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A Study on Entrance Length of Developing Transitional
Steady Flows in a Sqnare Duct

ABSTRACT

F 9 A om g s
Y.T. Yoo, Y.H.Koh

In the present study, the entrance length, velocity profiles and waveforms of developing

transitional steady flows in a square duct are investigated analytically and experimentally.
The systems of conservdtion equations for transitional steady duct flows are solved analytically

by linearizing non-linear convective terms and adoption of modified eddy viscosity from em-
pirical correlations. Analytical solutions of velocity profiles for developing transitional steady

flow were obtained in the form of infinite series. The experimental study for transitional steady
flow in a square duct with 40mm x 40mm x 4000mm(width x height x length) was carried out
to measure velocity profiles and other parameters by using a hot-wire anemometer with data
acquisition and processing system. The entrance length of developing transitional steady flows
in a square duct was L, = 0.02+Re,st*D;, and the overshoot was occured at about 30 times of
hydraulic diameter because of the effect of external velocity of boundary layer and instantan-
eous acceleration.
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NOMENCLATURES

Velocity amplitude ratio
Stroke(mm)

Duct half-width(mm)

Duct half-width(mm)

Pipe diameter(mm)

Hydraulic diameter(Dh=4ab/ (a+b))
m)

Entrance length(mm)

Re

u, U, W

W, v w

XY, 2

Reynolds number

Time(second)

Dimensionless time(t'=vt/b?)
Velocity component in x,y, and
z-axis, respectively

Dimensionless velocity component
in x,y, and z-axis, respectively
Cartesian coordinates of test sec-
tion
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v’ D y/a
z’ 1 zfb
Zo . Distance from duct wall

Subscripts, Superscripts and Orders

cr : Critical Value

cl : Value of duct center-line

e :  Value of developing flow

fd : Value of fully developed flow

i : Fundamental wave in finite Fourier
series

£ :  Laminar flow

m :  Mean value

max : Maximum value

a . Orifice discharges coefficient

~ :  Fluctuating value

— :  Short time averaged value

Greeks

n*  (b-z)u*fy

€ Eddy viscosity

A Friction factor

u Dynamic viscosity

v Kinematic viscosity

v, . Modified eddy viscosity

p : Density

T :  Shear stress

w : Angular frequency of oscillation

w* : Dimensionless angular frequency
(w'=b? w/p)

wt : Dimensionless angular frequency
(wt=bv/wlv)
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Fig.1 Cartesian Coordinates System and
Velocity Components
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Table 1. Experimental Conditions

RUN | 1-1 1-2 1-3 1-4 1-5 1-6 1-7 1-8 1-9 1-10
x/Dh| . & 10 20 25 30 35 40 45 60 80
1,500 | 1,500 | 1.500 | 1,500 | 1,500 | 1.500 | 1,500 1,500 | L500| 1500
Re. st 1,800 | 1.800 | 1,800 | 1800 | L 800 | L 800 1,800 | 1,800 | 1.800| 1,800
e s 2,400 | 2,400 | 2,400 | 2400 | 2,400 | 2,400 | 2,400 | 2,400 | 2,400| 2400
2,700 | 2,700 { 2,700 1 2,700 [ 2.700 | 2,700 | 2700 | 2700 | 2700 2700
1"":::::‘1::“ A/D Converter I—-]
Veiocity C.T.A 15 Bl ts
measurement < Hot - wire Linesrizer D.C. Voltmeter J Mini computer
25 points X 20 sections Anemometer AT =
e
Fig.5 Diagram of Data Acquisition and Processing System
2 A 48212 A9 Table 17 2 i, Table 19] @27 otefoll Al A9t

