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u mean axial velocity of flow
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IISTR-{CT

with a specified "i:T:"j"": the hydrodynamic fl.o1 developmenr through a circular pipe is investigated forlftrentReynolds numbers. Theflow in thepipe was turbulentandihedevelopinglength increasedwittr thedecreasedncynlds numhr and Langhaar's relation was not applicable for this case. Th" rno*"ntor and energy correctionhs increase in the developing region and attain conitant ma"imum value- in rhe developed region. These factorsirc in the developing region and attain constant maximum uaruiin ttre oevetopeo r"gio"] rr,.r" factors dependp Reynolds number and the empirical relationships for rhe factors are developed for the developing **il.

.l til probe and a static probe wcre used for measurements.

It.IroLs

cross sectional area of the pipe

diameter of the pipe

&veloping lengrh of flow

erponent of the empirical vclocity eqn(l)

radial distance measured from pipe axis
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V" area-average velocity of flow

x bxial distance measured from *rc inlet

y distance measured from the wall of rhe pipe

u, kinetic cncrgy corrcction factor

p momentum correcdon factor

5 boundary layer thickness

6' displacement thickness of ttre profile

p density of rhe fluid

0 momentum thickness of the profile

INTRODUCTION

When a fluid enters a duct, the velocity profile
develops gradually along the axial direction until it
becomes fully developed at some downstream
distances. The velocity profile in lhe developing region

depends upon many factors, including the geometry at

entrance and the surface roughness of the ducl Some

scientists have worked on fte developing region with
laminar flow in ducts. Langhaar tll devcloped an

expression for the length ofthe devcloping region as a

function of Reynolds numbcr, L/D = 0.058 Re; for flow
through pipes. This expression satisfies the
experimental results for laminar flow in pipes with
sharp enftance. But Langhiulr's expression for the de-

veloping length does not show satisfactory agrecmenl.

with the expcrimental results for different enuance
geometry and surface for the laminar flow in tle pipe.

Ihe flow in the duct becomes turbulenl. if the Reynolds

number exceeds some critical value and for such flows
Langhaar's expression can not be used. Sparrowl2]

developed empirically an expression forcalculating the

developing length for laminar flow through rectangular

ducts of different apsect ratios and il is L/D = 0.02 Re'

The flow dcvelopmcnt was found to be more rapid for
ducts of higher aspect ratios. Sparrow did not mention

anything about ths entrance condition and this

expression is not valid for different entrance conditions.
This expression docs not give satisfactory results for
turbulent flow in the ducts. Fleming, et al [3] have also
developed some thcoretical analysis for laminar
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velocity profilc through ducts with arbitrary cross-
sections without identifying entrance gcomery.
Howcvcr, all tlrcse analyses wcre donc lor laminar flow
and tlrcsc mathemadcal analyscs do not satisfy tlc
results.for turbulcnt flow in the ducls. Much worl lras
bccn donc for prcdicting ftc entrancc lcrrgth lbr
laminar flow in ducs but much lcss work ha. htcn (l()ne

for the dcveloping region with turbulcnt llrw in rie
ducts. Many flows at the entrance region are lurbulcnt,
specierlly in relation to wind tunnel entrance. It is always
demanded that the velocity at the beginning of Lcst
section must be uniform. so that t}te wind tunnel dcsign-
ers always put.an attention to make the cntrance velocity
profile development fast which depcnds upon the
entrance geometry. This is useful for making the
entrance duct short for the wind tunnel. So, the
developing length in a duct is important both for
laminar and for turbulent flows in many practical cases.

In the developing region of flow in pipe the velocity
prohle is not uniform and it is changing with axial
distance. So, the momentum and kinetic energy intcgral
equations need to be corrected as regards !o the
nonuniformity of the velocity profiles. Inz developed
turbulent flow in a pipe the correction factors for
momentum and kinetic energy are assumed to be unity
by many authors which is reasonablc. But for laminar
developed flow such factors are found !o bc more than
unity, and their approximation to unity accumulatcs
someerror.in lhe momentum and kinericencrgy balance
equations. For the developing region in a pipe both for
laminar and for turbulent flows, the momcntum and
kinetic energy correction facos should not bc counted
to be unity for achieving accurare results. Coladipietro
and Sridhar[4] explained t]re magnitude of variation of
the momentum and kinetic en€rgy concction tactos in
relation to a few flows both turbulcnt ard laminar. A
relation between tlre two frctors was also developed by
them with approximation. Coladipicrro and Sridhar's
[4] analysis fbr the correcrion frcors will be examined
for the developing reginn of pipe fl,ow wirh specified
entrance cone.

