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AN EXPERIHENTAL SURVHY OF FLOW AOROS8 BLNKS OF
ELLIPTICAL AND POINTED TUBES

By Upshur T, Joyner and Carl B. Palmer
SUMMARY

An experimental survey of the detalls of the flow of
flulds across banke of streamline tubes has been conducted
a8 a continuation of previous work, Information that
clarifies the plcture of the flow has been obtained dy
surveys of total, dynamic, and static pressure, and by hot-—-
wire cooling surveys of the unheated tubes.

When the tubes were of such shape and were arranged 1in
Buch manner as to allow the fluid to flow across the bank
in well-deflned streams, there wae little pressure drop due
to breakaway from the tube surface and the formation of
vortices. The concept of air flowing through 2 uniform pas—
eage between the tube wall and a sheet of low-velocity ailr
has been further Justified for tubes wlth high form drag.

INTRODUCTION

The work herein reported 1s 'a continuation of the work
reported 1in reference 1 in which the subject of alr flow
across banks of circular tubes was lnvestigated with regard
to frletion losses and heat transfer, The present study is
& prelimlinary inveetigation to determine a tube shape suit-
able for use In a bank of tubes with the cbJjact of reduclng
‘the pressure losses dus to separation of the flow from the
rear part of the tube. The value of a detalled investiga-—
tlon of fluid flow through tube banke lies in its applica-—
tion to the design of heat exchangers, where the major prob-
lem 18 to obtaln adequate heat transfer with minimum power
loss, It 18 hoped that the detalled information presented
on flow through tube banks will be useful in the degslgn of
more efflclent tubular intercoolers.

In extending the werk that has been reported in refer-—
ence 1, the sams general test methods have been used.. Tubes



of various croses—~sectional shapes have been used in an
effort to reduce the high form drag and the stagnation
areag and to eliminate the reduced cooling arsas that waere
encountered on the downstream side of the round tube. The
pressure—drop and friction-factor data given are quantita~-
tive, but the cooling results are gqualitative only, beilng
besed on hot—wlre flow surveys.

SYMBOLS

a minor axis of tube aeross sectlion, feet
b helght of duet, feet

Cp total drag coefficient

4 cross—sectlonal aras:
wotted perimeter

Dh hydraulic dlameter of passage, feet (

Dt hydraullc diameter of tube, feeot
Qg IE/

I current to Wheatetone bridge, amperes

f friection factor

o current to Wheatstone bridge when no alr flowe over hot
wire, amvperes

L length of passage, feet
Ap ©pressure drop, inches of alcohol

1 2\
qy dynamic pressure in bank, inches of alcohol <§pvt }
8 lateral spacing, feet

v velocity of air in duet, feet per second

Vt average velocity of air at minimum section between
tubes in bank, feet per second

p mass density of air, slugas per cubilc foot
1 absolute viecoslty of alr, slugs per second per foot

The hydraulic dlameter of the alr passage D, 1is cal-
culated for the passage formed by the low-veloclty wake,
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the tube wall at the minor .axis (traverse III 1n fige. 8
and 9), and the top and. bottom of the duct; that 1s,

- 4(8/2 x 1) ' C -
2(s/2 + v)

APPALRATUS AND METHODS

Meagurements were made in the duct shown in figure 1.
The banks were made up of wooden tubes 8 inches long, with
oroes sections as shown in figure 3. The tubes were always
arranged in the bank with succeeding rows staggered and
were overlapped enough t> make ithe separatlion bdetween ad—
Jacent tubes in succeeding rows Just half the lateral spac—
ing between tubes im the same row. This arrangement 1s
used because 1t allows a minimum of expanslon and contrac—
tion in the air passage. Several banks are illustrated in
figure 3.

One &4 tube and one C tube Had surface orifices sﬁace&
at half-inch intervals around one side of the tube for de-
termining the pressure distribution over the surface of the

Within the tube bank, static— and total—-pressure data
vere obtained by means of a probe consisting of a 0.030~
ineh tube closed at the lowver end and with a 0,004-inch
hole drilled in the side. (See fig. 4.) This tube extended
4 inches into the duct from the top and could be moved lat-—
erally along a ellt 1n the top of the.duct and rotated to
place the drilled hole in any desired position. -Total pres-—
sure was messured at the position of maximum pressure; the
probe was rotated 80° from this position to obtaln the
static pressure., Burveys with the nrobe were made at four
posltlons, as shown 1in flgures 6, 6, and 7.

