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PRESSURR LOSS IN DUCTS WITH CMPOUND BLBOWS
By John Rs Weske

SUMMARY

Results are presented of measurement of the pressure drop
in duots produced by two equal 90° elbows arranged at three
different engular positions to each other, placed adjacent to
each other, or separated by stralght duots of various lengths.
The measured pressure drops have besn amalyzed and ocorrelated,
and the results are summerised in the form of ocurves adapted
for design computations of pressure drop in oompound-duoct bends.

INTRODUCTION

" A program of systematic investigatlon of the pressure drop
and, in scme ocases, of the velooity distribution in ocompound
olbows was undertaken for the purpose of furnishing to the
designer of duoting systems in airoraft certain engineering
data required for ths computation of pressure losses in these
systemss At the suggestion and with the financial support of
the Natlional Advisory Committee for Aeromautlos, the work was
undertakeh at Case School of Applied Sciences The design of
the duots, the testing, and the ocomputation of the results was
carried out by Frank E. marble, Je Je« Jaocklitoh, Jr., research
asslstants and Donald W. Stesl, instruotor at Case School of
Applied Solenoce.

APPARATUS AND EQUIFPMENT

Teasting Equipment

The layout of the test stand for the measurement of
pressure drop in compound bends is shown in figure ] and a
photograph of the setup for a particular test is reproduced as
figure 2.




Blowers = The équipmanb is powered by a type 35-20 North
Ameriocan centrifugal blower rated as followsti

Maximm speed, 3500 rpm
Quentity of flow, 5800 cubioc feet per mimmte
Total pressure, 20 ounces per square lnch

A measured performance ourve of this blower at 3000 rpm is
shown in figure 3.

The blowor is driven by a dircet-current motor that mey be
oconnocted to either the 110=-volt or the 220-volt direct-ocurrent
laboratory oirouit, thus affording speed control of greut acouracy
over a wide range and making it possiblo to extend the serics of
tosts over a oonsiderable range of Reynolds numberse In a 6-
inch=diaineter duct, for ihstdance, it is possible to attain
Reynolds numbers of 1,000,000, ¥ach numbers arc <s hlgh as 0s3.

8till largor Reymolds numbers may be obtained by placlng a
diffuser at thoe outlet of the duot and thereby recovering a
sizeablo portion of the kinotle onergy of thc stroams It las
not been neoessary to apply the diffuser for the presont
investigation because the ocapacity of tho blower has bssn more
than adequatos

Intake box and measuring orificss = The intako box is 36
by 36 inches ln oross ssotlon and 4¢ inches longe Tho rcar face
has a 23-inoh-diameter opening wilth fairing in the box te
change from square to round. The outlet oponing of the box 1is
placed tightly against tho inlet opening of tho blowor, which
has e diameter equal to that of tho box,

The quantity of flow is measured at the- inlet side of the
blower by means of four exchangeablc sharp-odge orifices mountod
in the intake boxs -These orifices arc symmotrically arrenged
on & olrcle about the axis of the box.

1
The dlameters of the orifices arc 4-1%- inchos, 7'1—2 inches, 6372

inchos, and 8% inohese Muvasuremen*s of pressure drop aro

obtainod by means of a tap in the sido wall of tho imtako box,
located on the horizontal center plume, 1 inoh downstroam of the
orificoss The acouracy of quantity measuremont should bo 1.5
porocent according to reforence le



Tho amount of leakngo of air in the fan and the adjoining
ducting was dotocrmined in a spocial test. In this tecst the
outlot of tho dischargo ducting and the inlet woroe flanged off
and, with the blowor standing still, air was forood Into this
system by moans of a vacuum=cleaner fane Tho quantity of air
handlod by tho vacuum-cleanor fan was determinod for varlous
static prcasuros produced in the systeme The results of thoese
measuroments showed that under normal oonditions of operation
tho amount of leakage, such as ccours at the shaft seal of the
blower, would not approociably affoct tho acouracy of moasurcment.
Similtanoous dotorminction of tho quantity of flow from orifice
measurcmonts and from velooity=-traverse measurcments at tho
discharge of tho plonum chambor gave results that agreed within
2 poroonte '

