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ABSTRACT 
 Condensate that collects in steam drain piping that is then 

subject to a high-pressure, choked flow, non-water hammer 
situation can be severely dangerous to piping systems in 
industries that make use of steam drain lines.  A model of the 
resulting water slug phenomena was developed to analyze the 
effects of physical characteristics of the system. The model 
incorporates both energy methods as well as an open form 
(numerically solved using MATLAB) of non-linear Navier-
Stokes to arrive at a non-linear, third-order transient solution. 
The model was experimentally validated in order to show its 
use as a tool for predicting the force on pipe walls associated 
with a given configuration of steam drainage systems.  The 
model showed slight discrepancies to the experimental data in 
time of impact, which may be explained by water-loss during 
slug travel due to wall-wetting, which was not part of the model 
due to the complexity of the non-linear equations associated 
with this factor. 

 
INTRODUCTION 

Steam drain piping is prone to condensate build-up 
along the pipeline system.  Condensate will tend to form in 
sections of pipe that are lower than the rest of the drainage 
system. When high-pressure steam hits an occluded section of 
pipe containing condensate, the resulting slug moving at high 
velocity can cause impact damage to the pipes in areas where 
they experience a bend (This is not the same effect as a similar 
drainage pipe issue referred to as water hammer).   

 
Figure 1: Condensate trapped in a pipe (top) forms into a 

dangerous, high velocity slug when high-pressure gas is applied 
to the line (bottom). 

Analysis of slug corner impact using the physical 
constraints of the system, numerical analysis and theoretical 
prediction models allows for an accurate prediction of the force 
on, and thus the breaking point of, a pipe system corner. 
 
Associated Physical Phenomena 
 The impact force on the pipe wall is cause by the 
momentum transfer from water to wall as the direction is 
radically changed.  The amount of momentum transfer is 
directly proportional to the change in the angle of the pipe.  It is 
important to note that this model does not accurately predict the 
form of the slug (as it is no longer a single slug of water) after 
the slug has hit the pipe bend.  Fortunately this knowledge is 
not necessary to predict the force on the pipe bend. 
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Figure 2: As the condensate slug hits the corner of the piping 
system it causes a short-lived but high-magnitude force on the 

pipe wall at an angle equal to the angle bisector of the incoming 
and outgoing pipe angles. 

 The speed increase of the slug is due to the driving 
pressure of the air gap in front of the water slug.  During an 
impact scenario, energy is mechanically transferred from the 
incoming pressurized steam to the water, resulting in a quickly 
accelerating flow. 
 Because the steam flowing into the system is usually 
at very high pressure, the steam undergoes choked flow on its 
entrance through the valve into the control volume (see figure 
3).  As shown upon further reading, a choked flow situation 
under these conditions implies that the steam is moving at 
super-sonic velocity. 

 
Figure 3: The control volume, which is used to determine the 
amount of energy that the water slug gains, is shown as the 

continuously expanding gaseous area between the valve and the 
rear face of the slug. 

 As mentioned previously, the condensate forms at a 
low point in the condensate/steam drainage system, and thus 
the water slug will experience an increase in potential energy 
(the flow will move to a higher elevation) during its travel to 
the pipe bend.  This causes the pressure required to accelerate 
the flow to be higher, transferring more energy to the flow, 
which can cause more energy to be transferred to the pipe wall 
upon impact depending upon the piping system. 
 
 
 

NOMENCLATURE 
ECV  energy in the CV 
EMASSOUT energy due to mass leaving CV 
EMASSIN energy due to mass entering CV 
Q  heat flux in/out of CV 
W  work by CV 
cv  heat capacity of air const. volume 
cP  heat capacity of air const. pressure 
PCV  pressure in the CV 
PATM atmospheric pressure 
PDW  pressure due to Darcy-Weisbach friction 
VCV  volume of CV 
ACV  cross-sectional area of CV 
vWATER velocity of water 
mCV  mass of air in CV 
RAIR  ideal gas constant for air 
TCV  temperature in CV 
C  constant for choked flow 
ANOZZLE cross-sectional area of nozzle 
kAIR  constant for choked flow with air 
ρTANK density of air in the tank 
ρWATER density of water in the CV 
PTANK pressure of air in the tank 
TTANK temperature of air in the tank 
TNoZZLE temperature of air in the nozzle 
MNOZZLE Mach number of the nozzle 
hNOZZLE enthalpy at the nozzle 
LWATER length of water slug 
f  friction factor 
µWATER dynamic viscosity of water 
FPIPE force on the  pipe wall 
 

 
Theoretical Simulation of the Model 

 
Figure 4: The theoretical model setup.  Note the location of 

pressure transducers, which are the unknowns in the theoretical 
model. 