I, HolF4FEY YEBdY o2 Ry
°|F AAsY] H3lH, #oleszg9}
SHFAA (2/Dy) & AFATA 7 A
A=

A¥Ag HelFPoge FESAHANA o
HoaRyH AL AFE AL JdARFEA
A% 7] (Linearizer), 413234 71(Signal Con-
ditioner) & AMA] 242 = 7] 53t
£ 8 A5, =F of ARSI A
& A8 71274 (Data Recorder) ¥ A/D¥
37 E E5te] FHAFEHAA AHeldh ohE =Y
oM 2HaxF Yx, o)E Au= Al
AE & Fig.59] =A3M

47
=344l

ch:lon

4 & 3 1@
41 oy

B AT Hol AEIAE TN
et dolgzist FAY A (x/

Dp)E WHIAATIAA He] AFREN o

F 4 4HE 42 Choi 9

of vl A Ao FEAE-E FAASHA

Add 3

de 2233 S Fig.b—(a, b), ©, @ =
Alstsl o,

olg £=9¥ & 1 By, HES F
AN HEFow geS HolfEdH 7 U
3t gler, ¥ R2(2'=095)°0A4 f&ol
A HWF AR (#/Dp) 7t S7HRe BF
o= AP o FEIEsF Hepdz <l
sted dRAgEo] BAHARIL £/Dy= 30 5
M FE Ao Gl WEHET 7]
ool HA] FRAF] UehdS o ¢ U

42 2UH ESFX

Hol==47F 1800, 2,400 = 2,700¢ #H
o] FAFEFHHNA Fad 4T A G/
Dy & WSAAEA dE AUF(" )N
E £5E¥E Fig.7T~9% ZASH

ol AHAE nF HY, HEYT F
A% dgoZ Potential F5Fo] F4
WA (2/Dy) 7 B7HESFE FHojxH,

dolszxs7l S71ES ¥ F29  £=71
F7tet] FHEE Ex¥ TN FHEY
B dREEEEYd 1/78 HHY SEEX



ZERAM - BRI RLE FB2H F1M990)/7

Re=2,700 HMMW{-& _:j
2,400 w m—'ww&ﬁ \W},Mi’v'“ ""’“"‘Wtﬁn

b e, oms | A
1 u.,.»]m W@ it
N\*"P?VV g&”{‘it’ t:' W Mms ng;

I N R vy A

mw it o

wwm A
Ay M
) ey M v o S N RTINS

Qo W‘*ﬂ a0

{a) %Dh=5 (b) X/Dh=20 {c) X/Dh=30 (d] Z/Dh=BO

Eu:t
7
j.:_
;:r
U

Ust

>

as

ap as

SUSSASENLaat S

e S B T
PRSI P,

%

as Qs

e

0.0

Fig.8 The Waveforms under the Conditions of Tablel.

—_ te, St

Um On { Sym,
v o
L4 10
v 20
a 23
TN
A 35
-3 a4

o . . .
o 2 Fig.9 The Velocity Distribution of Transitional

t Steady Flow (Re==2,700)

Fig.7 The Velocity Distribution of Transitional

Steady Flow (Re=1,800) of ot Pdy SrE TN B BRI
il s &7} glolszsy 7o) el deEe
e g % gioh
R S N - 23, $7e JFE UA gu gE &
te,st=) 400 .
o o Sy e AN SrRyr WEtx gm o
o v .‘i; B SEEEE YA 9 HEI97
Z T AE dTREgdelst naAd  dx, 94
0 - ) wgE el A4REe SxR2dHEe SR
1 .
v BAFE] SEREYA TELNYH 2 IRA
Fig.8 The Velocity Distribution of Transition- FHE £xETF 1/74 HF =03
al Steady Flow(Re=2,400) 2 o]l& 3 9120 o & ojrl



1.0 > J— &
R p7o80—"
. . b o]
—
T / 1400, "
o
/ </
o Z
A
0.2 2z
- o e _ .
0.0
0 15 01 307735 wg 5 W 55

Fig.10 The Relation of Intermittency and Re-
ynolds Number in Transitional Steady
Flow