Hue-Shen Tien t5l h dewrr cd theoritically
various sE€m line pronbs which were useful for
making converging cones for wird unne.ls. The prohles

wcre developcd borh for compressible and
inC7npressible flows. One of sdr sr Eam line profiles
is used to make the entrance csrc fr a cinrclar pipe is
given in ref. [6]. The present inr'€srigafun is on the flow
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Jcvelopment in the devcloping rcgion identifying the
.ntrance gcomeFy and for turbulcnt flow in pipcs. The
magnitude of thc momcntum antl kinetic energy
:rrne€tiofl factors will also be examined. The inrcrnal
'-rfaceof thepipe waspolished by emery touuliAut"t.
i:sumption that the surface is smooth.

TJIUATIONS

_ The boundary layer velocity profile in rheI ' eloping region was assumed m Uc, 
-

EXPERIMENTA L SET.UP AND EXPERIMENT

A convcrging scction dcsigned as pcr Hsue_Shen
Tien's [5] work is attachcd to th'" int"t;;;* long GIpipe. The inside surface of thepipe was made smoo*r bypolishingwith emerypaper. The internal diamebrof &cpipe was 6.128 cm. prcssurc tappings wcrc setalongthe
pipe ar an inrerval 1.5 cm. veiocitirtistriUuiions tn rtrepipe were mcasured a[ sections ur * ino.uuiof 0. t5 m.
Fiv.e 

lo1tra;roraring acrofoil fans wcrc usJ at &c exit
cnd of thc pipc for gcncrating suction flow through thepipe. The flow in fte devctoping rcgion was
investigared forRcynoldsnumbcr f .S:"^ idand l.g5x lff. A kiel probc of size 1.65 mm On *^ used for
measuring shtic hcad. The kiel probc or thc sralic probe
was lraveresed over a scalc precise upto 0.254mm. Thgkicl or the static probe was connecteo'to an irrciineo tuue
manometer with red oil (sp.gr. 0.g27) as manometricfluid. The manomcter rcading was prccise upto0.254mm. 

.figure r srrows nJ.ip.ri,i'"iiur ,r"p
togcthcr.wirh tapping points along rto a"iut Oirtun"..
r nc ocliul expcriments and the data analysis procedure
are given in refcrence [6].

To obtain an experimental vadue cithcr for total head
or for static pressure at a point an average of 3 ro 6observations was taken. 

- 
fne un""rtai"niy" of the

expcrimental results were calculated on the basis of Z0: I
9Ojs..ln9 gnccrrainty value for velocity *a, catcutat"A
tobe+0.5Vo in the ccnrral region of a sccrion unA l, go".
upto +l%o near lhe wall. Thc unccruinty of sfaticp.::r*. throughout the pipc was found ro bc less rhen!0.3Vo. The arnosphe*-prersure *^ f"""0 , U"constanr. The air reTn".1* in rlre pipe during
experiment varied within +2C.

RESULTS AND DISCUSSIONS

Figs. 2a, 2b.2c and g, ln, 3c show rhe hydrody_namic devclopmcnt of ucrdciry ;iliii;; [i tiynoro,
numbers 1.85 x lCI and 1.53 i iO'r".p"J*L. o,,
cnl.ers lhrough a converging scction which was de_
signed fior achieving quicl divelopmenr oinows. rr isobserved *rar rhe flow dcvelops earlicr ioi"t,igt*,
Reynolds number, bur the uatuts oi tr,e jweroping -
Icngtr differ from rhe_values obrained*lf urngLanghaar's expression. The experim.nat Jatr.. orvelocity in the boundary layer of rhe Ocvetoping-region

|=rXl,'^ (,)

;'.re 5 is the boundary laycr flir.kness. The: .1i.rcement thickness anO inom'cntu*-u,i.in"., *.
:-,:,iiated by using the following equadons.

I

6*/6 = Jlr -,v"oJarrO A)
0

,i.':,;:i ),- r" - r The non_dimensonal pressure drop is
::f,rrix-d in the form Lp/t lD pV-21 whcre V isi . riijc' r,elociry across rhc crbss se'cu6n 

"i 
irr" irip6.'"

lhc momcntum and kinetic energy corcction
.L rr-i .trc calculatcd by equations,

p=* [Gru )'vuA, Cl

ardc=fJr",uJv.

. ;tr -rc velocity profile given in equadon(l), a and B!e.":fi'J i.

