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ABSTRACT

Internal two-phase flow is common in piping
systems. Such flow may induce vibration that can
lead to premature fatigue or wear of pipes. In the
nuclear industry in particular, failure of piping
components is critical and must be avoided. Two-
phase damping is considered part of the solution,
since it constitutes a dominant component of the
total damping in piping with internal flow. How-
ever, the energy dissipation mechanisms in two-
phase flow are yet to be fully understood. The
purpose of this paper is to show that two-phase
damping in the bubbly flow regime is related to
the density difference between phases. A sim-
ple analytical model is presented, showing the im-
portance of phase density difference in two-phase
damping. Simple experiments are used to verify
the relationship between two-phase damping and
density difference.

It is known that viscous dissipation due to rela-
tive transverse motion between phases may be one
important two-phase damping mechanism. From
the simple, single bubble model presented here, it
is shown that two-phase viscous dissipation in-
creases with the surface area of the bubbles and
with density difference between phases.

The experiments are performed with a vertical
clamped-clamped tube to verify the effects of fluid
densities on two-phase damping. Vegetable oil or
air bubbles of controlled diameter are injected in
a stagnant liquid (alcohol, water and sugared wa-
ter) to generate uniform and measurable bubbly
flows. Void fraction is regulated by controlling the
number of oil or air bubbles. Two-phase damping
ratios are obtained from free transverse vibration
measurements on the tube.

1. INTRODUCTION

In the nuclear and chemical process indus-
tries, many piping elements operate with two-
phase flows (Pettigrew and Taylor, 2004). Flow-
induced vibration can lead to structural degra-
dation, process malfunction, and component fail-
ure. Two-phase damping can significantly con-
tribute to reducing vibration and thus, to pre-
vent premature fatigue or wear. Therefore, it is
desirable to identify some of the parameters that
govern two-phase damping in pipes with internal
two-phase flow.

The first damping experiments in two-phase
flow were performed some 25 years ago by Car-
lucci (1980) on a series of tubes subjected to an
axially confined air-water two-phase flow. His
results showed that damping in two-phase flow
strongly depends on void fraction; no significant
relation was found with frequency or fluid mix-
ture velocity. Many researchers have since con-
tributed to the knowledge of two-phase damping.

In the present paper, the effect of density on
two-phase damping is investigated. Several two-
phase mixture are studied and compared.

2. DAMPING IN TWO-PHASE FLOW

Tube motion affects internal flow and allows
energy transfer from tube to fluid and vice versa.
If the fluid gains energy, the tube motion is
damped; conversely if the fluid looses energy, the
tube becomes unstable. Energy transfer is di-
rectly related to the initial energy in the fluid
and, in particular, kinetic energy. Damping de-
pends a priori on flow rates. Carlucci’s ex-
periments and theory show that energy trans-
fer (damping) in two-phase flows is greater than



in single-phase flows. Thus, the concept of two-
phase damping was introduced to allow for this
difference. The total damping in two-phase flows
therefore includes the components of structural
(ζs), viscous (ζv), flow dependent (ζf ) and two-
phase damping (ζ2φ). Figure 1 shows the contri-

Figure 1: Components of damping

bution of each component to the total damping
ratio for confined annular air-water axial flow.
Structural damping depends on the tube material
and supports; it is not shown on this figure. Two-
phase damping is preponderant and strongly de-
pends on void fraction. Although Carlucci’s tests
were performed with an axially confined external
flow, the various damping mechanisms in an in-
ternal flow are expected to be the same. The
geometric configuration is different, but the mo-
tion of the tube and the dependence of two-phase
damping on void fraction exhibit trends similar
to internal flow. Carlucci et al. (1983) suggested
that the total damping ratio ζt should be given
by the sum of the various damping components:

ζt = ζs + ζv + ζf + ζ2φ (1)

3. TEST SECTION AND PROCEDURE

The purpose of the experiments is to measure
two-phase damping for two-phase mixtures hav-
ing different densities. Because two-phase damp-
ing may differ in solid-fluid mixtures and fluid-
fluid mixtures, all experiment were conducted
with fluid-fluid mixtures.

Non miscible fluids with various density differ-
ences were selected. Six different mixtures were
made using air bubbles or vegetable oil in stag-
nant alcohol, water and sugared water. To gen-
erate a uniform and measurable bubbly flow, the
test section shown on Figure 2 was used. The
setup was composed of a transparent vertical
clamped-clamped tube filled with a stagnant liq-
uid (i.e. alcohol, water or sugared water). The
second fluid was injected through a perforated
flanged plate at the bottom of the tube. The
second fluid was lighter than the stagnant fluid,
causing injected bubbles to rise.

