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Abstract-Experiments encompassing both heat transfer measurements and flow visualization were 
performed for cross-flow arrays of cylinders in which there is a missing cylinder. Both staggered and in-line 
arrays were investigated. The visualization work, carried out with the oil--1ampblack technique, yielded 
highly revealing photographs of the patterns of Buid flow, both for fully populated arrays and for arrays 
which have a missing cylinder. With regard to heat transfer, it was found that a staggered array is more 

responsive to a missing cylinder than is an in-line array. 

INTRODUCTION 

THERE is a substantial literature on heat exchange 
devices which encompass arrays of cylinders in cross- 
flow [l-3]. Without exception, the available infor- 
mation pertains to regular arrays in which all elements 
of the array are present. The present investigation deals 
with departures from regularity, with speci~c con- 
sideration being given to the effect of a missing cylinder 
on the heat transfer and fluid flow characteristics of 
adjacent cylinders. The investigation has two parts. In 
one part, quantitative heat transfer measurements 
were made for cylinders situated adjacent to the site of 
the missing cylinder. In the other part, flow visuaIiz- 
ation was performed to explore the manner in which 
the fluid flow pattern in the array is affected by tbe 
missing cylinder. Experiments were conducted for 
both staggered and in-line arrangements. 

EXPERIMENTS 

The host flow passage for the array of cylinders was 
a flat rectangular duct, 8.26 x 1.91 cm (width x 
height) in cross-section, and 173 cm long. The overall 
length of the duet encompassed a hydrodynamjc 
d~elopment section, the test section, and a down- 
stream hydrodynamic redevelopment section. 

The cylinders comprising the array were oriented 
perpendicular to the principal walls of the test section 
[i.e. the upper and Iower walls)and were seated in holes 
in the lower wali. Interchangeable lower walls were 
fabricated with suitable hole arrangements to accom- 
modate the in-fine and staggered arrays. The staggered 
array was faid out in an equilateral triangular pattern, 
with S,/D = 3 and S,/D = (&/2) (S~/;t), where S, 
and S, are the transverse and longitudinal pitches, stnd 

D = 0.556cm is the cylinder diameter. The in-line 
array was, in effect, a realignment of the staggered 
array with the values of S,/D and St./D being main- 
tained. In both cases, 18 rows of cylinders were 

employed. The heat transfer measurements were made 
in the 12th row, where fully developed conditions 
prevailed. 

The cylinders used in the experiments were intended 
to model pin fins, and a small clearance gap (l/S of the 
channel height) was left between the tips of the 
cylinders and the upper wall of the test section. 
Ex~riments reported in [4, 51, where the aforemen- 
tioned staggered and in-line arrays were respectively 
employed in a fully populated state (without missing 
cylinders), yielded fully developed heat transfer coef- 
ficients that agreed very well with literature values for 
tube banks. Qn this basis, the present results for the 
effects of missing cylinders should also be relevant to 
tube banks. Air was the working fluid in all of the 
experiments. 

Instead of direct heat transfer measurements, per- 
cylinder heat transfer coefficients were deduced by 
applying the heat/mass transfer anaiogy to mass 
transfer measurements performed via the naphthalene 
subiimat~on technique. The procedures for applying 
this technique for cyhndricai pin fins are do~Limented 
in [4], as is the data reduction process which converts 
mass transfer measurements to mass transfer co- 
efficients and, by the analogy, to heat transfer 
coefficients. 

The trow visualization was performed by means of 
the ojl-lampbla~k technique. To facilitate the use of 
this technique, the lower wall of the test section was 

COWX~~ with white, plastic-coated contact paper, and 
h&s were cut in the paper to accommodate the array 
of cylinders. Before insertion of the cylinders, the 
contact paper was brushed with a mixture of lamp 
black powder and oil of suitable consistency. Once 
the cylinders were inserted, the test section was seaied 
and the air flow activated. Under the action of the 
shear stresses exerted by the air ftow. the 
oil-lampblack mixture was caused to move, thereby 
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revealing the pattern of fluid flow adjacent to the lower 
wall of the test section. 

RESULTS AND DISCUSSION 

The flow visualization photographs presented in 
Figs. 1 (a, b)and 2(a, b)convey a record of the pattern of 
fluid flow adjacent to the lower wall of the test section. 
Each figure is a top view looking downward on the 
array, with the white circles corresponding to the 
locations of the cylinders and with the fluid flowing in 
the direction from the bottom to the top of the 
photograph. Figures l(a, b) pertain to the staggered 
array. The first of these shows all of the cylinders in 
place, while in the second, one of the cylinders of the 
array is missing. Similarly, Figs. 2(a, b) pertain to the 

in-line array, respectively for all cylinders in place and 
for one cylinder missing. 

