btu per =(hr-sq ft) 

(2) Calculation of Radiant and Gonvective Heat W. 

Frorn^ equation Cl9)9 

q_ J   ==    C.Ö173 x 10~8fi 4 - T*V 
^ad t   s t> J 

=    0*0173 x IQ^8 [(£60. t 320)^ --  (460 +- 9l)*j 

-   51. Btu per' (hr^-sq ft) 

Equation (;1?) then-glares- _s 

%ohv  _~    ^s. "* %rad 

;      =   %" ^ad 

'=   5290— 51   =   5239 Btu per (hr-aq ft) 

CalcniLation of Heat Transfer Coefficient and Local Film 
•Nusselt ITumber 

fh'.s Seat- transfer, coefficient- is .calculated hj equation 
(I?) ;••••_••••: V    - 

T=   5239/(328 - 91)    i=   22gl Btu per (hr^sq fi>-;öF) 

To calculate the film llusselt ntpber (hd/k„)~-where d is 
the. diaseter of the -test cylinder, the thefcgl, conductiv- 
ity of air k? i-S; deterniined at the local fila? temperature. 
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ij,   = 

•T   = 

k. 

(328 + 9^2   -    209*5^ 

209.5°F, 

Ö0ÖI84 Btm per (hr~sq ft^?F per ft) 

Che local filfti. IPässölt n-üsibs^ is therefore; 

.Ktif    =   hdj&£   =   22.1(1*3/12) (VÖ. 0184:)    -   150 

(4) "Calculation >g± BlfLR' Beynölds Smbe? 

The bxßJk Eeyhoida mmber ieT Caicnl&ted directly, fgprn; 

^Beb   •=   Wiffi^ 

where;/»,   is- the viscosity at bulk air temperature^ 
eqoal to the inlet air temperature. 

'For \   =   91°F 

phi   '=?   12.'55 x 1©:*" lb per.  (ft-sec) 

Hence* 

a&,. \lio32 x 1.5; .^)m 16*000 

(s) Calculation of Modified Nusselt Htoabsr 

the local film Kusseit mimbers calculated äs aboTO fo»' 
•half of the peEiphsrj' are plotted in .Figure 75 „    Xhö llusselt number- 
profile' is. correlated with other profiles obtained at the- game teulk 
Reynolds number bub different total, heat flows by the modified Snsselt 
npabers $££<t>« to allow f..^r different Surface t^peratures at the same 
locations.    *has, foi" a = 10° and at t,, =. 209*5-91 

#.,   =•   2s±u.5? x 10""0 lb- per (ft^ses) 

the local modified Nesselt Ajmber is therefore 

i- 

/ 0.62 

?=  164 

"The local modified Nusselt niombers for other locations are similarly 
calculated find plotted for presentation as shossi by curve. E in Figure 
9. 
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(6) Calculation of Average Film Nysselt Mumber and Film Reynolds 
Number 

The  average fain Kesselt number is obtained by calculating the 
weighted mean of the local film .Nusselt nuBbers shown, in Figure 75. The 
average film Nusselt number K"^f(ave) f0* ^kis ran- is determined' to be 
2£5» 6. 'the average film Busselt number is correlated against average- 
fj.l in Reynolds -number« the latter is deteirained bj 

fti" Be y*?el 1 _='. 

aver- 
age- of the surface temperatures, is calculated to be ts(a^e) ~;300e4°Fs 
For constant bulk. a±r tempe|,ature, the average of the local film. t&%~ 
;eratnre is therefore 

(300 .4 + 9l)/2    -   i9o°F, 

and t-'he viscosity at this .average film, temperature is obtained as 
14*40. x 10     lb per (ft-sec)...   Hence* the film Reynolds- ntniber „is 

14.40- x Kf0 
=    14>150 

. The test point for this run can -be identified in Fxgutg 64- at 
the ilia Reynolds Wd&bez.  of 14,150 07 the square symbol». 

K£8=E; .In submitting. ta?„s report it is" understood' that all provisions 
cf the contract bet-neen. the Foundation, ^abl, the- Gboperator and 
pert-aining to p-j.bli.cit7 of the subject matter -»ill be rigidlj 
observed* 

<££L Supervisor-     //i^i^./lf^v,;#y^;.   -_.-:,   Bäte-     /^-p^p-i/y 

FOR TEE C£I0 $TA?E iMTSHSEFI RESFARGK FOOiMTiai 

C\ w /J^J -^*'    JFM     V~  '/) 9 /^ f~~ i 
'ExecutiTe Öiz-ectcr  ytt^^f^yQ > &'£#&&&'  Date    ö^ of-pC^Oi^ > /~- fM 

fc,  41 - X-i9S'~ 



GOVERNMENT NOTICES 

töbeä Government drawings, specifications, op ötWt :dct3> nr» 
used for. any purpose other than is» connection with « dsfs.tufv'.sÄy 
related Gorerneent procaf,e»esit operatioa, the United Se^Wtf» 
Government thereby incurs MO responsibility nor «ay abligtiti^i) 
whatsoever; jnd the fact that the Go^crnn»Ht sa&y &a*e SorttifhU^ 
furnished', .6r in nny- nfy supplied the at id', drawings, ftpa'CMAWc 
tiorac, cr other data;, as no£.'Cö"'be regarded By japlisstioS .£% 
oifaei-wiae a» ii» any naiiner licensing the holcay or »ay 3<fca£ 
person or corporation, or conveying any righto or .-fcaSnsiasay-» j4 
jaansfacture, use, or sell aay patented iiiVcutica that «say ii> .say 
•Way'-be- related.'thereto 

ate 
interests in.snd-relating tKereto-flhiiJ not Jbe iesps 
desired that the Office of the Jndlje Advocate, Air Katerieli 'OiW* 
«aädi Sri^ht-Pattefson AFB, Dayton, Ohio, be proaptly »otteCMttfc 

, of.' any apparent conflict Between the GovernBeit' s ,pt,opt';miiivy 
interests and.'those,'.of' others-. 

i 'J 

qm^tmmii'M^M 
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