Figure 2: Test section

Table 1 presents the dimensions of the oscillat-
ing tube. For experiments with oil, compressed
air was used to push the oil through the holes
of the perforated plate and, thus generate “bub-
bles”. The size of the holes was chosen to pro-
vide a “bubble” diameter around 2.5 mm in all
mixtures. Experimental results were compared
for the same void fractions and “bubble” diame-
ters, in order to maintain the same interface sur-
face area, which is a dominant factor, as previ-
ously suggested by Hara (1988) and Gravelle et
al. (2007).

Void fraction ε is typically used to characterize
the proportion of gas in a two-phase gas-liquid
mixture (Collier and Thome, 1996). However,



Length 2.13 m
Internal Diameter 0.0238 m
Internal Volume 3.79 L

Table 1: Tube dimensions

Fluid Densities [kg/m3]
mixture ρ

hv
ρ

lt
∆ρ ρ

lt
/ρ

hv

Sug. Water/Air 1170 1.2 1169 0.10%
Water/Air 969 1.2 968 0.12%

Alcohol 70%/Air 835 1.2 834 0.14%
Sug. Water/Oil 1170 889 281 76%

Water/Oil 969 889 80 92%
Alc.+Wat./Oil 895 889 6 99%

Table 2: Fluid characteristics (∆ρ = ρ
hv
− ρ

lt
)

some of the present experiments were conducted
with two liquids, and a non-traditional void frac-
tion definition was used :

ε = V
lt

V
lt

+V
hv (2)

where the subscript ’lt’ is used for the lighter
fluid and ’hv’ for the heavier fluid. Void frac-
tion was regulated by controlling the number of
oil or air bubbles which depends on the gas pres-
sure, the number and the diameter of the holes.
Experiments with air were similar except that
compressed air was injected directly through the
perforated plate.

Void fraction was determined using two differ-
ent measurement methods. It was first measured
by comparing the volume of the stagnant heav-
ier liquid and that of the two-phase mixture. It
was also evaluated from flow rate and “bubble”
velocity measurements using :

ε =
Q

lt
/u

lt

πR2
t

(3)

where Q
lt

is the flow rate of lighter fluid (air or
oil) u

lt
is the “bubble” velocity, Rt is the tube in-

ternal radius. The two methods give very similar
results.

Table 2 presents the characteristics of fluid
mixtures using air, vegetable oil, alcohol, water
and sugared water.

Damping was measured using the logarithmic
decrement technique with an initial transverse
displacement on the tube. Two-phase damping

was obtained from the difference between total
damping and damping of the tube filled with the
higher density fluid.

4. EXPERIMENTAL RESULTS

Two-phase damping was measured for differ-
ent void fraction and mixture. Figure 3 shows
two-phase damping for alcohol-air, water-air and
sugared water-air. With these three mixtures, it
has been possible to cover a large range of void
fractions. The results are plotted for void frac-
tions from 0% to 20%. It was observed that the
flow regime was bubbly for void fraction up to
15% in alcohol, 10% in water, 8% in sugared wa-
ter.

It can be seen as already noticed by Anscutter
et al. (2006) that for the low void fractions cor-
responding to bubbly flow, two-phase damping
increases fairly linearly with void fraction.

In bubbly flow, at a given void fraction ε, two-
phase damping is greater for heavier stagnant
fluid. It is assumed that two-phase damping is
due to the relative motion between phases during
vibration. Due to the bubble displacement, the
stagnant liquid is set into motion, thus acquiring
kinetic energy. Damping would then be related
to an energy transfer from the tube to the stag-
nant liquid. The heavier the liquid, the greater
is the kinematic energy that could be transfered
to it, and the greater is the two-phase damping.

As a consequence of the two preceding re-
marks, in bubbly flow the gradient of two-phase
damping with void fraction is higher with heav-
ier stagnant liquids. However, a drop in two-
phase damping occurs at void fractions that cor-
respond to the observed transition to slug flow.
This was also observed by Anscutter et al. (2006)
and Gravelle et al. (2007) and holds true for all
three mixtures. The transition to slug flow oc-
curs at a lower void fraction when the stagnant
fluid is heavier. That is why the maximum two-
phase damping is lower for heavier stagnant liq-
uids. One possible explanation is that “bubbles”
rising faster in heavier fluids have a greater kine-
matic energy, which possibly stimulates coales-
cence. But changing fluids involves changing sur-
face tension. Surface tension is known to play a
significant role in coalescence, that is why the
difference in transition void fraction is possibly
due to factors not controled in the present exper-
iments.



