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Abstract 

The capability of RELAP5 to model single and two-phase acoustic waves is demonstrated with 
the use of fine temporal and spatial discretizations. Two cases were considered: a single phase air 
shock tube problem and pressure waves observed by Takeda and Toda in a two-phase decompression 
experiment in a pipe. 

Whereas the agreement for the single phase case is excellent, some discrepancies were observed 
in the two-phase case. However, RELAP5 produced markedly better results after adjusting the bubble 
size and the choked flow area. These results illustrate the need of a dynamic model for the interfacial 
area concentration (i.e., the bubble size). 

Introduction 

Acoustic wave propagation phenomena are of key interest in the field of nuclear reactor safety. 
To understand the forces on internal reactor components it is necessary to analyze fluid pressure 
behavior immediately after a postulated LOCA [1]. Such an analysis provides insight into possible 
structural damage resulting in a failure to maintain core geometry and core cooling. In the event of a 
LOCA in a water cooled reactor, the subcooled blowdown results in the propagation of a rarefaction 
wave [1]. The wave eventually travels from the point of the break through the coolant piping to the 
nuclear reactor's core region. Furthermore, a temperature gradient in the core leads to unique behavior 
of the rarefaction wave. 

Edwards and O'Brien [1] compared numerical simulations which track the initial rarefaction 
wave and related void formation following the bursting of a pressurized horizontal subcooled pipe of 
constant temperature with experimental results [1]. The data from Edwards and O'Brian has been used 
to validate the two-fluid model RELAP5 computer code [3]. Later, Takeda and Toda [2] 
experimentally observed the pressure behavior in a vertical pipe under a temperature gradient and 
analyzed it with simple equilibrium and non-equilibrium wave propagation models. Takeda and Toda 
show that for a pipe with a temperature gradient, flashing in the hotter section results from the passing 
of a rarefaction wave with a large enough amplitude; whereas, the colder section, with a lower vapor 
pressure, remains subcooled liquid. A large discontinuity in the sound speed arises between the two-
phase and single-phase regions serving as a reflective surface. The data from Takeda and Toda has 
never been compared with a RELAP5 simulation. 
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analyzed it with simple equilibrium and non-equilibrium wave propagation models. Takeda and Toda 
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The RELAP5 computer code, widely used in nuclear reactor transient analysis, employs a two 
fluid model consisting of the mass, momentum, and energy conservation equations for each phase 
solved using a semi-implicit finite-difference technique [3]. Tiselj and Cerne [4] have shown that 
RELAP5 is capable of tracking acoustic waves with almost second-order accuracy with the use of small 
time step in a simulation of a two-phase shock tube and water hammer analysis benchmarked with 
experimental data. 

This work consists of three parts: First, the application of RELAP5/MOD3.3 Patch03 to model 
an air filled shock tube (i.e. Riemann's problem) at very small time steps and a refined grid to 
demonstrate the capability of RELAP5 to resolve single phase acoustic waves accurately. Secondly, 
the RELAP5 simulation of the experiment carried out by Takeda and Toda to investigate the capability 
of RELAP5 to resolve two-phase acoustic waves. In particular, the effect of thermal non-equilibrium 
and the constitutive relation for the bubble size will be analyzed. The last part is a brief discussion of 
the stability of the RELAP5 two-fluid model. 

1. Air Shock Tube 

A frictionless shock tube was investigated using the RELAP5/MOD3.3 code to validate it for 
single-phase wave propagation. The corresponding simplified one-dimensional single-phase continuity 
and momentum equations are listed below where p is density, v is velocity andp is pressure [4]: 

La4 ± Loy = 0
ft fx 
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Tiselj and Cerne derived the following simplified single-phase acoustic wave equations 
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assuming a negligible fluid velocity and 8p 1p ratio [4]. These are reasonable assumptions due to the 

very small density fluctuations and fluid velocity relative to the sonic velocity. Tiselj and Cerne show 
that when Eqs. (2) are discretized following the RELAP5 procedure, the first order spatial truncation 
errors vanish [4] 

The shock tube model consists of stagnant air separated by a diaphragm shown in Fig. 1. Gas 3 
on the left side of the diaphragm is initially at a higher pressure than gas 1. In order to allow an 
analytical solution the air on each side of the diaphragm has initially the same temperature. The 
diaphragm is broken creating a right-traveling shock wave and a left-traveling rarefaction wave as 
shown. The velocity of fluids states 2 and 4 are the same. No entropy change between fluid states 3 
and 4 takes place, and entropy increases across the shock from 1 to 2, so the temperatures in fluid states 
2 and 4 are different [5]. 