The Volume of the Control Volume 
 While the changing pressure in the control volume 
(CV) is the responsible for the change in velocity of the water 
slug, if the temperature and mass of the CV are known the 
volume can be directly calculated in terms of pressure.  In order 
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to calculate the volume it is necessary to simultaneously solve 
both the energy equation and the Navier-Stokes equation.  The 
energy equation will provide a relationship between the mass-
flow rate into the control volume and the resulting pressure and 
volume, while Navier-Stokes will provide the missing 
relationship between pressure and volume using the inertial 
forces on the water slug.  
 
The Energy Equation 
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 Equation 1 applies to the expanding control volume 
referenced in figure 3.  The definition of the CV forces 
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 to be zero because there is no mass flow out of the 
control volume.  We can also show that Q&  is extremely small 
(negligibly so) due to the speed of the slug flow.  There is no 
time for heat transfer into the pipe. Therefore the CV modeling 
as adiabatic with no energy leaving the control volume through 
mass loss yields: 
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 The energy entering the CV, according to equation 2, 
is equal to the change in energy in the CV (through either mass 
or temperature change only) less the energy leaving the CV 
through acceleration of the water slug.  Using the ideal gas law 
we find that equation 2 can further be reduced. 
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 At this point it is necessary to explore the factors 
which affect the energy entering the system.  As previously 
mentioned, the flow entering the CV exhibits the characteristics 
of choked flow.  The defining factor of choked flow is the 
pressure ratio across the nozzle. When this value is at least 2:1, 
the flow can be considered choked, super-sonic, and therefore 
speed independent from the pressure in the CV.  The flow is 
speed independent because the flow travels faster than any 
driving pressure wave (since sound is a pressure wave).  
 While the speed of the flow is known, it is necessary 
to find the mass flow rate and the temperature in order to 
calculate the energy flux across the nozzle. 
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 Using equations 4 and 5, and the fact that MNOZZLE or 
the Mach number is equal to 1, we can determine the energy 
flux by first defining vNOZZLE (velocity) and hNOZZLE (enthalpy). 
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NOZZLEPNOZZLE
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The energy flux across the nozzle now becomes: 
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By combining equations 8 and 2 we find: 
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 The Navier-Stokes Equation 
 In order to relate the pressure in the CV with the 
volume of the CV, it is necessary to employ the Navier-Stokes 
equation.  In this implementation of the equation, both 
gravitational and frictional effects are taken into account.  
Unfortunately, because this is a transient, third-order 
accelerating flow, the viscous friction factor appears in the 
pressure term of the equation. 
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Where ‘DW’ stands for the Darcy-Weisbach friction 
factor pressure change: 
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Where the friction factor is: 
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By solving equation 10 for pressure, remembering that 
zCVCV
vAV =&  because the water slug is modeled as an 

incompressible, uniformally moving slug, we find: 
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Combining equations 9 and 13 yields: 
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Force on the Pipe Bend 
 The force on the pipe bend is modeled as a complete 
momentum loss at the bend, or 
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 When adapted to the specific geometry of the 
experimental setup used for validation yields a force (direction 
shown in figure 2): 
 

CV

WATERCV

PIPE

A

V
F

!
2

2

&r
=  

 
Experimental Validation of the Model 
 The theoretical model was verified by experiment 
using a specific set of conditions.  The setup consists of a large 
tank (Wessels Co. part number M247206) of compressed air at 
variable pressure (between 200 and 300 KPa) connected to two 
tubes.  One tube connects to the wall where more compressed 
air replaces any that is lost up to pressure, and the other 
connects to a solenoid valve (Peter Paul Electonics Co. INC. 
model number 72Z00140GM), which is controlled with a SPST 
switch. When the switch is in the “ON” position, the solenoid 
valve is open and air flows through the 0.635cm diameter 
nozzle at super-sonic speed to a slightly larger diameter tube 
(2.62cm) which dips 17.8 cm, then encounters a T-joint on 
which one pathway has been blocked with a pressure sensor 
before exhausting to the atmosphere.  The total distance 
between the solenoid valve and the bend is 101.6 cm. 
 