Figure 3: Two-phase damping for different mix-
ture

Figures 4 and 5 show the results of two-phase
damping at ε = 2.5% for all six fluid mixtures.
Interface surface area is known to be a domi-
nant factor for two-phase damping. Therefore,
the experimental results are presented for a given
void fraction and “bubble” diameter producing
the same interface surface area. In Figure 4,
two-phase damping is plotted with respect to the
density difference (ρ

hv
−ρ

lt
) between the two flu-

ids. The dashed line shows the fairly linear re-
lationship between two-phase damping and den-
sity difference. In Figure 5, two-phase damping
is plotted against the density ratio of the two
fluids (ρ

lt
/ρ

hv
). The three points obtained with

vegetable oil in alcohol, water and sugared water
(black dots) seem to be fairly linear with den-
sity ratio. However, the three points obtained
with air bubbles (white dots) contradict this ob-
servation. In effect, although the density ra-
tio is very small and almost identical for these
three mixtures (ρ

lt
/ρ

hv
=0.1% to 0.14%), the two-

phase damping values vary greatly (from 0.48%
to 0.57%). As a preliminary conclusion, it can be
stated that the two-phase damping ratio is rel-
atively well correlated to the density difference
between the mixed fluids. The density ratio does
not seem to be an adequate parameter to describe
two-phase damping.

5. SIMPLE MODEL

A simple analytical model is proposed to show
the importance of density difference on two-phase
damping. Figure 6 show the geometry of the an-
alytical model. A vertical tube of internal radius
Ro is filled with fluid, the secondary phase is rep-
resented as a single, non deformable cylindrical
bubble. The tube and both fluids are allowed to

Figure 4: Two-phase damping of different mix-
tures at ε = 2.5% vs. density difference

Figure 5: Two-phase damping of different mix-
tures at ε = 2.5% vs. density ratio

move in the transverse plane of the tube only. No
axial flow or other axial phenomena are consid-
ered; thus, there is no effective mass flow through
an elementary length of the fluid-filled tube. The
primary fluid is allowed to move in any in-plane
direction; it is assumed that the primary fluid
momentum is conserved in the direction perpen-
dicular to the motion of the tube, and that the
motion of the secondary fluid (bubble) is small
compared to that of the primary fluid. The equa-
tions of motion of the tube (Y coordinate) and
bubble (X coordinate) elements are given as:

MtŸ + CtẎ +KtY = Fo
ρ

lt
πR2

i Ẍ = Fi (4)

whereMt, Ct andKt are the effective mass damp-
ing and stiffness per unit length of the tube.
To evaluate forces Fo, Fi exerted on the tube
and on the bubble, the following hypothesis are



Figure 6: Geometry of the model

used. The reference frame is the tube, so iner-
tial forces are added ρ

hv
Ÿ ~ex. Using polar coordi-

nate in the plane of motion, velocity is given by
~V = ur.~er + uθ. ~eθ. Navier-Stockes equations are:

(a) :
∂ur
∂r + ur

r + 1
r
∂uθ
∂θ = 0

(b) :
∂ur
∂t + ur

∂ur
∂r + uθ

r
∂ur
∂θ −

u2
θ
r = −1

ρ
∂P
∂r ...

+ν
hv

(∂
2ur
∂r2

+ 1
r2
∂2ur
∂θ2

+ 1
r
∂ur
∂r −

ur
r2
− 2

r2
∂uθ
∂θ )...

+Ÿ cos(θ)

(c) :
∂uθ
∂t + ur

∂uθ
∂r + uθ

r
∂uθ
∂θ + ur.uθ

r = −1
ρ

1
r
∂P
∂θ ...

+ν
hv

(∂
2uθ
∂r2

+ 1
r2
∂2uθ
∂θ2

+ 1
r
∂uθ
∂r −

uθ
r2

+ 2
r2
∂ur
∂θ )...

−Ÿ sin(θ)

(5)
where ν

hv
is the kinematic viscosity of the heav-

ier fluid. The vorticity equation is deduced from
Equations 5-(b) and 5-(c) using ~∇ ∧ ~V = ω~ez or
ω = 1

r

(
∂(ruθ)
∂r − ∂ur

∂θ

)
:

∂ω
∂t + ur

∂ω
∂r + uθ

r
∂ω
∂θ + ...

ω

(
∂ur
∂r

+
ur
r

+
1
r

∂uθ
∂θ

)
︸ ︷︷ ︸
=0 cf. Equation (5-a)

= ν
hv
∇2ω (6)

Using the stream function ψ :

ur = −1
r
∂ψ
∂θ

uθ = ∂ψ
∂r

⇒ ω = ∇2Ψ (7)

We have :

∂

∂t
(∇2Ψ)− 1

r

∂Ψ
∂θ

∂∇2Ψ
∂r

+
1
r

∂Ψ
∂r

∂∇2Ψ
∂θ

= ν
hv
∇4ψ

(8)
Assuming the motion of lighter fluid to be negli-
gible, Equation (8) becomes :

∂

∂t
(∇2ψ) = ν

hv
∇4ψ (9)