Plonum ohambor. = Connectod to tho discharge oponing of tho
blowor thoro 18 & plenum chamber 48 inohos long and

17% by 17%- inchos in oross soctions A honeycomb section is mounted

inside the plonum chamber 24 inches from the fan outlcte Tho

soetions of tho honeycomb are 3/4 by 3/4 by 8 inchos doops Scroon

wire 18 mosh to tho inoh, 1/100=inch-wirc diamocter, is installed
10 inches downstrecam of the honoyoomb to oqualize tho flow and
furthor to reducc the turbuloncee Tho maximum volocity in the
plonum chambaer is 30 foot per seconde Tho plonum ochamber 1s
faired down to a cross soction of shape and dimonsions ocorres-
ponding to those of tho duct to bo tosted by a falso structure
extonding 12 inches upstroam from the outlot and o nozzlecs Tho
nozzlo, 4 inches in longth, comnects the outlet of tho plenum
chamber to tho duct and cffects o gradual chango of oross scotlon
to that of the ducte Tho contraotion ratio of tho trnnsitlon

from plonum chambor to duct is 101l for duots of a oross-seotional

area equal to that of o 6-inch-diamotor duct.

Traversing heads = A travorsing head and a multitube mano-

metor (Zigse. 4 To O) woro usod to obtain the voloocity distribution

in tho 6-inch-dlamotor ducte Wall tape woro usod to got
additlional statlo=prossure moasuromonts in tho planc of the
travorsocs Tho travorsirg head also had o rake of silk throods
for obsorvation of tho dircetion of flow through windows
provided for the purposes This rako is arranged at right
angles to the tubes to minimize intorforonce-with tho flow past
tho tubess The travorsing head can bo rotatod botwoon its
flangea to obtaln o numbor of diametral traverses. Rcoords of
pressurc distribution woro obtainod by bluoprinting tho shadow
of the moniscusaes,

e e




Duots and Elbows

The stralght ducts used in these tosts of round and
clliptiocal cross sootion were madc of gnlwmnized lrone They
wore joined togethor with flanges made of 3/4~inch plywoods
The straight ducte of square nnd rectangular cross section
wero made of whitse pine and plywood, which wns vornished on
tho inside to close the poros and doorcaso the roughnosse These
duots worc also provided with flangess Prcoisc alinoment was
obtoined by insortion into the flangos of brass dowols, such as
dro used in pattornmakings By this monns doviation from alinemont
of the insido wolls is kept volow 1/32 inch. Prolimincry tosts
of both tho ollliptiecal and rectangulor ducts of. largo aspect
ratlo disolosod that thoy would distort under intornal prossure.
In ordor to provent this distortion, frarmcs woro mounted around
the ducts at intorwnls of 12 Inohes and tho corroct oross
sootlon was theroby maintainod, within close limits, ovor tho
entiro longth of thoe duote-

The olbows of round and clliptlonl oross sootion wero oarved
to tomplet from glued blocks of woode Their insido surfaco was
rondored smooth by two ocoats of shellao, of which the first ono
was rubbed down boforc applisntion of the seconds Tho three
singlo clbows of oirocular oross soction arc shown in figure 7.
The elbows of square anf roctangular oross scotion wore mdo of
galvanizod iron and wore orovidod with flangos on both cnds.