(2) 
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on the left side of the diaphragm is initially at a higher pressure than gas 1.  In order to allow an 
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shown.  The velocity of fluids states 2 and 4 are the same.  No entropy change between fluid states 3 
and 4 takes place, and entropy increases across the shock from 1 to 2, so the temperatures in fluid states 
2 and 4 are different [5]. 
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Fig. 1. Schematic Fair shock tube. 

A 9.9 meter pipe is divided into 99 nodes, each one 0.1 m long The cross sectional area of the 
pipe is 0.00456 m2 (3 inch inner diameter). Tiselj and Cerne recommend short time steps, 

k.)0.01—AX , where cis the speed of sound and Az is the nodal length, in order to trace acoustic 

waves with almost second-order accuracy [4]. Therefore, the time step was chosen to produce a value 
of about 0.01 for the acoustic Courant Number. The gas used for this experiment is air at 297 K. Gas 
3, to the left of the diaphragm, is initialized at 2 MPa and Gas 1, to the right, is at 1 MPa. The pipe is 
adiabatic. 

Fig. 2 shows the progression of the shock and rarefaction waves in the tube. The dense 
nodalintion and small time step produce results matching the analytic solution. For the analytic 
solution the air is assumed a perfect gas, which is valid since the ratio of the temperature to the critical 
temperature is greater than two, and the specific heats are approximately constant due to the minor 
temperature fluctuations. The pressure of gas 2 calculated by RELAP5 is 1.406 MPa and when 
compared with the analytic solution [5] of 1.402 MPa produces only 0.29% relative error. Selecting the 
REIAP5 10 ms data, the shock wave velocity is 400 m/s and has an error of 0.24% The velocity of 
gas 2 taken from REIAP5 is 84.12 m/s, and has a 1.7% relative error compared to the analytic value of 
84.49 m/s. The behavior of the pressure wave also matches what is predicted. The shock wave has a 
relatively steep slope that stays steep, while the rarefaction wave spreads as it propagates [5]. The 
nonphysical numerical oscillations are a byproduct of the reduced time step. Increasing the time step 
reduces the numerical oscillations but diffuses the steep pressure gradients [4]. 
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Fig. 2. Pressure distribution in shock tube at 0, 5, and 10 ms 

2. Blowdown Under Temperature Gradient 

Takeda and Toda measured pressure oscillations during the decompression of a vertical pipe 
with a temperature gradient [2]. The pipe may be divided into a two-phase region at the top and a 
subcooled region in the rest of the pipe. 

The RELAP5 one-dimensional two-phase conservation equations governing wave propagation 
are given below [3],[6]. 
Conservation of mass: 
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Where a ,p , and v are the time and space averaged void fraction, density, and velocity, and the g and 

f subscripts specify vapor and liquid respectively [6]. Fg is the vapor generation. Pis the pressure 

averaged between the two phases [6]. The volumetric wall shear forces experienced by the liquid and 
vapor are Fwf and Fwg , respectively, and are equal to zero since the pipe is assumed frictionless [6]. 

Fi is the volumetric interfacial drag and v1 is the interfacial velocity in the interfacial momentum 

transfer terms [6]. Finally, the last term on the RHS of Eqs. (4) is the virtual mass force as 
implemented in RELAP5 and cvni is the virtual mass coefficient. This term has a significant effect on 
acoustic wave propagation. Eqs. (3) and (4) describe the wave propagation in a two-phase medium. In 
addition, the two-phase energy conservation equations in RELAP5 are required in order to model the 
vapor generation that occurs during the depressurization process [3]. 
Conservation of energy: 

f — kapgu,+—f (ap gugvg)=P fa z A p  f —(agvg)+Qig +Figh; 
ft g g fx g ft fx 

—f (a fp fu f ) + —f (a fp fu f v f ) = Pfaf P —f (a fv f ) + Qif —F igh; 
ft fx ft fx 

The specific internal energy is represented by u , Qig and Q. are the interfacial heat transfer terms, F jg 
is the vapor generation resulting from interfacial energy exchange, and hg and h; are the corresponding 

phasic enthalpies associated with interphase mass transfer[3]. The effects of wall heat transfer and the 
energy dissipation caused by friction are negligible and omitted in Eqs. (5). 

