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Abst ract : A refined theoretical 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 of the water , just as predicted in the experiments presented

by Horii and Zhao et al . In addition , the effects of various initial conditions on water purg2
ing were studied in detail for both the spiral and axial flow cases .
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I nt rod uction

Purging residual liquid in a U-shaped pipeline is challenge for chemical and transportation

industry [1 ] . Many techniques have been employed to purge out residual water[2 ] , but none have

been completely satisfactory. One possible method for doing this has been to blow a great

quantity of compressed air through the pipeline . When a short line is plugged with water

columns , it is possible to purge out the residual 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[3 , 4 ] . Different from the

axial flow (airflow in a pipeline which is parallel to the axis) , the airflow in spiral flow moves

not only along the axis , but also around the circumference of the pipeline . So when spiral airflow

was employed , the surface of residual 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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Horii , Zhao , Tomita and Shimo have made experiments to show that the spiral airflow could

remove the residual water completely in an inclined pipeline[5 ] . Fig. 1 shows their experiment

model . The pipeline consisted of 79mm- diameter pipes over a distance of 129m including the U-

shaped pipe section of 216m. Experiments were performed to test removal of 0107m3-water . The

pressure of both device tubes arose to 200 kPa- gage and developed an average pipe flow velocity

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 of the pipe .

Their experimental results showed that the spiral flow could efficiently purge the residual water out

of the inclined pipe while in the axial turbulent flow the water often flows back after it was driven

forward for a distance .

Fig. 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 profile are considered.

1 　The Va ryi ng Thick ness Model f or Axial Flow

111 　Si mplif ication of geomet ry

Fig. 2 shows a circular pipe of radius r0 , which is inclined at angle αwith respect to the

horizontal direction. The residual water inside it corresponds to angleθwith respect to the center

of the circle . We usual consider the thickness of the residual 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

Fig. 2 　Geometry of water purging out of

an inclined pipe

width r0θ. The equivalent thickness of the water

layer h0 can be derived. From the equality of the

cross-section areas of the water in the two

geometries , we have r0θh0 = r2
0 (θ - sinθ) / 2 ,

and thus

h0 =
r0

2
1 -

sinθ
θ . (1)

　　For a small segment of air with cross-section

areaπr2
0and thickness d x in the circular pipe , the

moment conservation in the x direction requires

-
d p
d x

d xπr2
0 = τi r0θd x +τg (2π - θ) r0d x , (2)

where p is the pressure ,τg is air’s shear stress on the pipe wall andτi 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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given by

d p
d x

= - τi
θ
πr0

-
τg

r0
2 -

θ
π . (3)

112 　Calc ulation of t he s hea r s t ress on t he i nt e rf ace

Ref . [6 ] gave empirical formulae for the stress on the interface on experiments . τg is given

by

τg =
1
2
λgρg U2

g , λg = 01485 Re - 0128
g , Reg = ρg Ug (2 r0) /μg , (4)

whereρg , μg , Ug are the density , dynamic viscosity , and mean velocity of air , respectively.

Air’s shear stressτi on the interface with water is computed by

τi =
1
2
λiρg U2

g , (5)

where the friction coefficientλi is dependent on the flow pattern. The flow is Ripply when the

water velocity Ui on the interface is greater than the wave speed Cλ , otherwise the flow is Pebbly.

λi =
λg[1 + 611 ×10 - 5 ( X018 Rel)

016 Re017
g ] 　for Ripple flow 　( Ui > Cλ) ,

λg[1 + 4 X112 ] for Pebble flow ( Ui < Cλ) ,
(6)

where Rel =ρw/μ, ρandμare the density and dynamic viscosity of water , w is the volumetric

flow rate of water per unit width. X is called Martinelli parameter[6 ] , defined by

X2 =
λlρ�U2

l

λgρg U2
g

, (7)

where �U l = w/ h is the mean velocity of water in the thin layer ,λl is the friction coefficient of

water flowing over the plane , given by

λl =
96 Re - 1

l for laminar flow ( Rel < 300) ,

01485 Re - 0128
l 　　for turbulentr flow ( Rel > 300) .

(8)

The wave speed Cλ is given by

Cλ =
1
2

Ui + U2
i / 12 + g h +σk2 h/ρ,

where g = 9181 m/ s2 is the gravity acceleration ,σ= 01073 N/ m is the surface tension coefficient

of the air-water interface , k = 2π/λis the wave number (λ = 0109m is the wave length[5 ]) .

