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Abstract: A reined theoretica analysis for using the spiral airflow and axial airflow to
purge residual water in an inclined pipe was presented. The computations reveal that, in
most cases, the spiral flow can purge the residual water in the inclined pipe indeed while the
axial flow may induce back flow o the water , just as predicted in the experiments presented
by Horii and Zhao et al. In addition, the efects of various initial conditions on water purg-
ing were studied in detail for both the spiral and axial flow cases.
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I ntroduction

Purging residua liquid in a U-shaped pipeline is challenge for chemical and transportation
industry'™. Many techniques have been employed to purge out residual water'? | but none have
been completely satisfactory. One possible method for doing this has been to blow a great
guantity of compressed air through the pipeline. When a short line is plugged with water
columns, it is paossible to purge out the residua water. However , when the length of pipeline is
long and U-shaped sections are included, it is inadequate to remove it completely.

In the early 1990s, Horii put forward the conception of spiral flow!* 4. Different from the
axial flow (airflow in a pipeline which is parallel to the axis) , the airflow in spira flow moves
not only along the axis, but aso around the circumference o the pipeline. So when spiral airflow
was employed, the surface of residua water was sheared off and blown toward the inclined
section of the pipe to form a water film, and was purged out completely in spiral way. Recently,
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Udng Airflow to Purge Resdua Water in Fipe 695

Horii , Zhao, Tomita and Shimo have made experiments to show that the spiral airflow could
remove the residual water completely in an inclined pipeline!®. Fg. 1 shows their experiment
model . The pipeline consisted of 79mm- diameter pipes over a distance of 129m including the U-
shaped pipe section of 2. 6m. Experiments were perf ormed to test remova o O. 07m*water. The
pressure of both device tubes arose to 200 kPa gage and devel oped an average pipe flow vel ocity
of 20m/s. In order to make comparison, airflow was generated by either the spiral flow device or
the axial flow device and experiments were conducted varying the inclination angle o the pipe.
Their experimental results showed that the spiral flow could eficiently purge the residua water out
o the inclined pipe while in the axia turbulent flow the water often flows back after it was driven
forward for a distance.

-+ 2.6 m —————————

Fg.1 The experimental apparatus of Ref.[5]

Referring to the experimental result of Ref. [5], we present a simplified theoretical model
herein. The principle of mass and momentum conservation is applied to the thin water layer from
Lagrangian viewpoint and, thus, governing equations similar to the momentum integral equation
in the boundary layer theory are derived. Variable thickness of the layer and a third order
polynomial approximation for the velocity prdfile are considered.

1 The Varying Thickness Model for Axial Flow

1.1 Simplification of geometry

Fg.2 shows a circular pipe o radius ro, which is inclined at angled with respect to the
horizontal direction. The residual water inside it corresponds to angle® with respect to the center
o the circle. We usual consider the thickness of the residua water to be far smaller than the
radius of pipeline, and we may treat it as a problem of water flowing up over an inclined plane of
width rd . The equivalent thickness of the water

layer hp can be derived. From the equality of the

crosssection areas o the water in the two
geometries, we have r@hy = 3@ - sb)/2, A
SN
AA seclioi

and thus
_Tg s
hy = 2[1- ) J ) (D

For a small segment of air with cross-section
arealt rjand thickness dx in the circular pipe, the
moment conservation in the x direction requires

water

Fg.2 Geometry of water purging out of
an inclined pipe

- dXd)ﬂ 6 =TirPdx +T 4(at - 6) redx, (2)

where pis the pressure, T 4is air’ s shear stress on the pipe wall andT ; is air’ s shear stress on its
interface with water. The gravity force is neglected here for air. Then the pressure gradient is
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696 SHEN Fang, YAN Zongyi , ZHAO Yeo-hua et a

given by
dp_ -6 1, 8
dx T'T[ro r02 g ©)
1.2 Calculation of the shear stress on the interface
Ref . [6] gave empirical formulae for the stress on the interface on experiments. T 4is given
by

Tg:éxgogug,xg:o.@s Re;®?, Rey = PgUg(2r0) /H g, (4)

whereP 4, U4, Ugare the density, dynamic viscosity , and mean velocity of air, respectively.
Air’ s shear stressT ; on the interface with water is computed by

= A pgUl, (5)

where the friction coefficient A ; is dependent on the flow pattern. The flow is Ripply when the
water velocity U; on the interface is greater than the wave speed G , otherwise the flow is Pebbly.

