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ABSTRACT

In this paper we present preliminary results of condensation induced slug formation and propaga-
tion in a horizontal pipe. The pipe is partially filled with cold liquid ammonia at the begining and hot
gaseous ammonia is inlet. 3D simulations of two-phase flows with the Hughes-Duffey correlation
for predicting condensation were performed for three test cases.

1 INTRODUCTION

Slug flow is a two-phase flow in which gaseous phase is in the form of large bubbles that are
separated by liquid slugs. The slugs are associated with pressure oscillations in a pipe and under
certain conditions, the formation and acceleration of the slug can lead to a hydraulic shock. This
occurs when a rapid change of fluid velocity in a pipe causes a change in pressure. For example, when
a slug with high velocity reaches the pipe end, the fluid of the slug is forced to rapidly decelerate and
that results in a pressure surge.

In horizontal pipes, the slug can arise as a by-product of condensation. Hot gaseous phase, which
inflows into a pipe that is partially filled with cold liquid, causes shear on the surface. This can lead
to a wavy gas-liquid interface that may eventually form a slug. The gas in front of the slug is thus
isolated and exposed to strong condensation. Because of the condensation the pressure in front of the
slug drops. The resulting pressure imbalance accelerates the slug which is then hurdled into the pipe
ending.

The hydraulic shock or water hammer is an unwanted phenomenon. It can cause damage to
piping or to other equipment. The pressure surge can be very short-lived, which results in it not
being released through the safety valves that are installed to protect the piping, but still be strong
enough to break welds or change the supports of the pipes. The usual technique to reduce the effects
of hydraulic shock involve reducing the lengths of straight parts of pipes by introducing elbows as
well as by installation of accumulators, expansion tanks or tank drums.

In the years 2000 and 2001 Martin et al. [1] performed experiments in an experimental apparatus
that emulates the features of an industrial design. The objective was to understand the mechanics
of condensation induced hydraulic shock. To achieve the necessary conditions for occurrence of hy-
draulic shock, a horizontal pipe was partially filled with sub-cooled liquid ammonia. Above the liquid
ammonia was gaseous ammonia that was in thermal equilibrium with the liquid. The experiment con-
sisted of blowing hot gaseous ammonia into the horizontal pipe, thereby inducing condensation that
in some cases lead to formation of hydraulic shock. In approximately 290 tests, the initial tempera-
ture of the liquid, initial depth of liquid ammonia, mass inflow of hot gaseous ammonia and initial
pressure were varied.
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Tiselj and Martin [2] performed simulations of these experiments with the one-dimensional
WAHA computer code. The code solves six one-dimensional equations of the two-fluid model:
mass, momentum and energy equation for each phase. The equations include the terms due to the
elasticity of pipes. Tiselj and Martin used the Chato-Dobson correlation for the condensation rate
in horizontal pipes. This correlation takes into account contributions from film condensation on the
walls of the pipe as well as condensation on the liquid surface. Tiselj and Martin also corrected the
code for the increased heat transfer rate in the dispersed phase in the wave-breaking head of the slug.
This increased heat transfer rate increases the condensation rate and contributes to the pressure drop
and acceleration of the slug.

In this paper we present preliminary results of 3D simulations of slug formation and acceleration
in the experimental facility constructed by Martin et al. [1]. The results were obtained using the
ANSYS CFX CFD code with Hughes-Duffey correlation for the condensation model of ammonia
gas. Three experimental test cases were simulated. For each case, simulations were run using three
different meshes.

2 GEOMETRY AND MESH

The detailed dimensions of the test section are given by Martin et al. [1]. However, the test section
is only a small part of the experimental apparatus. It consists of approximately 6m long section of
6-inch nominal size Schedule 80 pipe (horizontal cyan pipe in figure 1). The simplified geometry
(without the bends) of part of the test apparatus is shown in figure 1. The exact dimensions that were
used are shown in table 1. For pipes where Martin et al. did not specify the type, Schedule 80 type
was assumed. The radius of the torus that makes the bend between the test section and the vertical
pipe is 161mm, the height of the vertical reducer is 49mm and the height of the horizontal reducer
is 30mm. The height of T-junction (the straight run part) is 98mm.