(Sco fige 8s) The svams woro such that they lcft the imsido
porfootly smcoths Thoso elbows, ns woll as tho ducts of square
and rectangular oross section, had sharp corncrs wlthout filletse
Dincnsions of the elhows aro given in tablo I.
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TABIE I
. DIMBNSIONS OF ELBOWS
! H | |
| Cross Width Dimansions Aroa Meon {Radius
Elbowy soo- Dopthl . rodius | ratio
| tlon) (in.) (89s in.)| (in.) .
1 cirou-! 4.5 0.75
2 lar | 1 " Radius 3 28,2 9.0 1.5
3 ' 24,0 4,0
4 |Ellip- i 2465 | 075
5 ticel 3 .‘JB.JO!' exis 10.5 28.2 5.25 115
-6 Minor axis 305 14,0 440
7 1Ellip- Iﬁnjor axis 13.25 2,0 0.75
8 | ticall 5 !Minor axis 2465 28,2 440 1.5
9 O 10,6 4,0
10 , Width 5,125 349 0.75
11 Squareh 1 ! 28-0 7.75 105
12 | Dopth 5125 20475 | 440
13 |Reo= Width 9.1875 243 0.75
14 tane 3 28.0 44,6~ 1.5:
15 gular Dopth 3.06 12,25 4,0
16 | Rod= Width 11.875 : 1,8 0.75
17 ta._n- i 5 28.0 3056 1.5
18 gulo.r‘ Depth 24375 945 ! 4,0




~ e s . - - _

ALt the oross s8ttions of the—straight duot, selected for. .
statlo=-pressure measurements, four preossure taps were located
in the same tranaverse plane. In the case of the round duots,
the wall taps were spaced equally around the oircumference.

In the ducts of elliptioal cross section, taps were provided

on the major and minor axes = one on each side. For ducts made
of galvanized iron, these taps were drilled with e No. 40 drili,
In the case of ducts made of wood a thick-wall brass tube with
e 1/32-inoh-diameter hole was inserted in the wall, filed flush
with the inside surface. Burrs were carefully reaumoved and, in
the oase of the wooden duots, pattern wax was epplied in orev-
ices to insure a perfeotly smooth and regular surface in the
violnity of the pressure tapes The four pressure taps were in-
terconnected by a oirocular line from which one conneotion was
led to a U tube.

Photographs of the test setup for a U bend of the 5§ x 1
rectangular duct and for a 90%-offset bend of the 5 x 1 ellip-
tical duot are shown in figures 9 and 10, respeotively. The
photograph, figure 9, was taken before stiffening frames were
applied, while figure 10 shows the stiffening frames. In the
case of the 90%-offset bends of the elliptiocal and rectangular
ducts the inlet-area of the s econd elbow was angularly displaced
by 90° with respect to the cutlet area of the first elbow.
(S8ee fig. 10,) The transition was accomplished by means of
two transition sectliona, each I foot long, changing the ellip-
tical section into & ciroular geoction of the same area and,
correspondingly, the rectangular section into a square section

.af the same area. Ong transition section was placed direotly

downstream of the second elbow. The required length of “spacor
was produced by placing a piece of duct of eiroular (or squarc)
sectlon between theso two tramsition pilecos. For minimm
length of spaoor, the two transition pileces were placed flango
to flange.

CALIBRATIONS

Calibration tests of the blower, in which the speed was
hold constant and the alr was discharged aganinst resistanoces
of the order of magnitude to be encomtored in the ducting,
had shown that the tosting equipment has emplo capacity. A
charaotoristio performance ocurve of the blower at 3000 rpm
is shown in figure 3. Tho cleotrical equinment was chosen to
permit vory sensitive speed ocomtrol and, at the seme tiue, to
keep an establishod condition of operation oonstant for the
duration of the run.
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As previously stated, quantity measurcments computed
from orifice- and velooity=-traverse mcasuroments agreed with-
in 2 parcents This agreement wns acocepted as satisfactory.

Preliminary to the determination of coefficients of
friction of the straight duoct, tests were conducted to estab-
lish the eoffeot of approach longth, that is, the longth of
duot required to produce a fully developed velocity profiles
It might be expected that in the approach length the prossure
gradient is larger than the prossure gradiont in the part of
the duct in whioh the profile is fully doveloped. Evidence
wag obtalned from veloscity traverses and pressutre measuremcnts
that the boundary layer doveloped vory rapidly immediately
downstroam of tho nozzlé: and more slowly with inoreasing
distanoce fram the noszle, thus approaching asymptotloally the
fully developed state. '

The friction drop in a 6-inch-diamoter straight duot of

oircular oross sootion was determined for a 30=foot length

botween taps, beginning 4 feet from the nozszle, and for a 20
foot lepgth botwoen taps, boginning 14 foet from tho nozzlo.