Fig. 100 &= #ols2FE H3ANA JHHA

HE WP AA(«/Dpel WE NI &
(Intermittency Factor)<] #AIE =AI8t

Ao o] AAE nFsd BA, §F5°] 37
2 PPl ot G gol Frhstn, S
=Hstet dolz2a9e] FAE J. Rotta 9
dgd et vimsd ¢ wgd dRIY
AMe B &(r)el lolx, 2 ge] 00U
g SHAEIdcle & F e, dgge
HE 97278 Fad 0% 95 (2/
Du)7b E7bet @45, dolsz57t Z7ts}
H grE dodhs g4e 13g Ao
HE F33d&mst dvtd Aot oA
€ Fig.119 zAlsle] nzstd nd, dols
Z77F F7hgel wet antEA ot s
7b #elszFrt oF 2300 RN R/ A
AT dRAELES A4AFE FF o
AT dssted, o FEol Holf
EFHolaL, o] FolfFEFA S Hojrpd o
Al dlelzzart S7Hdel mel sobaA ot

10-1 T T 17T T TTTT T T
\ 3
~ Lawirac /Y, Turbulent ]
%,

Ast \}\\K:
and -

10-2 bt L) | N . '] L S,
102 103 104 108

st

Fig.11 The Relation of Mean Velocity and
Friction Factor in Transition Steady
Flow

Zasted, o 2R GRAFILelY 7
Fagieh,

43 HAHBUHM 5822

BAZ NAFAE 0,=17208yvx/u,
i, SEFTA 6,=1644yvaluy s A
sol F4As H=4glolet & o ol 3y
NA FAA T 27 F9olHdE o 260
=, 4% F90Mes 1482 F534 A
ste A4S Fe.l24 =A89 3, 2A3W
A BAFEES S 2R T E Nikuradse
7t 493 A9 vnd Fig.13-& s}
2o @2 THAEFA, di(=5v/u*) 2 2E
GRAAZ7A Y] HolE el 1, e «*
=z.u*/vE FAHE 75559 siggc
@ dFFE ol&dad, AAZWAA n}
FEEo AASEEYE AAE dHolszF
7V FEFE SUMEE ¢ & v 3y
A HozHe ZAAAYY F(=zw*/v)
ol 5~70 FIM wgsiy, @o] 99
UHF dAHAZFo2RH Core Region7HA9] H

°f FEFlor hELE W= [Teo Ay
gelth,

44 Y7ol

HE JFErH AP SEEES}FUS
ZUgos FAFEC] DAYl wat 7

2.6

== ! Theorctical
Syrlo) 2 Eape ¢imentat

10 20 ) I 50

Fig.12 Change in the Shape Factor of the
Boundary Layer at Re, st =2,700



3 " -
. J
i Teansiiion g © | o)
.
2 N I w"P;
15 .
<fha L4 N
f L) P «e“"\‘
v g 3
u L » t Ramss00
, of* ] Ae = 1000
§ atl Re ®2400
Re w270p
10 ] ,-f’w Nikuradss
>
] A s

Fig.13 Fully Developed Velocity Profiles in
the Boundary Layer in x/Dh

s KUB KA 9T duTH ne
228 slEAgoR Asje] HEYyTe vy
& 2t HE 34 SuYos Aol wasldl
HES] S 998 wud UlE 979
(Entrance Region) 2.8 WFAsti, HE JF
oA A wrd® fEo] o|FojA= EA|
o} AelE Y-7dol(Entrance Length) 2 &
S h YA RE 48 AAF HelA
= Yol 77k FA49 fesEs Huy
upEA oz Rl wAm, HE F4
7Wbe- Ao fFedre WEKA Hel &
=78} (Velocity Gradient D7F A 71914 dF
o] 2zt Hd o FA=ol A
FAlF5o] FRE HolHo ok dTHel
= 9Ee 4y 2w SBEI0F 99%714
Aol A=A Fe AXTA ] A=l AA
Fo| gbA wrgE AR AYE Y-+
olg ZAA 3