Figure 1: 3D view of simplified geometry of part of test apparatus. Positions of pressure transducers
P2, PCB4, PACE3, PACE4 and PACE5 are marked approximately. The hot gaseous ammonia is inlet
through the upper horizontal pipe.

Three meshes were used for simulations. They were created using the tool ANSYS ICEM CFD.
The difference between them is the maximum length of an edge of an element. Edges of a mesh
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Table 1: Dimensions used to construct the geometry of the problem.

Pipe Inner radius /mm Length /mm

Test section pipe 73 5880
Veritcal 6-inch pipe 73 1143
Vertical 4-inch pipe under T-junction 49 457
Vertical 4-inch pipe above T-junction 49 2108
Horizontal side arm of T-junction 30 9042
3-inch pipe at inlet 37 1372

element were limited by roughly 64mm for the coarse mesh M64, approximately 32mm in a finer
mesh M32 and 16mm in the finest mesh M16. Figure 2 shows the elements at the end of test section.
The coarse mesh M64 has approximately 104 nodes, M32 approximately 5× 104 nodes and M16
approximately 27× 104 nodes.

Figure 2: Mesh M64 (left) with approximately 104 nodes, M32 (middle) with approximately 5× 104

nodes and M16 (right) with approximately 27× 104 nodes. Elements at the end of the test section
are shown.

2.1 Boundary and initial conditions

In the experiment, the test section with the bend and the 6-inch part of the vertical pipe are
isolated. In the simulations, however, the temperature of the boundary is set to a constant temperature
equal to the temperature of the initial liquid ammonia located at the bottom of the test section. The
thermal capacity of the 6-inch pipe is large enough that its temperature would only rise by a few
Kelvins if all of the gas input into the domain would condense. Nevertheless, a conjugate heat transfer
should be implemented to account for local variations of temperature of the pipe. The boundary
condition for the rest of the piping is set to 293K. At the inlet pure gaseous ammonia is inlet at a
mass flow rate that was measured in the experiment and temperature of 293K.

The domain is initially filled with ammonia gas at temperature of 293K and pressure that were
measured at the beginning of experiment for different case. The bottom of test section and the bend
contain liquid ammonia up to a depth specified for different case and temperature measured for
different case. The values for different cases that we simulated can be found in table 2 in section
Results. With these values a steady state solution with no mass inflow is first calculated and then
used as the initial condition with the inflow of hot ammonia gas.
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3 MODELS

As noted above we used the ANSYS CFX computer code to simulate the formation of the slug.
The built-in inhomogeneous Eulerian-Eulerian free surface model with interface compression was
used to predict gas-liquid interactions. Turbulence was modelled using URANS approach with ho-
mogenous RNG k–ε model. Peng Robinson model was used for the equation of state for ammonia.
These models are built-in and are recommended and described in the ANSYS CFX documenta-
tion [3].

The inter-phase mass transfer per unit of volume is calculated as Γ = Aṁ, where A =
∣∣∇α

∣∣ is
the amount of surface per unit volume, α the gas volume fraction and ṁ the mass flux. The mass flux
is obtained through the equation

ṁ =
Qig +Qil

hg − hl

(1)

where hg and hf are specific enthalpies of gas and liquid phase respectively and Qig and Qil are
the heat fluxes from the interface to the gaseous phase and from the interface to the liquid phase
respectively. For condensation the specific enthalpy of gas is taken at the saturation conditions and
the specific enthalpy of liquid is taken at the conditions of liquid. The heat fluxes Qik are calculated
as

Qik = Hik(TS − Tk) for k = g, l (2)

and where Hik is the heat transfer coefficient in the phase k, TS is the saturation temperature and Tk

is the temperature of phase k. To be able to set the heat transfer coefficient in the ANSYS CFX code,
the inhomogeneous heat transfer model with two resistance model has to be chosen. We did not use
a special wall condensation model.