Ag[1+6.1x10°(X*?Re)*®Rey’] for Rippleflow (U; > G),

A = 6
| Agll+4x-%] for Pebble flow (U; < G) , ©

where Rg = Ppw/H , P andM are the density and dynamic viscosity of water, wis the volumetric

flow rate of water per unit width. X is called Martinelli parameter'® | defined by
—2

_ApC
A PgUy’
where U, = w/ his the mean velocity of water in the thin layer ,A | is the friction coefficient of
water flowing over the plane, given by

96 Re; for laminar flow (Re < 300) ,
| 0.485 Re;®® for turbulentr flow (Re > 300) .
The wave speed G is given by

X (7)

(8)

G = ‘;ui + JU¥12 + gh +01;Np |

where g = 9. 81 nV Sis the gravity acceleration,0 = 0. 073 N/ mis the surface tension coefficient
o the air-water interface, k = T/A is the wave number A\ = 0.09mis the wave length!®) .
Substituting Egs. (6) , (7) and (8) into Eq. (5) gives

Tg+ cth M 2w®® for Pebble flow (Ui < G) , ©
T, = 9
L Tg+ e 0®p for Ripple flow (U, > G) ,

where c¢; and ¢, are constants independent of h, U;, T i
1.3 Mass and momentum conservation
Consider a water element of thickness h and small length | from Lagrangian viewpoint

h
(Fg.3). The volumetric flow rate of water per unit width is defined as w :IO udy, mass
conservation of water requires that
dw _ dh "du

dt = dtV ], atdY =0 (10
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The momentum conservation for the water element requires

dfe” . - dp
p dt[Io uId)J = T;-Tyl-pghlsm - hdxl’ (12)

whereT \, is water’ s shear stress on the wall. It should be noted that both length | and thickness h
o the water element change with the axial position x during its movement (for a water particle,
its traveled distance x is dependent on the time t, of course). It is waler
evident that dI/ dt = 10u/ Ox, under the assumption of steady state
that the quantities at a certain axial position x are independent of t.
After some laborious reduction including substitution of Eq. (3) , we”
have

dh, _ L 6h| Tw Tgh 6 :
dtU'_'p{ +T[rj+p "o ro[z'ﬁ + ghsm . (12)
1.4 The nonlinear velocity profile Fg.3 The water dement

We assume that the velocity prdfile may be represented by a third
order polynomia , and it is expressed as

u

h

The codficients ag, a1, azand azcan be solved by applying the boundary conditions bel ow
(They are not listed here for the sake of saving space. The details of them are listed in Ref.
(71 .
= Ui, M %; =T,
= O,

2y _dp oy [8,9] o [SHN .
WO = dy POSmT = T T2 T epg s,

|
=
c

r]_
n

1
o
<

)
u= Ul(an + an’+ ad’). (13)
Substituting Eqg. (13) into the definition of w gives

LI | ond TR [Lg_ 8] ghiml s
W= udy = gUNt pe s a2 ) o T (149
_oul  uua U T Bh JJ[ 8|1 ]

TW_“aYy:o_ h B 2h +2 ZTI'()-1+4T92_T[ I’o_pgsm
(14b)

1.5 Governing equations and initial conditions

dx/dt = U will give the distance x traveled by the water particle on the interface.
Substituting Egs. (13) and (14) into Egs. (10) and (11) , and differentiating Eq. (9) with
respect t, we can complete a closed set of four ordinary differential equations about x, h, T ;and
Uj as follows:

© 1995-2003 Tsinghua Tongfang Optical Disc Co., Ltd. All rights reserved.