According to the work of Chen (1987) Equation
(9) has the following solution :

ψ = (Ẋ − Ẏ )G(r) sin(θ)
with
G(r) = A1

r +A2 r +A3 I1(λr) +A4 K1(λr)
So
ur = (Ẏ − Ẋ)G(r)

r cos(θ)
uθ = (Ẋ − Ẏ )G′(r) sin(θ)

(10)
where X = X0e

iΩt,λ = (iΩ/ν
hv

)1/2. A1, A2, A3

and A4 are constants that depends on the bound-
ary conditions :
ur(Ri, θ) = (Ẋ − Ẏ ) cos(θ)
uθ(Ri, θ) = (Ẏ − Ẋ) sin(θ)
ur(Ro, θ) = 0
uθ(Ro, θ) = 0

⇒


G(Ri) = −Ri
G′(Ri) = −1
G(Ro) = 0
G′(Ro) = 0

(11)
The stress tensor is :

¯̄σ =

 −P + 2µ
hv
∂ur
∂r µ

hv

(
r.
∂

uθ
r
∂r + 1

r
∂uθ
∂θ

)
µ

hv

(
r
∂

uθ
r
∂r + 1

r
∂ur
∂θ

)
−P + µ

hv
2
r
∂uθ
∂θ + ur

r


(12)

where µ
hv

is the dynamic viscosity. Forces are
the deduced :

dfx(r) =
[(
−P + 2µ

hv
∂ur
∂r

)
cos(θ)

... −µ
hv

(
r.
∂

uθ
r
∂r + 1

r
∂ur
∂θ

)
sin(θ)

]
rdθ

Fx(r) =
∫ 2π

0
dfx

Fi = Fx(Ri) Fo = −Fx(Ro)

(13)

Using Equation (5-c) and integrating by parts for
the pressure terms, the forces become :

Fo = ρ
hv
πR2

o

[
−2A2Ẍ + (2A2 − 1) Ÿ

]
Fi = ρ

hv
πR2

i

[
(2A2 + 3)Ẍ − (2A2 + 2) Ÿ

]
−2µ

hv
π(Ẋ − Ẏ )

(14)



where A2 (Equation (11)) only depends on fre-
quency and fluid viscosity. Introducing 2A2 =
b1 + ib2/Ω the forces are finally expressed as :

Fo = ρ
hv
πR2

o

[
−Ÿ − b1(Ẍ − Ÿ )− b2(Ẋ − Ẏ )

]
Fi = ρ

hv
πR2

i

[
Ẍ + (b1 + 2)(Ẍ − Ÿ )

]
+ ...

π(b2ρhv
R2
i − 2µ

hv
)(Ẋ − Ẏ )

(15)
So the equation of motion (Equation (4)) be-
comes

(Mt + ρ
hv
πR2

o)Ÿ + CtẎ +KtY = ...

ρ
hv
πR2

o

[
b1(Ẍ − Ÿ ) + b2(Ẋ − Ẏ )

]
(ρ

hv
− ρ

lt
)R2

i Ẍ + ρ
hv
R2
i (b1 + 2)(Ẍ − Ÿ ) = ...

(2µ
hv
− b2ρhv

R2
i )(Ẋ − Ẏ )

(16)
From Equation (16), it can be seen that an ab-
sence of motion between tube and lighter fluid
(X = Y ) implies that the two fluid phases have
the same density (ρ

hv
= ρ

lt
) :

(Mt + ρ
hv
πR2

o)Ÿ + CtẎ +KtY = 0
(ρ

hv
− ρ

lt
)R2

i Ẍ = 0
(17)

Since the densities are different (ρ
hv
6= ρ

lt
), there

must exist a relative motion between the phases.
Dissipation would then occur through the follow-
ing terms :

ρ
hv
R2
ob2(Ẋ − Ẏ )

(2µ
hv
− b2ρhv

R2
i )(Ẋ − Ẏ )

(18)

A complete model would require 3D consider-
ation (spherical bubble rather than cylindrical,
vertical velocity of liquid and gas) and confine-
ment (possible interaction between bubble).

6. CONCLUSION

Both the experiments and the model show that
the density difference between phases (ρ

hv
− ρ

lt
)

is a major parameter in two-phase damping.

The model also suggests that the liquid viscos-
ity µ

hv
is of significant importance.

Experiments show also that the difference den-
sity (ρ

hv
− ρ

lt
) may also influence the transition

from bubbly flow to slug flow.

Further experiments with perfluorocarbon
(high density liquid, non miscible in oil or wa-
ter) will be carried out to complete two-phase
damping data with respect to density difference.

Additional experiments with sugared water
and glycerol mixtures (same density but different
viscosity) will also be carried out to explore the
influence of the viscosity on two-phase damping.
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