HEeo &g FAEE H3F A gl
A=, F ZAAFe FACE HE F49 9
7R s wdE o] AFFEel g
47} Y ECA Hol A4FE] T2
TdolE FEHH (D) dolE=27(Re,
st)ote] FPAIZ TR, olEe AFA
£ Fig. 1490 vehied, i7aels JLO
=002}, olAL AA S wWg=E A3}

of wpgZel FHEQl shE&Ee] g wol

g0 od b orfr

f

—

Overshoot 7} 23D @ 5o HWE %
BEE7F A dAIMAE= X IRk

T}, o] AgAHe] HEANS Heslr] Ak

ZEENW - AWRTE RTHE 24 £ 19 (1990)/9

x/0y

° e . . —_—
500 1000 100 000 =Bon 5000
Re,

Fig.14 Curve Fitting of Entrance length for
Transitional Steody Duct Flow

Sparrow ? 2] A€ Le/Dn=0.027 Re,
st} Hlmdle B = Ao dAFn UASE
o = Urh

5. & &

47t dAYEde JTFHNA Aol A
ArEel dE Sxezed dT7del 59 &
FEA i o]8 # dFHY nZEIH
o2& ZELS It

(1) BEFEAME 9E F FHAM 95
Tor #AFE Ho] FEAHY Smuol
dgstn R (=095 fEol H
For APl wet Hrepde gl IF
Aol WSt gl dFe] AAYET
AR E Ak 9% A3 /Dy 7 3071
AN Al 57 AFol BT

(2) BAfFrsdddxe dr2re ode
FEB Fedhs S ezt H49
FEE W= ot vl g F <l Potential
FEgaom EAshzdl, Aol e 3
o 7 Hule] SFxg FAEE B8
of MEA Fidfed, H¥ges JAYH
of wiel wwe] Hm7b Srbsigla, el A
FHEY SELEE FRAIFE] S F
TR 2 EAGH S IFAIREY FEE
¥ 1/7% ¥HE SEfxe] FNFHE o
2



10/

(3) Aol AARE AASHAA PHEEE
3 AAZEEAE AAF dolE2FTt 37
e+% Frta,

@ 9= 4TI Bl FIRF F
A9 A7l $HAAH o5z e
g2 FolAa, YTl o 48y

%e-=0.02 Re, sto] 2tk
h

a4 n &8 8

1. Han, L.S. and Cooper, A.L.: “Approximate
solution of two internal flow problems
solution by an integral method,” Proc.
U.S. Natl Congr. Appl. Mech., 4th Vol.2:
1269-1278, 1962.

2. McComas, S.T.:*“Hydrodynamic entrance
lengths for ducts of arbitrary cross sec-
tion,” J. Basic Eng., Vol.89: 847850,
1967.

3. Miller, RW. and Han, L.S.: “Pressure
losses for laminar flow in the entrance

region of ducts of rectangular and equila-
teral triangular cross section,” J. Appl.
Mech., Vol.38: 1087, 1971.

. Park, G.M.: “Flow characteristics of deve-

loping laminar unsteady flow in a square
duct,” Ph.D. thesis Korea Univ., 1987.

. Schliching, H.: “Boundary-layer theory,”

Tower Press, 1978.

. Ward-Smith: “Internal fluid flow,” Claren-

don Press, 1980.
BER : “BRS 2 rORBEN” BF
B e, BHL3 .

. Wilson, NW. and Azad, R.S.: “A con-

tinuous prediction method for fully
developed laminar, transitional, and turbu-
lent flows in pipes,” Journal of Applied
Mechanics, Vol.5, pp.51-54, 1975.

. Choi, JH.: “A Study on Flow Charac-

teristics of Transitional Unsteady Flow in
a Square Duct,” Ph.D. thesis Chosun

Univ., 1988.