698 SHEN Fang, YAN Zongyi , ZHAO Yeo-hua et a

dx _
dt ~ Ui,
dh | 1§ Tih 1 h
de - Py Ty tbeT by
152 091d_h .
dt =- 0.52¢ch’ dt (for Ripple flow) , (15)
[ord = . 12¢h22yeedD (for Pebbleflow)}
dt 1 dt ’
ay; _8_[d_h 5 2 o O 3 2}
dt = shl dt 8Ui+b1Tih + bt ih+ bsh +dt(b4h + bsh9)| .

In the above by, by, by are constants independent of h, U; T,
Attimet = 0, we get xo = 0, and from Eq. (1) , ho = 0.5ro(1 - sirB/0) ; we select
Ujo =7.5m/ sto coincide with Ref. [5]. The initial shear stress T on the interface is

determined by
Tio=Tgy+ cohg 052,001
(16)
Wo = %Uioho+_23h% + (bghg + bsh3)T jo.

In our calculations, the bisection method is used to numerically solve Eq. (16) forT .

2 The Varying Thickness Model for Spiral Flow

All the derivations are in paralel to those for axia flow. The only difference lies in the
geometry. For spira flow the water is spread over the whole circuniference rather than constricted
to the angle® . To render the results comparable between the axial flow and the spiral flow, we
assume that the water layers in the two flows have the same initial cross-section area. Thus the
initial thickness hg of the axial flow should satisfy the foll owing equation [0.5r(2)(9 -gl)] =
AT horo, and then we have hy = (ro/41) O - SrB) , which is much smaller than the initia
thickness hy of the axial flow. For the spira flow, the volumetric flow rate of water per unit

h h
width should be defined as w =IO u(l - y/ ro)dy and the momentum should beJ’0 ul (ro -

y)dy, where y is the coordinate perpendicular to the wall and starting from the wall. Keeping
these differences in mind, one may finally obtain the following governing equations for the spira
flow :

dx

at - Y (17a)
dh | TiBrg- 2h) h(3rg - 2h) 1
dt = M- e TR U T B (- ) (17b)
ai _ 152 091d_h '
dt - 0.52¢co dt (U > G), (17¢)
[ 45 22, 06db '
[or qr = L2ah at (U < Q)| , (17d)
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== _ .d_h|: ['|I2 3rg- 2h
d d + + T 2
i de h ds Uj dx ih(rg - + de h
t (dsh - 0.4h2) dt 4 (ro - h)2 6 Vi A ih(ro h) s h™ +

(o 4 3
do h° - o.sumﬂ + E{ d4r_h_h + dsh*(3ro - 2h)]} : (17¢)
o-
where dy, dy, , dg are constants independent of h, U;, T 7]

The determination of the initia conditions of the spira flow aso can be given just like the
axial flow.

3 Results and Discussion

In our examples, the following parameters are taken:p = 1000 kg/ m®, 4 = 0. 001 Pas,
ro=39.5mm, Py =1.2kgm’, g =18%x10°Pas, Uy = 20 m/s, the swirl velocity for
the spiral flow Vs = 0.25 m/ &',

The ordinary differential Egs. (15) and (17) with the initial conditions can be solved
numerically through the fourth-order Runge Kutta method. To discuss the effects of the
inclination angle of the pipe and the crass-section area of the residua water on the water purging,
welegtd = 0,0 =30°,0 =60° and® =70°,0 =50,0 =118.115 separately, and get
various initial conditions.

The results for the variation of x, Ujand hwith t are shown in Fg.5aand Fg.5b, and the
development of the water velocity prdfile with time t are shown in Fg.4a, Fg.4b and Fg.6ato
Fg.9b.

From these figures, we can draw the following conclusions:

1) When the inclined angle of the pipe is zero, both kinds of airflow can purge the residual
water out, but the spiral flow spends much shorter time than the axia flow to reach the steady
state. In the steady state ,the velocity of the water film all became positive, so the residual water
can flow out of the pipe at last (Please compare Fig.4a with Fig.4b) .

water velocity profife: water velocity profile:
(axial Now) Ug=7.5 m/s {spiral low) ¥y = 7.5 m/s
13 15
[ —o—t=0 _

10} 10 o —o—t=0
ot —a—t=0.6 —o—t=0.05
N ——t=1.2 o W
35 3 o 3 i ﬂo“'F‘ ——t=0.1

. | et —o—t=1.6 , i et et15

—a—t=1.8 (=02

-5 i , . . -5l . . .