Substituting Eqs . (6) , (7) and (8) into Eq. (5) gives

τi =
τg + c1 h - 112 w016 for Pebble flow ( Ui < Cλ) ,

τg + c2 h - 0152 w0191 　　for Ripple flow ( Ui > Cλ) ,
(9)

where c1 and c2 are constants independent of h , Ui , τi
[7 ] .

113 　Mass a nd mome nt um conse rvation

Consider a water element of thickness h and small length l from Lagrangian viewpoint

( Fig. 3) . The volumetric flow rate of water per unit width is defined as w =∫
h

0
ud y , mass

conservation of water requires that

d w
d t

=
d h
d t

Ui +∫
h

0

d u
d t

d y = 0. (10)
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　　The momentum conservation for the water element requires

ρ d
d t ∫

h

0
uld y = (τi - τw) l - ρg hlsinα - h

d p
d x

l , (11)

whereτw is water’s shear stress on the wall . It should be noted that both length l and thickness h

of the water element change with the axial position x during its movement (for a water particle ,

Fig. 3 　The water element

its traveled distance x is dependent on the time t , of course) . It is

evident that d l/ d t = l5 u/ 5 x , 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

d h
d t

Ui = -
τi

ρ 1 +
θh
πr0

+
τw

ρ -
τg

ρ
h
r0

2 -
θ
π + g hsinα. (12)

114 　The nonli nea r velocit y p rofile

We assume that the velocity profile may be represented by a third

order polynomial , and it is expressed as

u
Ui

= a0 + a1η+ a2η
2 + a3η

3 　　η =
y
h

.

　　The coefficients a0 , a1 , a2 and a3 can be solved by applying the boundary conditions below
( They are not listed here for the sake of saving space . The details of them are listed in Ref .

[7 ]) .

η = 1 : u = Ui , μ5 u
5 y

= τi ,

η = 0 : u = 0 ,

μ52 u
5 y2 =

d p
d x

+ρg sinα[8 ,9 ] = - τi
θ

πr0
- τg 2 -

θ
π

1
r0

+ρg sinα,

so

u = Ui ( a1η+ a2η
2 + a3η

3) . (13)

Substituting Eq. (13) into the definition of w gives

w =∫
h

0
ud y =

5
8

Ui h +
θτi h3

48πμr0
-
τi

8
h2

μ +
τg

48μr0
2 -

θ
π -

g hsinα
48μ h3 , (14a)

τw = μ5 u
5 y y =0

=
μUi a1

h
=

3μUi

2 h
+
τi

2
θh
2πr0

- 1 +
h
4

τg 2 -
θ
π

1
r0

- ρg sinα .

(14b)

115 　Gove r ni ng e quations a nd i nitial conditions

d x/ d t = Ui will give the distance x traveled by the water particle on the interface .

Substituting Eqs . (13) and (14) into Eqs . ( 10) and ( 11) , and differentiating Eq. ( 9) with

respect t , we can complete a closed set of four ordinary differential equations about x , h , τi and

Ui as follows :
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d x
d t

= Ui ,

d h
d t

= b6
τi

Ui
+ b7

τi h

Ui
+ b8

1
h

+ b9
h

Ui
,

dτi

d t
= - 0152 c2 h - 1152 w0191 d h

d t
　　(for Ripple flow) ,

　　　　 or
dτi

d t
= - 112 c1 h - 212 w016 d h

d t
　　　(for Pebble flow) ,

d Ui

d t
= -

8
5 h

d h
d t

5
8

Ui + b1τi h2 + b2τi h + b3 h2 +
dτi

d t
( b4 h3 + b5 h2) .

(15)

In the above b1 , b2 , ⋯, b9 are constants independent of h , Ui ,τi
[7 ] .

At time t = 0 , we get x0 = 0 , and from Eq. (1) , h0 = 015 r0 (1 - sinθ/θ) ; we select

Ui 0 = 715m/ s to coincide with Ref . [ 5 ] . The initial shear stress τi 0 on the interface is

determined by

τi 0 = τg + c2 h - 0152
0 w0191

0 ,

w0 =
5
8

Ui 0 h0 +
b3

3
h3

0 + ( b4 h3
0 + b5 h2

0)τi 0 .
(16)

In our calculations , the bisection method is used to numerically solve Eq. (16) forτi 0 .