The heat transfer coefficients have to be modelled. We used Hughes-Duffey correlation heat
transfer coefficient

Hik =
2

π

λk

νk
(νkε)

1/4 (3)

where λk is the thermal conductivity in phase k, νk dynamic viscosity of phase k and ε the turbulent
energy dissipation rate, which is the same for both phases.

The Hughes-Duffey model for turbulent stratified flows was used by Štrubelj and Tiselj [4] and
Štrubelj et al. [5] in a similar setting, but nevertheless different enough that the rationalisation of
its use in this case is not straight forward. The fluid in our case is at rest initially and there is no
turbulence. The formation of the slug in our simulations is not a consequence of condensation gas,
but rather gas momentum entering the test section. This was observed when we simulated the cases
without any condensation model. The slug was still formed but it was not propagated fast enough.
Nevertheless, when the fluid divides the domain into two regions, the flow in the head of the slug is
dispersed. This considerably increases condensation. Use of the correlation is therefore again not
suitable. The main reason for using this correlation was that it seemed to work best among the limited
set of correlations that we tried.

4 RESULTS

We simulated three experimental tests cases. Each was simulated using three meshes. Figure 3
shows the pressure at sensor P2 that was reported in the experiment and that was obtained in our
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(a) Test A. Shock in experiment occurs at approx-
imately 1.85 s.

-0.50
-0.25
0.00
0.25
0.50
0.75
1.00
1.25

 0  1  2  3  4  5

P
re

ss
ur

e 
at

 P
2 

[1
05  P

a]

Time [s]

EXP P2
M64 P2
M32 P2
M16 P2

(b) Test B. No shock in experiment.
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(c) Test C. Shock in experiment occurs at approx-
imately 2.1 s.

Figure 3: Pressure at sensor location P2 for all three cases and meshes.

simulations with all three meshes for the three chosen tests. This sensor was never in contact with
liquid and was thus never exposed to hydraulic shocks.

We encountered some problems with numerical convergence with the test B, using mesh M32
and mesh M16. For some unknown reason that is still being investigated, the simulation stops at
around 2 s simulation time in the case of mesh M32 and around 1 s into simulation time in the case of
mesh M16. Unlike the other two simulated test cases, formation of a liquid slug was not observed in
test case B using mesh M64. Rather, we observed a wave that is propagating and gaining amplitude,
forming the slug in the last moments just before hitting the end of test section. In the experiments,
this test did not form a slug and did not end in hydraulic shock.

We encountered a similar problem with numerical convergence, test C and mesh M16. We suspect
that the premature end of simulation in this case is caused by a pressure spike in the slug. In the
experiment a strong hydraulic shock was measured in this test.

No problems with numerical convergence were encountered in the case of test A, which in exper-
iments resulted in a very strong hydraulic shock. Figure 4 shows formation and propagation of the
slug in this test with the mesh M16.

Simulation results in figure 3c show that the pressure drop is not so considerable as in the experi-
ment. The pressure at the location of sensor P2 drops because of condensation at the liquid surface or
at the cold wall of the pipe. Disagreement of our simulation results with the experiment could be due
to not using a special model for wall condensation or because not the most appropriate correlation
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t = 1.4 s
t = 1.5 s
t = 1.6 s
t = 1.7 s
t = 1.8 s
t = 1.9 s

Figure 4: Slug formation and propagation for case A on mesh M16. Times correspond with times in
experiment.

for condensation at the surface was used. According to Tiselj and Martin [2], the wall condensation
is dominant in the first moments in these experiments. However, our simulations of formation of the
slug suggest that the formation itself is not so much a consequence of condensation, but a conse-
quence of momentum of entering gas. We observed the formation of the slug even when simulating
the cases without the condensation model.
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Figure 5: Comparison of experimental results (left) for test A with results from simulation with
mesh M16 (right). The bridging of the domain is clearly seen in the experiments as well as in the
simulation. Also notice the propagation of the slug past sensors PACE3 and PACE4. The shock in
experiment occurs after approximately 1.85 s.