In interpreting these photos, it should be noted that 
prior to the onset of the air flow, the entire field, except 
for the white circles, is a uniform, glossy black. The 
white streaks in evidence in the photos correspond to 
the path lines of the fluid flow, while zones of 
concentrated black color depict regions where the 
shear exerted by the fluid was too weak to move the 
oilllampblack mixture. These black zones may be 
regarded as indicating low velocity regions. 

In this regard, a special note of caution should be 
sounded about the somewhat irregular black annuli 
which surround the various holes. The respective 
annuli result, in large part, from an accumulation of 
the black mixture which was swept up against the 
cylinder when the air flow was initiated and was held 
there by the forces exerted by the flow. When the air 
flow was turned off, the mixture drained from the 
cylinder (due to gravity) and formed the black annulus 

Ex~ination of Fig. l(a) reveals a remarkable 
regularity, both among the successive rows and across 
the span of the array in any given row (irregularities in 
the black annuli are extraneous, as just discussed). The 
row-by-row repetition of the flow pattern typifies the 
periodic fully developed regime. Regions of low ve- 
locity {i.e. black regions) exist both upstream and 
downstream’of each cylinder in the array. The low 
velocity region upstream of the cylinder is due to the 
collision of two flows. One of these is the main-flow 
approaching the cylinder. The other is a back-flow 
which is induced by a gradient of pressure along the 
height of the cylinder. This pressure gradient drives 
fluid downward along the cylinder, causing it to splash 
against the lower wall of the test section. Part of the 
splashed flow moves forward into the path of the main- 
flow which passes adjacent to the wall, and the 
opposing flows create a low velocity region. 

The low velocity region downstream of the cylinder 
is a buffer zone (i.e. an island of calm) between the 
recirculating flow situated immediately downstream of 
the cylinder and the main-flow which threads its way 
through the alley between diagonally positioned cylin- 

ders. The recirculating flow is readily identified by 
examination of the crown-like structure perched atop 

each cylinder (i.e. just downstream of the cylinder). 
The side-to-side symmetry of the crown is another 
indication of the spanwise periodicity of the flow field. 

Figure l(b), when compared with Fig. l(a), provides 
an indication of the alteration of the Row which occurs 
when a cylinder is missing. The disturbance of the flow 
is seen to be quite localized. Fluid tends to pass 
longitudinally through the space formerly occupied by 
the now-missing cylinder, and it is eviden t that the flow 
adjacent to the two cylinders at the downstreamend of 
the straight run is definitely affected, as witnessed by 
the outward canting of the crowns of these cylinders. 
Otherwise, the flow field does not seem to be much 
different from that pictured in Fig. l(a). 

For the fully populated in-line array [Fig. Z(a)], the 
expected tendency of the main-flow to course through 
the clear channels and to ignore the longitudinal 
intercylinder spaces is vividly displayed. The main- 
how acknowledges the presence of the successive rows 
of cylinders by adopting a slightly undulating path, 
which pinches in when abreast of the cylinders and 
spreads out slightly when abreast of the intercylinder 
space. The fore portion of the intercylinder space is 
dominated by a recirculation zone while the aft 
portion (the black region) is a low velocity zone. 

The removal of a cylinder [Fig. 2(b)] enables the 
main-flow to make a somewhat deeper incursion into 
the now-elongated intercylinder space. It is note- 
worthy, however, that the crowns of the two cylinders 
which stand at the right- and left-hand sides of the 
vacated space are not skewed, suggesting a minimal 
effect on these cylinders. The crown of the cylinder just 
upstream of the space is slightly truncated compared 
to the normal pattern, as is the low velocity region at 
the downstream end of the space. From the photo- 
graphs alone, it is difficult to assess the importance of 
these seemingly minor changes. 

Heat transjkr rrsutts 
The heat transfer rest&s are presented in Figs. 3 and 

4, respectively for the staggered and in-line arrays. 
Each figure displays the portion of the array which 
encompasses the missing cylinder, with the flow direc- 
tion being from left to right as shown. As noted earlier, 
the heat transfer coefficients were measured in the 
twelfth row and correspond to the fully developed 
regime. 