 
Figure 5: The experimental setup diagramed above.  Specific 
measurements are referenced in the text but are completely 

redefinable in the presented model. 

Water is placed in the dip in the system of varying amounts 
(100ml to 200ml) and the pressure is measured by two analog 
pressure sensors (Omega part numbers PX181 and PX303 
respectively).  The first is located just after the solenoid valve, 
and the second is located in the flow direction of the T-valve as 
pictured in figure 5 so that the water will hit it on its way out of 
the system. 
 
Experimental and Theoretical Data 
 The theoretical model was simulated using MATLAB 
software, specifically the ode45 package.  The model had to be 
calculated numerically due to discontinuities in various terms 
(such as gravity in z. see appendix for code). 

 
Figure 6: Experimental data (dotted) versus theoretical data.  

Notice the difference in the impact times for experimental and 
theoretical models, as well as the impact heights (the two are 

related). 
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Figure 7: Graph of force vs. time for the pressure shown in 

figure 6. 

Wall-Wetting 
 The most noticeable difference between the theoretical 
data and the experimental data is during impact.  As stated 
previously, this model does not predict the exact pressure wave 
formation after impact because of complexity, rather, it seeks to 
provide an estimate that will ensure the safety of a system 
exhibiting characteristics that could result in a water slug 
situation. 
 There are two main differences in the impact data, 
however, that are capable of being calculated by the model.  
These differences are the time of impact and the amplitude of 
pressure measured.  Because it is difficult to calculate 
accurately, water-loss due to wall-wetting was not included in 
the current model.  Preliminary investigations suggest that both 
the time and amplitude discrepancies can be explained by wall-
wetting. 

 
Figure 8: As a preliminary investigation of wall-wetting, a 
simple second-order total-water-lost-at-time-t equation was 

derived. 

 

 
Figure 9:  Experimental vs. theoretical data with simple wall-

wetting equations in place (a total loss of 8%).  Unfortunately it 
is difficult to estimate the true percentage of liquid lost without 

further experimentation. 

 
 As seen in figure 8 and more importantly figure 9, 
both problems are addressed simultaneously by simulating 
wall-wetting.  Unfortunately the estimate of 8% total water loss 
is not based on experimental or theoretical findings, but this 
does show that any value for water loss roughly between 0% 
and 16% (for this setup) total water loss will provide a more 
accurate representation of the physical conditions in our 
experimental model than one with no wall-wetting simulation.  
This number can be validated by experiment indirectly (by 
measuring the  amount of water that escapes the bend), but this 
method will provide no detail as to the first and second order 
changes in slug volume with respect to time. 
 
Other Important Factors 
 While wall-wetting may be the single largest 
contributor to error, other factors may affect the model as well.  
The shape of the dip tube was simplified for calculation 
purposes, which could cause the forward pressure curve shape 
to be wrong, which can effect second and third order 
volumetric terms.  

The momentum loss due to the change from the dip to 
the pipe (roughly 20 degree change) was not calculated in this 
model.  As noted in figure 6, however, the point at which the 
water slug crosses the dip is very noticeable. 

There are several reasons for the apparent resonance of 
the experimental flow.  While calculations with the speed of 
sound in water do not seem to indicated a water-hammer 
scenario, system as a whole may vibrate, causing the pressure 
sensor to read inaccurately. Unfortunately the disk of the 
pressure sensor and the disk of a microphone are very similar. 
 
Summary and Conclusions 
   Slug flow caused by condensate build-up in steam 
drainage lines can be effectively modeled using the energy and 
non-linear Navier-Stokes equations.  Experimental validation of 
the model suggests that it can accurately predict the force on 
the pipe wall. 
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