Veloclity and pressure surveys were made at several
positions behind the bank of elliptical tnbes A, (See fig.
8.) Similar surveys for round tubes, taken from reference -
1, are shown in figure 9. As is to be expected, the in-
creaged turbulence behind the bank caunsed the dynamic-
pressure measurements to be larger behind the bank than 1in
front of the bark,

Hot—wire data for flow near the tube surface was ob-—
tained by mounting a 1—inch length of 0.003-inch platinum
wire 0.014 inch from the tube surface at various points
about the tube. This wire was used as one arm of a



¥heatstone bridge of which the other three arms were fixed
constantan resistancee, and enough current was supplied to
the bridge to malntain the platinum wire at constant tem~
perature, Bridge current required to keep the bridge bal-
anced 1s a measure of the air velocity in the viecinity of
the wire and is a direct measure of the heat—transfer coef-—
ficlents,

RESULTS AND DISCUSSION

Pregsure data.— The data shewing total and dynamic
pressures within the bank, for round as well as etreamline
tubes A and B, are shown in figures 5 to ?. The low total-—
pressure wake behind tube & 18 not so broad as for the
round tubes, and the stagnation area in front of the fol—
lowing tube is narrower and blankets less tudbe surfamace than
with round tubes,

Total, static, and dynamiec pressures at distances of
8 inches and 23 lnches behind the tube bank were taken with
8 pltot—static tube. Data (f1ig. 8) indicated that static -
preseure wae uniform across the duct. The large variations
in dynamic pressure immedlately behind the bank, due to
gaometrlc arrangement of the tubes, gradually disappeared
farther from the bank, &5 was to be expected. Comparison
with data for round tubes (fig. 9) shows that, for a given
pressure drop over the bank, a much greater air flow is
obtained with the elliptical tubses.

A comparison of the distributions of dynamic pressure
for tubes A and B having the same minor axls, spacing, and
position In the bank shows little difference; however, fig-
ures 10 and 11 indicate that, at 8/a = 1 and Reynolds
number of 100,000, the prnssure drop per row for tube B 1is
only three—fourths nf the pressura drep per row for tube 4,

At Beynolds numbers below 60,000, the bank of tubes B
wae more sensltlive to change in Reynolds number than at
higher Reynolds numbers because laminar flow was malntalined
deeper into the bank than for round or elliptical tubes,
Figure 12 corroborates this conclusionr the curve for the
first 14 rows having a typical laminar-—ilow slape and the
curve for the last lﬁ rows being typlcal for turbulent flow.
The over—all pressure drop i1s determined experimentally from
duct pressures ahead of and behind the bank.

The nonuniform etatic—preesure distribution over the
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surface of tube A is in sharp contrast to the essentially
uniform static—-pressure distribution on tube 0. (See
figs., .13 and 14.)

.Spacing and friction,~ The total—drag coefficlent for
& 8lngle A tube 1s shown 1a figure 15. At large .spacings
-the form drag of =an elliptical tudbe in a bank approaches
. that of an elliptical tube in a free stream; at small
spaclnge, frictlon enters as the lmportant factor. Be-
cause, as far ge friction 1s concermned, using snaller
Bspaclings 18 equivalent to decreasing the hydraulic diam-
ater of the pasemgeway, the fri:tion factor increases as
the spacing.decreases for the sama alr velocity in the bank,
The net effect is te make the frictional drag a greater
percentage of the total drag as the spacing decresses.

In figures 16 to 20 the friction factor for flow
through the banks of streamline tubes ms a function of
Reynolds number 1s shown at four different svacings of the
tubes, and the friction factor for flow in smooth pilpee ae
a function of Reynolds number between 5000 and 200,000
(reference 2) is shown as a dashed line. Within the ex—
perimental error, the rate of variation of the friction
factor with respect t¢ changing Reynolde number is the
same for all spaclngs used and for all stresmline tubes.