It was observed, hovever, that it was more diffioult to cbtain
oonsistent prossurc roadings on the uvstroeam tops with the
shorter approach longth than with the longer, On tho basis

of theso teats, the rule was establishod of running pressuro=
drop tests with a straight approach length at loast 15 hydrau=
llc diamotors long ahead of the upstrcam przssuro tap. In

the oase of tho round duct, the approach langth was 28 diamotors.

Exploratory moasuromonts of vclooity distribution showod
that in ordor to obtain a symmotrical velooity profilc in the
strolght duet it was imperative to aline the duct oarefully.,
S8light bonds in the duct would affoct thc velooity pattern
oonsliderably. Care was therefore takon in all tosts that tho
duot soctions wore linud up straight with oach othor and with

tho nozzlue
Volooity traverses were taken for tho duot of circular

. oross seotion at the outlat of the nozzlo (fige 11) and at a

point in the straight duot 28 diamoters downstream of tho
nozzle, which corrosponds to tho looation of the inlet of
the first elbow in the elbow tests (fige 12). Tho straight
duct was continued 20 diamcters downstream when it oponed
into atmosphore. Figure 12 shows the velocity. patterns with
test polnts plotted for warious specds.



Tho to&ts deal wlth throee princlipal aspeots of the in=-
vestigation, nemely,

1. The determination of friotion cocefficient for the
straight duct

2. The measuroment of pressure drops of single elbows

3+ The moasurement of pressure drops of compound el=
bows in throee diffcront arrangoments, referred
to as Z-bend, U-bond, and 90°-offset bend, as
indiocated in figure 1

Somo moasurcments woroe made of tho volooclty distributions in
the scparatcd roglons downstroam of the single circular olbows,
Additionnl qualltative measuroments of thu voloolty fluotua-
tlons in theso rogions woro made with a hot wire and an oscila
logrephe Velooity and stroam-angle survoys wero also made at
the outlot of a ocompound bond in a clirocular duct. The tests
were mado at mean air velooitics in the duot of 100, 200, and
300 feotpor socond and at lower and intormodiats specds whon
nocessary. _Thoso velooltios covered o Roynolds number rangoe
from 2.x 10° to B x 10° for the oiroular duct and a corros=-
ponding rango of sllightly. lowor Reynolds numbers for tho othor
ducts booause of their lowor hydraulie diameter.

Thoe prossure drop of thc single and oompound bonds wos
measurod by mcans of &tatlo-prossure orificcs 1 foot upstroam
of tho inlot of the first olbow and 4 feet dovmstruam of tho
outlot of the sccoond elbow, excopt for tho singlo olbows of
ciroular cross scction, for which the downstream prossure tap
wos only 2 foet from tho outlot of the elbow.

In addition to the roadings necessary for tho dotorminn-
tion of quantity of flow and of pressuros, 1t was found necos-
sary to measurs air tomporatures both on the inlct side and the
discharge sido of the blower; thoro was a considorablo tompera=
ture inoreaso, partioularly for duot arrangomonts of high reo-
sistancou.




SYMBOLS

friction factor of straight duct at Roynolds numbor R
of tost

Roynolds numbor (pVd/j)
meon voloolbty in tho duct

nass density at temporaturo and prossuro of air at
blowor outlet

absoluto viscosity at temporaturo and prossuro of air
at blowor outlct

. moasured prossure drop botweon taps

net prossure drop

dynamioc prossurc '\% pv“)

dovuolopcd longth between inlct flangoe of first elbow
and outlet flnngo of sccond elbow

distoaneo of upsbroam prossure.tap from inlot flango
of first clbow

distancc of downstroom prassuro tap from outlot flango
of socond olbow

longth of straight duct botwocn upstream ond downstroam
olbows

radius of "Gurvaturc of ocontor linc of clbow

4 x arna
hydraulio diemoter of duct —— e
( porimotor

distance betwoeca inlct and outlet duots of compound 6le
bow (L =1 +2r)

oross~gcotionnl aroa of duct
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RESULTS
Pressuro Loss 1n Straight Ducts

Tho rosults of moasuromonts of tho pressure drop of the
straight duoct are prosonted in figure 13 for ducts of all
cross soctions testaed.