Figure 5 shows side by side comparison of pressures from sensors P2, PACE3 and PACE4 ob-
tained by measurements and simulation of test A with the mesh M16. The simulation agrees with
the experimental data, but does not predict the pressure drop after bridging of the domain accurately.
The bridging of the domain occurs when liquid ammonia separates the gas in test section into two
regions. Because of inflow of gas and condensation these two regions have different pressures. This
phenomenon is observed in figure 5 when pressures at sensors PACE3 and PACE4 diverge from pres-
sure at sensor P2. Notice that it occurs at approximately the same time in the simulation as it does in
the experiment. The slug passes the sensors PACE3 and PACE4 when the pressure at those locations
again rises to pressure similar to that at sensor P2.

Figure 6 shows similar comparison for test C. Because of problems with mesh M16 the results
for mesh M32 are shown. Agreement between experiment and simulation is worse with this case.
The bridging in the simulation with mesh M32 occurs at approximately the same time as in the
experiment. However, the passing of the slug past the position of sensors PACE3 and PACE4 is not
clearly visible.
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Figure 6: Comparison of results for test C. On the left are the results from experiment and on the
right from simulation with mesh M32. The shock in experiment occurs after approximately 2.1 s.
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Figure 7: Position of the slug for the test A on the left and for the test C on the right.

To obtain velocity of the slug, we tracked its position through time. The pressure minimum in
the slug head is a feature that marks the slug. The position of this pressure minimum against time
is drawn in figure 7. Through the means of linear regression we obtained a constant velocity for all
three meshes. As can be seen by comparing figures 5 and 7 for case A, the slug did not exist before
the time of 1.4 s, but the pressure minimum was already tracked. These positions were ignored when
calculating the velocity of the slug. The comparison of calculated results with the measured slug
velocities is shown in table 2, together with initial conditions and mass inflow for each case.
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Table 2: Initial liquid ammonia depth and initial liquid ammonia temperature together with the mea-
sured average mass inflow are given. In the last two columns we are showing the velocities of slug
propagation that were obtained experimentally compared to the ones obtained from our simulations.
No velocity was measured in the test B. In our simulations, a slug was formed just before the liquid
wave reached the end of test section.

Initial conditions Mass Measured Simulated
Case Test Depth /mm T/K inflow (g/s) velocity /(m/s) velocity /(m/s)

A 2001–03–01 13dp 76 227 306 17.6 14.4
B 2000–11–14 2 64 224 128 —
C 2000–11–13 31 76 228 131 10.8 8.1

5 CONCLUSION

We performed simulation of condensation induced slug formation and propagation in a horizontal
pipe. In our simulations we could form a slug even without a condensation model. This suggest that
the formation of the slug does not depend on the condensation model. The Hughes-Duffey correlation
without a special wall condensation model to predict condensation rate of ammonia vapour in the
test section. We used test case A as the basis to choose the correlation for the condensation model.
Although the initial results using the Hughes-Duffey correlation were very encouraging, the problems
with the other test cases suggest that it might not have been the best choice.

In the future simulations we plan to expand the selection of simulated test cases and use different
correlations as a condensation model.
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[4] L. Štrubelj and I. Tiselj. “Numerical modelling of condensation of saturated steam on subcooled
water surface in horizontally stratified flow”. In: The 12th International Topical Meeting on
Nuclear Reactor Thermal Hydraulics (NURETH-12), Pittsburg, Pennsylvania, USA, September
30—October 4, 2007. 2007.
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