A RELAP5 model was developed for Takeda and Toda's experiment [2]. The water filled pipe 
has a 53.5 mm inner diameter, a 3.2 m length, and is initially pressurized to 0.855 MPa measured at the 
top. It contains 99 nodes, each 3.23 cm in length. Fig. 3 shows a diagram of the RELAP5 model. The 
experimental data [2] was taken at pressure transducers (PT) 3, 4, and 5 which are located at a distance 
from the break of 0.444, 1.20, and 2.20 m respectively. The volume labeled BC is a time dependent 
volume representing the atmospheric boundary conditions. The junction representing the break orifice 
is 15 mm in diameter and is positioned at the top of the test section. It is modeled with an abrupt area 
change so the code calculates flow losses through the break [3]. A linear temperature distribution is 
established in the pipe such that the temperature at the base of the pipe is 283.7 K and the temperature 
at the top is 437.9 K. This temperature distribution produced the greatest pressure oscillations out of 
the many temperature distributions tested experimentally by Takeda and Toda and will therefore be 
used in this analysis. Fig. 3 shows the vapor pressure of the water in the pipe based on the initial 
temperature distribution. The vapor pressure is greatest at the top of the pipe near the postulated break 
with a value of 0.696 MPa. 

(5) 
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Where α , ρ , andv are the time and space averaged void fraction, density, and velocity, and the g and 

f subscripts specify vapor and liquid respectively [6].  gΓ  is the vapor generation.  P is the pressure 

averaged between the two phases [6].  The volumetric wall shear forces experienced by the liquid and 
vapor are wfF and wgF
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implemented in RELAP5 and cvm is the virtual mass coefficient. This term has a significant effect on 
acoustic wave propagation. Eqs. (3) and (4) describe the wave propagation in a two-phase medium.  In 
addition, the two-phase energy conservation equations in RELAP5 are required in order to model the 
vapor generation that occurs during the depressurization process [3].   
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The specific internal energy is represented by u , igQ and ifQ are the interfacial heat transfer terms, igΓ  

is the vapor generation resulting from interfacial energy exchange, and *
gh and *

fh  are the corresponding 

phasic enthalpies associated with interphase mass transfer[3].  The effects of wall heat transfer and the 
energy dissipation caused by friction are negligible and omitted in Eqs. (5). 

A RELAP5 model was developed for Takeda and Toda’s experiment [2].  The water filled pipe 
has a 53.5 mm inner diameter, a 3.2 m length, and is initially pressurized to 0.855 MPa measured at the 
top.  It contains 99 nodes, each 3.23 cm in length.  Fig. 3 shows a diagram of the RELAP5 model.  The 
experimental data [2] was taken at pressure transducers (PT) 3, 4, and 5 which are located at a distance 
from the break of 0.444, 1.20, and 2.20 m respectively. The volume labeled BC is a time dependent 
volume representing the atmospheric boundary conditions.  The junction representing the break orifice 
is 15 mm in diameter and is positioned at the top of the test section. It is modeled with an abrupt area 
change so the code calculates flow losses through the break [3].  A linear temperature distribution is 
established in the pipe such that the temperature at the base of the pipe is 283.7 K and the temperature 
at the top is 437.9 K.  This temperature distribution produced the greatest pressure oscillations out of 
the many temperature distributions tested experimentally by Takeda and Toda and will therefore be 
used in this analysis.  Fig. 3 shows the vapor pressure of the water in the pipe based on the initial 
temperature distribution.  The vapor pressure is greatest at the top of the pipe near the postulated break 
with a value of 0.696 MPa.  
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Fig. 3. Model with location of pressure transducers and initial conditions. 

Spatial convergence was checked by comparing the 99 node model with a finer 297 node 
model. Both models produced matching results, therefore the 99 node model was used for further 
investigations. The effects of adding a heat structure were also investigated and proved negligible, thus 
confirming the adiabatic assumption. The Ransom-Trapp critical flow model was adopted as it 
captured the experimental pressure behavior more accurately. A 550 microsecond delay time was 
applied to the simulated break in order to match the delay in the experiment. 

2.1 Thermal Equilibrium Model 

The RELAPS thermal equilibrium option was used in order to provide insight into the 
depressurization and wave propagation with simplified model assumptions. Fig. 4 shows that the 
results converge at PT3 as the time step decreases. The results at PT4 and PT5 are similar but they 
match the data better, so only location PT3 will be shown. The acoustic Courant Numbers 1, 0.1, and 

Ax Ax Ax 
0.01 correspond to a time step value of At = , At = 0.1 , and At = 0.01 respectively. It is seen 

C C C 
that an acoustic Courant Number of 0.1 produces converged results with minimal numerical oscillation 
that require the least computational effort. 
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that an acoustic Courant Number of 0.1 produces converged results with minimal numerical oscillation 
that require the least computational effort.   
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Fig. 4. Thermal equilibrium simulation effect of time step at PT 3. 