0.2 0.6 1.0 0.2 0.6 1.0
y/h y/h
Fig.4a Axid flow ® =70°, Fig.4b Spira flow ® =70°,
a =0 °) o =0 °)

2) The spiral airflow can purge the residua water in inclined pipe out completely when the
amount of water is not too much. The water layer thickness h reduces as t increases (i.e., X
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increases) , and, at last, the water velocity profile can become all positive and then the water film
flow out at this steady velocity profile (Fig.5b to Fig.8b) . But the axial airflow can remove the
water only for cases with small inclined angle (e.g. ,0 =30°) and thin water film (e.g. 0 =
50°) (Fig.7a). In most cases, back flow appears on the water bottom for the axial flow , and the
water layer thickness hincreases as tincreases (i.e., xincreases) (Fig.5ato Fg.7a). Thisis
coincident with the experimental result of Ref. [5] which showed a back flow &ter the residua
water was driven up for a distance by the axia airflow. It should be noted that , as x increases,
the water thickness h in the axial flow may increases to such degree that the back flow of the
bottom water may lead to the surface instability. Hence the water surface may be broken into
drops and then they flow down, so the residual water can' t flow out. In this case, the movement
o water can’t be described by our continuous model. This prevented from our calculation of the
long time behavior for the axia flow cases.

- X

antal flow 0=70° —a1, spiral flow: 8 =70 _‘_;
= - i —o—;
a=3F, Upg=7.5m/ ——h a=3P, Ug=T.5m/s s
300 0.009 30 0.008
: ]

20 = J‘Jo,ooﬁ 20 0.006
S Lee] t;’_:;.n-« h
o }

10 o=} 0.003 10 o i 0.003

Y9 o8 DUDUE DS DU 0 2= o

¢ 0.5 1 15 2 5 e.1 0.3
t t
Fg.5a Axia flow (8 =70°, Fg.5b Spird flow 8 =70°,
a =30°) a =30°)
walter velocity prolile: water velocity profile:
(axial flow) Up=7.5 m/s (spiral flow) g = 7.5 m/s
20 J 20
F o—t =D —c—1t =}

10 —~a—=0.6 10 o o ;-0.05
] —o—t=1.2 "::‘- e —o—t=0.1
3 a o 0

0 —o—=1.6 om —o—t=0.15
-—a—t=1.8 —a—t=0.2
-10 —- 10k A
0.2 0.6 1.0 .2 a.6 1.0
y/h y/h
Fig.6a Axid flow ® =70°, Fig.6b Spird flow 0 =70°,
a :300) a :30°)

3) When the amount of water is small and the inclined angle is small , both kinds of flow
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can remove the residual water (compare Fig.8a with Fig. 8b) , but the time that the axial flow
spends to purge the water out completely is 10 times as the spira flow spends. This suggests that
using the spira flow is much more eficient than using the axial flow.

4) In the case of the residual water with very thick film, if the given spira flow can’ t
remove the water , larger velocity can often be used to purge the water out. For example, at the
initial airflow velocity of Ujo = 7.5 m/ saspira flow could not remove the residual water (6 =
118.115°, Fg.9a) , but at Ujg = 12m/ s, the water was successfully removed (Fig. 9b) . While
for the axial flow, our computation reveals that one can’ t remove the residual water by increasing
the velocity of airflow (FHgures were not given for the sake of space) .