. For close spaclings of the tubes A, the experimental
pointe fall quite precisely on the theoretical line for
flow through smooth tubes. This agreement 18 not surpris—
ing because the fluid is considered as flowing in g passage
of uniform width, the sides of which are elther smooth

tube wall or stagnatlion space.

) . Behind tubes B, C, and D the low-veloclty wake 1is much
narrbwer than behind round or-elliptical tubes and thersafore
. attalns higher veloclties before reaching the next tube
downstream. )

The concept of flow bounded by a tube wall as omne
boundary and a low~veloclty wake as the other boundary,
vhich works well in the case of round o* elliptical tubes,
1s not strictly representative of conditions in a bank with
small wake (tubes B, C, and D). This concept is applied to
all tubes tested, however, for the sake of uniformity and
ease of comparison even though it sometimes leads to re—
sultes which indicate, on superficial examinstion, that the

frigtion faoctor of flow through banks of tubes B, 0, and D
is lower than for flow through smooth tubes.

2




Hot—wire cooling surveays.— Hot—wire data on 2ir flow
near the surface of tubes A (fig. 21) showe that breakaway
occurs at about 1/4 to 1/2 inch from the rear of the tube,
Tubes B near the front of the bank (fig. 22) havé cooling
qualities considerably different from tubes A. Deep in
the bank of tubes B, however, the flow follows the contoure
of the tube more closely (fig. 23) and gives a cooling ef—
fect much like that for the elliptical tube. Values of

I2 - 1,® 1in figure 23 are low because a heaviar hot wire
is used.

Air flow about tutes C (flg. 24) does not reach as
high velues as for the thicker tubes, dbut there is no
appreciable drop~off at the ends., Tubes D (fig. 25) show
an alr—flow dlstribution similar to that of tubee B dut
with the high veloclty maintained over nearly the full
width' of the tube. .

CONCLUDING RZMAHKS

The experimental methods of reference 1, used with
various streamline tubrs, show that, when the tubes are
of such shapr and are arranged 'in such manner as to allow
the fluld ton flow across the bank 1n well-defined streams,
there 1s little prossure drop due to breakaway from the
tube surface and the formation of vortices., When stream—
line tubes are used instead of round tubes, the flow follows
the tube wall closely; as a result, a larger percentage of
the total wall surface 1s in contact with moving fluid and
therefore 1ls effective 1n cooling.

The concept of alr flowing through a uniform passage
between the tube wall end a sheet of low—veloclity air has
been further justifisd for tubes with hlgh form drag.

A streamline. tube of the type herein called tube C
appears to be best sulted for use 1in banks, on the basils
of hea% transefer and the conrlstently low friction factor
for all spacings used, Manufacturlng methods have not
been consldered in choosing tube C for use in banks,

Langley Memorlal Aeronautical Laboratory,
National Advisory Committee for Aeronsgutics,
Langley Fileld, Va.
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Figure 20.~ Sunmary of friction data.
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Figure 21l.- Hot-wirs survey ofvsurface of elliptical tube A. s, 0.2075
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feot (2.49 in.); put , 54,600.
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Figure 22.- Hot-wire survey of surface of tube in row 2 of bank of tubes B,
s, 0.2075 feet (Z.49 in.)]; pVia, 58,000, '
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Figure 23.- Hot-wire survey of surface of tube in row 5 of bank of tubes B.
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n




WACA : ~ Fig. 24

3 [ 6
3 L] 2
1°-1,°
2e8
CT"“E) O
/’ T
o~ -
o - O o
F——0 L
. o) 5 | QCXO
2.4 O
2.0 _
0 2 4 6 3) 10

Distance along surface, in.

Figure 24.~ Hot-wire surveé of surface of tube in row 5 of bank of
tubes C. s, 0.2075 feet (2.49 in.); pVsa , 27,400, -
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Figure 25.~ Hot-wire survey of surface of tube in row 5 of bank of tubes D.
s, 0.2075 feet (2.49 in.); PV | o, 5o
l_l, 3
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