In each figure, each of the cylinders situated in the 
neighbourhood of the site of the missing cylinder is 
marked with two numbers, one above and one below. 
Each number represents the ratio of two heat transfer 
coefficients, with both coefficients corresponding to a 
given Reynolds number. The numerator of the ratio is 
the heat transfer coefficient for the case in which there 
is a cylinder missing from the array, while the de- 
nominator is the heat transfer coefficient when all 
cylinders are present. Thus, the departures of the listed 
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FIG. i(a). Fluid ffow pattern for a fully populated staggered array. 
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FIG. l(b). Fluid flow pattern for a staggered array in which there is a cylinder missing from the array. 
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FIG. 2(a). Fluid flow pattern for a fully populated in-line array. 
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FIG. 2(b). Fluid flow pattern for an in-line array in which there is a cylinder missing frl 
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Fi,g, 4. El’Fect of a missing cylinder on the heat transfer 
coefficients at neighboring cylinders in an in-fine array. 

her appear to be less afkcred by the n&sing cylinder 
than are Chase at the higher Reynolds number, 

Figure 4 shows that the heat transfer c~f~ci~nts for 
the in-line array are quite insensitive to the missing 

~~1~~~~~. This finding is not ~~rpr~s~n~ in light of the 
minimal rn~di~~ati~n of the Aow field which OECWS 
&en a cylinder is removed from the array [Figs. 2 
6% M]. 

In general, the irregularity caused by a missing 
cyiinder does not result in significant changes in the 
heat transfer coefficients at the n~i~~b~rin~ cylinders 
of &he array. 
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EFFET DE L’ABSENCE DUN CYLINDRE SUR LE TRANSFERT THERMIQUE ET 
L’ECOULEMENT DE FLUIDE DANS UNE NAPPE FRONTALE DE CYLINDRES 

Risum&Des experiences sur le transfert thermique et sur la visualisation de koulemen t on t c!tC faites pour 

des nappes frontales de cylindres dans lesquelles un cylindre est manquant. On a ttudii les arrangements en 
ligne et quinconces. Lavisualisation a partir de la technique de la fumed avec suie conduit rides photographies 

trts rbdlatrices des configurations d’tkoulement aussi bien pour la nappe complbte que pour celle $ laquelle il 
manque un cylindre. Relativement au transfert thermique, on trouve que l’arrangement en quinconce est plus 

sensible a I’absence d’un cylindre que I’arrangement en ligne. 

DER EINFLUSS EINES FEHLENDEN ZYLINDERS AUF WARMEUBERGANG UND 
STROMUNGSFORM IN EINEM BUNDEL VON ZYLINDERN BE1 KREUZSTROM 

Zusammenfassung-Exprimente, die sowohl Warmetibergangsmessungen als such Stromungssichtbarma- 
chung umfaBten, wurden fur Kreuzstrom-Anordnungen von Zylindern durchgefuhrt, in denen ein Zylinder 
fehlte. Sowohlversetzte als such fluchtende Anordnung wurden untersucht. Die Stromungssichtbarmachung 
nach dem tilruB-Verfahren lieferte hiichst aufschlul3reiche Fotogralien der Stromungsbilder fur voll besetzte 
und fur Anordnungen, in denen ein Zylinder fehlte. Im Hinblick auf den Warmetibergangzeigte sich, dabeine 

versetzte Anordnung starker auf einen fehlenden Zylinder reagiert als eine Ruchtende. 

TEIIJIOHEPEHOC Ii TEYEHHE mMAKOCTM HPM 113%k .ulM tJJH-IOI-0 M3 
PACHOJIOmEHHbIX B HYHKE HOHEPEYHO OGTEKAEMLIX HI4JIMH~POB 

Auuorauna - npOBeAeHbI ZiKCRepHMeIWaJIbHbIC H-JMepeHWl WlOTHOCfH TellJIOBO~O ROTOKa ff Bff?)WIK- 

samis TeqeHm B nonepequo 06TeKaeMOM nysre fiffAff~Ap0~ IIPH ff3wfTI(u ff3 aero OAHOrO uffnfffinpa. 

kCJEnOBaJIEiCb KBK UlaXMaTHbIe, TaK W KOpaAOpHbIe JfyVKEf. &f3)‘a,~Ef3Z.lffR ROTOKa MeTOLlOM HaAWe- 

HNII Me~KOA~CnepCHO~ CaXKR IIO3BOJEWa ROl-f)‘Y%fTb OYeNb YeTKIte i$OTOI-pa@4 KSiPTHHbI Te’feHflll KBK 

LU~R n’j’fKOB C ffOJfHbIM, TaK H C WeIIOJfHbIM Ha6Opohf WfJIEfIfApOB. YTO KaCiETCR TCfIJfOO6MeHa. TO 

BbIRCHRJlOCb, YTO OTCYTCTBE OLLHOi-0 ~~A~HApa 6onbme CK2l3bfBaeTCI B U.WXMBTHOM, WM B KOpirAOp- 

HOM flyYKe. 