This greph shows cocfficlcnts of frioctilon f
ap 2L f = Op a ..
. : q T

bascd on tho hydraulic diamctor d, plottcd agnlinst Reynolds
numbor. It is seon that, whon corrclated by moans of tho hy=-
droulic diamotor, thc friction cocfficionts of all oross seco-
tions investignted do not diffir muchs 1t 1s therefore possiblo
to drow o ourve through the tost points thet may thon be ap=-
plicd with olosc approximation to round and ollintical as wcll
as to squaro and roctang lar aross scotions. Tho curvo lios
slightly above the von Kirman-Hikuradse ourve (sce roforonce

2, pe 144) for smooth round tubos.

Prossuro Lossces in Single and Compound Bonds

For presortatlon of rosults, thce mcesurod proessure drop
Ap wos rcduccd to nondimensional form through division by
tho dynamle precssure q. The quantity éﬁ roprcsonts tho

q

nondimonsionnl gross prossuro dron. Yoxt, a nct proessure drop
Op' vms computod by deducting from tho measured pressure drop
corrcsponding to tho friotion loss of a stralght duct of longth
oqual to the developod lcngth of the duct botwoon tho two pres-
surc tapse Roducod to nondimensionnl form, tho net prossuro
drop is thus dofincd as

Apt  Ap U+ La"'L'\

ERC N J

Tho wnlues of Ap!'/q for all ducts havc boon plotted against
Roynolds numbor in figuros 14 to 25, wnore, to avoid confusion,
tho cxperimoental polnts havo boen omitted from most of the
curves. Tho scalo offoct avponrs to boe slight for tho round
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and squaro ducte; for the ducts of high aspect ratlo, howevor,
tho proessure drops tond to inorease with inoreasing Reynoldas

- numbor- (Figs..-19 and 25)s In como oeses (for example, fig.
15), tho pressure drop showod a sharp rise toward the lowost
Roynolds numbers; tho data aro not suffiocioent, howower, to
provo tho existence of a oritical Reynolds numbor in this
rango. )

Tho rosults have been cross-plotted in figures 26 to
28 to show the cffoot of length of spnoer between elbows.
The wlues of Ap!/q shown in thesc ourves are tho avorages
for the Ryenolds nunber range testod, oxcopt for those cesos
in whioch the scalo coffoet was unusually large, in which case
curvos for the high and low range are shown soparatoly. (Sco
figs. 27(c) and 28(c).) It is olear from these nlots tint .
the relative redius of ourvaturo r/d 4is the most importent
of tho faotors affeoting the not prossurc drop. As comparod
with this faoctor the offect of longth of spacor botwoen ol=-
bows may be rogarded as being of the nature of an intorference.
In goneral, as the longth of the spacor is deoereased, this
interferonce ceuses a dogroaso of net proessurc drop in tho
case of tho U~bend (fig. 24), an inorcaso in tho case of the
Z=bond (fig. 25), and almost no change in the case of tho
90%=0ffsot bond (fige 26)e '

For the purposo of pointing out the relationship bctwoen
the radius ratio of the clbows -% and the not prossure drop

Apt , o plot has boon made in figure 29 of tho net prossure
q
drop %% for thoe maximm length of spacor tested ageinst

a
tho inverse of the radius ratio squarcd (;% for ducts of
all oross scotions., This quantity was chowed as it was sur-
miscd that, in the absence of soparation, there night possibly
bo proportionnlity betweon the net-prossuroc drop and the proa=
sure gradiont in tho radial direction at the olbow. Inasmuch

as such roasoning is orude from oonsiderations of the nmature

of tho physical phenomena, tho quantity (g.)n, though not

qulte proportionnl to the prossurc graodiont, was oconsiderod
adoquato as a first npproximation.
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For the purpose of adupting tho rosults of the experi-
mental invostigation for uso in comncotion with the estimo=-
tion of prossure drovs in compound duot bornds, 3 chnrt56