G+ rf (2n+ 1 )

z? 6+2)(?n+2)

"- (n+t)3(zn+t)

*-,41n+3 )(2r+3 )

(4)

6)

(6)

l "ur: rtruo and Sridhar [4J with approximation ob-

ffi ,i",l.,lowing relationship betwccn a and p for

c=p+B-l
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lere fitted m the empirical equation (l) and the bcst
', alue of the exponent n was calculated. The values of n
icr ttre boundary layer velocity profiles vary wirh the
.xial disance as shown in figure 4 for Re = i.g5 * tff
ind 1.53 x 1ff. The solid lines in figs. 2a,2b,2cand 3a,
-: b, 3c represent the bcst fit lines and thc RMS dcviation
t'lr any curve did not excecd 0.00235. Thc boundary
:rer lhickness 6 for ry'u. =.0.99 was calculatcd bv

- tou.ingvelociry in rhc plhn"c u/u" vi. ,4 TfiUffis".ii
: _riven in figure 4 show a value abour i t.O at cntrance
,:'d gradually drops to a constant valuc 7.6 for Reynotds
- -nber l.B5 x 1 05 at x/D = 26.5.For Reynolds number
. 53 x 105 the constant value of n is achieved ro bc 5.7
:; r lD = 36. This gives an indication rhat rhc {low
:,:: omes devcloped at xlD = 26.5 for Rc = l.g5 x lff and
:. \,D = 36 for Rc = 1.53 x lff.These values of
:.: , r'loping length do not agree with the Langhaar's [l]
;".rnula for flow through circular pipes with sharp
i -;f,nce. Of course, such disagreement is expected as

-"^: L.anghaar's formula is applicable for laminar devel-
'': :g flow.

The displaccmcnt thicknesses and momcntum
." . inesses calculated by using equations (2) and (3) are
'" tld in figurcs 5 and 6 for Reynolds numbcrs

: lX1tr and 1.85 x lff respecrively. Figures 5 and 6
.', * rhat both displacement thickness and momentum
-';iness increase with Reynolds number in the
;,:I.-iping region and achieve a constant. value in the
I , c lcpcd region. The shape factors also vary with the
l-r : ,Jistance and it was found to lie betwe€n the values
, "nd 1.16 for both Reynolds number studicd here.

;.r icse values of shape factors, and Lhe values of
: :l::cment thicknesses and momcntum thicknesses
,:,- ;r in figures 5 and 6, the boundary layer may be
l,.l-;cd to be turbulcnt throughout the entire length of
J* lr\ cloping region. But the velociry profile changes
. : *ial distance in a different way for varying
; - .:,- lJs numbcrs. Due to the change of_the velocity
:..,'. : *re kinetic encrgy correction factor, o, and the
:', r jijturll correction factor, p should vary with the
Lr ", :isnnce in the developing rcgion. These factors
;', '-",: ;lso dcpcnd on Reynolds numbers. The factors
: ; : ) *'cre calculated by using equations (a) and (5)
-"rj ,-.J ralucs arc ploil.ed in figurc 7 as a funcl.ion of

axial distance for two Rcynolds numbcrs. The factors
are small in lhc entrancc section and incrqu;e with the
axial distance. Both c and B become maximum and
constant a[ some axial distance which is the develope<l
region of [he flow. Figure 7 also shows ,t oi it 

" 
valucs

of the facnrs a and B arc high if the Rcynolds numbcrbccomc low mainraining rncfio; ffi;i#. ihc cncrgy
correction factor becomes as high as l. I for Rcynolds
number 1.53 x l0s and 1.074 for Reynolds numbcr l.g5
x^Iff. approximately. Figure z atso iocnJn". it. r.ngrr,of the developing region correrponaing- to thc
maximum constant values^o,f c, and p and it was foundto hc x/D=/S.S for Re= t .95 x I tr .uiilb'=':O fo. n"
= l.-53 x lff approximately. Figurc 7 indicatcs rhat the
as\umption of constant valucs for a and B in thece vcloping region leads ro an crror rJri'"lnJ.gy *o
momentum balance cquati(nrs.

As the facbrs o and p arc lhe functions of Reynoldsnumbcrs and axial disunces, a si*pie cui"" iiul"g
principle is applicd ro esrablish lhe relalionships as
shown in figure 8. The RMS error for r.his tiuing OiO nor
exceed !1.21 x I Os for any Rcynolds number eiamined
herc. So, the empirical rclationships for s,and B showni1 fiqure 8 arc' quitc,rdrr*roii"oio iilti,ltro. *,.
dcveloping rcgidn of a pipe flow. Coladipietro and
Sridhzr's [4] rclation bctwccn o and $ is shown infigure, 9 togethcr wt*, i comlilirSn" *itn t,r,.
expcrimental valucs. Though rhc thcorirical relation
was devcloped wilh some approximations and assump-
tions, its trend agrees with thc prcscnt e*[.i*cntat
results.

SI.IMMA RY AND CONCLUSION

l. Flow dcvelopment in a pipe with spccificd entrance
condition for diffcrent Reynolds numbcr was sudicd.
Dcveloping lengrh is shorter for higher neynotOs
number.

2. The momentum and energy correction factors
incrcase in the developing reglon uu.uin *o*irnu*
constant values at distance whcrc flow becomcs fully
|_"u.gloprd: Jhc facrors, q and p dccrcase with rhelncrcase o[ Reynolds numbcr.
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o FOR Re = 1.53 x 105
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