2 　The Va ryi ng Thick ness Model f or Sp i ral Flow

All the derivations are in parallel to those for axial flow. The only difference lies in the

geometry. For spiral flow the water is spread over the whole circumference rather than constricted

to the angleθ. 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 h0 of the axial flow should satisfy the following equation [015 r2
0 (θ- sinθ) ] =

2πh0 r0 , and then we have h0 = ( r0/ 4π) (θ - sinθ) , which is much smaller than the initial

thickness h0 of the axial flow. For the spiral flow , the volumetric flow rate of water per unit

width should be defined as w =∫
h

0
u (1 - y/ r0) d y and the momentum should be∫

h

0
ul ( r0 -

y) d y , 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 spiral

flow :

　　　d x
d t

= Ui , (17a)

　　　d h
d t

= d1
τi (3 r0 - 2 h)

( r0 - h) 2 Ui
+ d2

h (3 r0 - 2 h)

Ui ( r0 - h) + d3
1

h ( r0 - h) , (17b)

　　　
dτi

d t
= - 0152 c2 h - 1152 w0191 d h

d t
　　( U′

i > Cλ) , (17c)

　　　　 or
dτi

d t
= - 112 c1 h - 212 w016 d h

d t
　　( U′

i < Cλ) , (17d)
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d Ui

d t
= -

1
( d6 h - 014 h2)

d h
d t

d4
τi h2 (3 r0 - 2 h)

( r0 - h) 2 + d6 Ui + d7τi h ( r0 - h) + d8 h2 +

　　　　d9 h3 - 018 Ui h +
dτi

d t
d4

h3

r0 - h
+ d5 h2 (3 r0 - 2 h) , (17e)

where d1 , d2 , ⋯, d9 are constants independent of h , Ui , τi
[7 ].

The determination of the initial conditions of the spiral flow also can be given just like the

axial flow.

3 　Res ults a n d Discussion

In our examples , the following parameters are taken :ρ = 1 000 kg/ m3 , μ = 01001 Pa·s ,

r0 = 3915 mm , ρg = 112 kg/ m3 , μg = 118 ×10 - 5 Pa·s , Ug = 20 m/ s , the swirl velocity for

the spiral flow V s = 0125 m/ s[5 ] .

The ordinary differential Eqs . ( 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 cross-section area of the residual water on the water purging ,

we letα = 0 , α = 30°, α = 60°and θ = 70°, θ = 50°, θ = 1181115°separately , and get

various initial conditions .

The results for the variation of x , Ui and h with t are shown in Fig. 5a and Fig. 5b , and the

development of the water velocity profile with time t are shown in Fig. 4a , Fig. 4b and Fig. 6a to

Fig. 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 axial 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) .

Fig. 4a 　Axial flow (θ = 70 °, 　　　　　　　Fig. 4b 　Spiral flow (θ = 70 °,

α = 0 °) α = 0 °)

2) The spiral airflow can purge the residual 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. , α = 30°) and thin water film (e . g. θ =
50°) (Fig. 7a) . In most cases , back flow appears on the water bottom for the axial flow , and the

water layer thickness h increases as t increases (i . e . , x increases) (Fig. 5a to Fig. 7a) . This is

coincident with the experimental result of Ref . [5 ] which showed a back flow after the residual

water was driven up for a distance by the axial 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

of water can’t be described by our continuous model . This prevented from our calculation of the

long time behavior for the axial flow cases .

Fig. 5a 　Axial flow (θ = 70 °, 　　　　　　　Fig. 5b 　Spiral flow (θ = 70 °,

α = 30 °) α = 30 °)

　Fig. 6a 　Axial flow (θ = 70 °, 　　　　　　　Fig. 6b 　Spiral flow (θ = 70 °,

α = 30 °) α = 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 spiral flow spends . This suggests that

using the spiral flow is much more efficient than using the axial flow.

4) In the case of the residual water with very thick film , if the given spiral 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 Ui 0 = 715 m/ s a spiral flow could not remove the residual water (θ =
1181115°, Fig. 9a) , but at Ui 0 = 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 ( Figures were not given for the sake of space) .

　Fig. 7a 　Axial flow (θ = 70 °, 　　　　　　　Fig. 7b 　Spiral flow (θ = 70 °,

α = 60 °) α = 60 °)

　Fig. 8a 　Axial flow (θ = 50 °, 　 　　　　　　Fig. 8b 　Spiral flow (θ = 50 °,

α = 30 °) α = 30 °)

5) From the figures , we can easily find out that , it is more difficult to remove the residual

water when the inclined angle αof 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 residual in

the inclined pipe efficiently , while the axial flow can’t in most cases , just as predicted in the
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　Fig. 9a 　Spiral flow (θ = 1181115 °, 　　　　　Fig. 9b 　Spiral flow (θ = 1181115 °,

α = 30 °) α = 30 °)

experiment [5 ]. 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 model should be

considered in the future research.
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