%urcs 30 31, 32 wore proparod for the Z, U, and 90"~
offsot bond g, respoctivoly. On those charts wero plotted

the net prossure drops of ocompound bonds of all duots invos=-
tigntod against the quantity .L- . Thoso graphs show a fami-

ly of curvos for caoh duct scction with tho nondimensionnl
normal distance botweon the axcs of theo upstroam and downstrecam

ducts L. us paramotorss Tho famlliss of curves rolating

to the various duct scotbious hove been plotted on on: graph
in ordor to facilitatec comparison. Lognrithmic papor wms
choson for these vlots not boocausc of any inhorent quality
of tho functional rcletions, but becuaso it was folt that
tho acouracy of prosontation wms improved thorcby.

Piguro 33 shows tho woloolty trovorsos takon at the oub-
lot in the symmctry vianc of the single clbows. Orly tho
sharpest bond shows complotc soparation from tho innor wall,
A map showing tho volocitics at 4 diametcrs in this soction
is givon in figur: 34. Owing to tho prorounced fluctuation
in tho roglons of soparation {or of incipient soparation),
the wolooltles measurod here orceed the two avorage volocitiaes
in the axial direction.

Somc irndication of tho dogroe of fluctuatlon was affordod
by thc hot=-wirc moasurements. Thus, figuro 35, tho ordimtos
of whioch aro proportional to the moan local airsp:cd, shows a
difforont distribution from thet of thoe corresponding ourvo
nf figure 33. Oscillogruma taken in tho "soparation" imer
rogion and the "smooth" outor rcgion aro compared in figure 36.

Flgure 37 shows surveys of velooitios, static prossure,
and auglos of flow at the outlct of a 90°-offsot compounrd
bond. Tho variction in anglo of flow aoross the duct indicatos
o pronounccd rotation of tho flows Tho faot that tho not
pressuro drops of tho 90%-o0ffact bonds aro lowor than those of
the U-bond end Z~bcnd may bo traocod to thoe offoot of this ro-
tation of flow in, aud downstroam of, thc sccond clbow, which
touds to onorgize tho boundary luyer.



CONCLUSIONS

s Friotion-drop coefficionts of straight duots, if ocom=
puted on tho basos of hydraulic dicmetor, ero noarly independ-

ont of aross-sootionnl shapa.

2. Tho pressurc~drop cooffiolents for single and com-

pound bonds vary but slightly with Roynolds nunbor in tho rangoe

of Royrnolds mmbers from 2 x 10% %o 8 x 105, Tho variation

doos not appoear to be uniform.

3¢ Tho radius ratio is the most important of the wvori-
ablos for tho throc typss of bond affoating tho prossurc=drop
coefficient of bonds.

4, For compound bonds, tho not prossuro drop dooreases
with deoroaso of spacor longth in the caso of U-bonds, and
inoronsos with deoronse of lcngth of spacer in the ocsc of

Z-bendse Thec effact of spacer length is vory small in the
caso of the 90 -offsot bondse

S5« Thore is & rotation of tho flow dowpstroam of tho
90°%offsot compound bend. This rotation probably accounts
for the fact that the pressure drops ccross the 90" =offsct
bends aroe loss than thoso acrose the corrosponding U-bonds
or Z=bcnds.

Caso School of Appliod Soionce,
Clovelard, Ohlo.
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Figure 2.~ Photograph
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Figure 4.- Traversing

Figure 7.-
Elbow and
dust spa-
cers of
clrcular
cross
section.

head.
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multiple tube manometer.
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Figure 3.~ Performance characteristics of blower at 3000 rpm,
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Figure 9,~ Compound U-~bend for rectangular Figure 10.- Compound 90Y-offset bend for
duct. elliptical duct.

Figure 36.~ Oscillo-

gram
-showing speed fluc~
tuations.

(a) In free stream.

(v) In area of sep-
aration.
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