. water veloci :
water velogity profile: ter velocity profile

(axial low) Up=7.5 m/s (spiral flow)Ug = 7.5 m/s
30 =g =0 30
20 —a—t=0.6 20¢ —o—t=0
- 10 —o—t=l.2 . 10 —8—=0.05
=] =
5 ——=1.6 % ——t=0.1
L] 0 = 1]
——i=1.8 —o—=0.13
-10 - 10f ——r=0.2
~ 20 . Y] S N N
0.2 0.6 1.0 0.2 0.6 1.0
y/h y7h
Fig.7a Axid flow ® =70°, Fg.7b Spird flow 0 =70°,
o =60 °) a =60°)

water velocity profile:

water velocity profile:
(axial Now) Ug=7.5 m/s

(spiral flow}lUg = 7.5 m/s

15 —o—t =0 15;
10 —o—:=0.6 10: ﬁ ot =l
e r =08 < ’.'ﬂ‘ —a—t = (.02
30 ——t=1.0 3 3 ¢=0.04
0 ——t=1.2 0 —o—t=0.06
1 —a—t=0.12
-5 _52 )
0.2 06 10 0.2 0.6 1.0
y/k y/h
Fig.8a Axid flow 0 =50°, Fig.8b Spiral flow ® =50°,
a =30°) a =30°)

5) From the figures, we can easily find out that , it is more difficult to remove the residual
water when the inclined angled o the pipe and the thickness of the water gets larger. These
findings are the same as the experimental results in Ref. [5].

In summary , our theoretical computation reveal that the spiral flow can purge the residua in
the inclined pipe eficiently, while the axial flow can’ t in most cases, just as predicted in the
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water velacity profile: water velocity profile:
(spiral flow) Uip=7.5 m/s {spiral low)lg = 12 m/s

15 15 [

10 —o—1=0 0 g =0
5 —#:=04 sl
3 = 5 s, ——t=2

o —o—t=0.8 ‘; r“‘“‘l‘ I.f’ =3

—o—:=1.4 0 ’E«‘ 1 )

-5 (=18 e R e !

-8 |
- 10 . : -5 i
0.2 0.6 1.0 0.2 0.6 1.0
y/h y/h
Fig.9a Spird flow (0 =118.115°, Fig.9 Spiral flow 0 =118.115°,
a =30°) a =30°)

experiment'®. These results are of significance in guiding the design of water purging from
pipeline.

As we stated above ,the back flow on the surface of the axial flow may induce great changes
in the water surface shape and thus the steady state assumption as we adopted herein will no
longer be valid. In order to calculate such complicate cases, unsteady flowing mode should be
considered in the future research.

References:

[ 1] Schweinstein A M. Change o flow condition in U-Shaped conduits[J]. Proc Congr Int Assoc Hy-
draul Res,1987,22(3) :280 - 281.

[ 2] Underwood M P, Kendal C. Vacuum technology for pipeline and system drying[A]. In: The
Proc Int Fipeline Technol Exhib Corf[ C]. 1984,12:209 - 226.

[ 3] Horii K. Using spira flow for optica cord passing[J]. Mechanical Engineering,1990,112(8) :68
- 69.

[ 4] Horii K, Matsumae Y, Ohsumi K, et a. Novel optical fiber instalation by use of spird airflow
[J]. Journal o Huids Engineerings,1992,114(3) :375- 378.

[ 5] Horii K, Zhao Y H, Tomita Y, et a. High performance spiral air-flow apparatus for purging resid
ua water in a pipeline[A]. In: D P Telionis Ed. ASME Huids Engineering Division Summer
Meeting[ C]. Vancouver : ASME,FEDSM 97-3035,1997 ,1 - 6.

[ 6] Fukano T. Liquid films flowing concurrently with air in horizontal duct[J]. Trans JSSME Series B,
1985,51(462) :494 - 502.

[ 7] SHEN Fang. Theoretica analysis of using airflow to purge residua water in pipe[D]. Thesis for
Bachelor Degree. Beijing: Peking University ,1999,1- 35. (in Chinese)

[ 8] WU Wangyi. Huid Mechanics[ M]. Beijing: Peking University Press,1981,2:267 - 311. (in
Chinese)

[9] ZHOU Guangjiong, YAN Zongyi, XU Shi-xiong, et al. Huid Mechanicsf M]. High Education
Press,1993,2:182 - 302. (in Chinese)

© 1995-2003 Tsinghua Tongfang Optical Disc Co., Ltd. All rights reserved.