The RELAP5 simulation with the thermal equilibrium model overpredicts the pressure when 
compared with the experimental data. A physical explanation for the pressure results calculated with 
the equilibrium model is that immediately following the pipe rupture, the efflux of fluid through the 
break leads to a sudden pressure drop to the vapor pressure, 0.696 MPa, at the top of the pipe. Due to 
the assumption of instantaneous heat transfer between the vapor and liquid, some fluid immediately 
flashes to steam and a region of low void is formed near the break. This region does not penetrate deep 
into the pipe. This is because no pressure undershoot occurs. The two-phase region near the pipe break 
lowers the local speed of sound to approximately 50 m/s and the flow at the break is choked [7]. The 
pressure in the pipe then stabilizes at the vapor pressure of the fluid and sets the amplitude of the 
rarefaction wave. The rarefaction wave travels down the pipe, reflects off the closed end as another 
rarefaction wave of equal strength propagates back toward the top of the pipe where the two-phase 
region exists, as seen in Fig. 5. Fig. 5 shows a 2D shaded contour plot of the pressure. A line 
separating two regions of uniform color represents a characteristic line and displays the propagation of 
the wave front. 
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Fig. 5. Thermal equilibrium simulation pressure (Pa) distribution with time. 

The rarefaction wave is reflected by the discontinuity in the sound speed, from 1500 m/s to 50 
m/s, at the boundary between the single and two-phase flow regions. According to wave propagation 
theory the reflection and transmission of a wave at an interface with a change in the sound speed [8] is 
given by 
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Where AR ,A,. ,and A, are the amplitude of the reflected, transmitted and incident wave, respectively. 

The speed of sound on the transmission side of the interface is cT and on the incident side is cr [8]. Due 
to the very small value for the speed of sound in the two-phase mixture compared to the speed of sound 
of the liquid, /4 is approximately zero. Therefore, the amplitude of the reflected wave is nearly the same 
as the incident wave and opposite in sign, which matches the wave behavior simulated by RELAPS at 
the two-phase interface described above. The two-phase region can also be viewed as a constant 
pressure boundary because as the wave interacts with it, the two-phase region's smaller bulk modulus 
volumetrically adjusts with little change in pressure. This will cause the wave to be reflected in an 
opposite sense with a magnitude similar to that of the incident wave. 

Fig. 6 shows the interaction of the rarefaction wave with the vapor pressure established by the 
temperature gradient. The moment the local pressure drops to the vapor pressure, due to the 
progression of the rarefaction wave, vaporization occurs and the pressure stays at saturation value 
without dropping below it. The wave then reflects off the already established two-phase region 
collapsing the newly voided region and progresses back down the pipe as a compression wave. Minor 
dispersion, diffusion, and dissipation of the wave is seen in Fig. 5. By understanding the simplified 
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Where RA , TA ,and IA are the amplitude of the reflected, transmitted and incident wave,  respectively.  

The speed of sound on the transmission side of the interface is cT and on the incident side is cI [8].  Due 
to the very small value for the speed of sound in the two-phase mixture compared to the speed of sound 
of the liquid, µ is approximately zero. Therefore, the amplitude of the reflected wave is nearly the same 
as the incident wave and opposite in sign, which matches the wave behavior simulated by RELAP5 at 
the two-phase interface described above. The two-phase region can also be viewed as a constant 
pressure boundary because as the wave interacts with it, the two-phase region’s smaller bulk modulus 
volumetrically adjusts with little change in pressure.  This will cause the wave to be reflected in an 
opposite sense with a magnitude similar to that of the incident wave.   

Fig. 6 shows the interaction of the rarefaction wave with the vapor pressure established by the 
temperature gradient.  The moment the local pressure drops to the vapor pressure, due to the 
progression of the rarefaction wave, vaporization occurs and the pressure stays at saturation value 
without dropping below it.  The wave then reflects off the already established two-phase region 
collapsing the newly voided region and progresses back down the pipe as a compression wave.  Minor 
dispersion, diffusion, and dissipation of the wave is seen in Fig. 5.  By understanding the simplified 
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case of thermal equilibrium, insight is obtained into the importance of non-equilibrium effects caused 
by interfacial energy transfer and delayed nucleation. 
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Fig. 6. Thermal equilibrium simulation showing interaction of rarefaction wave with temperature 
gradient and subsequent voiding. 

2.2 Default Thermal Non-equilibrium Model 

By default RELAP5 takes into account thermal non-equilibrium (i.e., two energy equations). In 
particular the default model employs the interfacial mass transfer term for boiling and flashing given by 
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Eq. (8) which will be discussed in section 2.3.2. Fig. 7 shows the convergence of the default model by 
reducing the time step. As the time step decreases the pressure gradients steepen; however, with a very 
small time step nonphysical numerical oscillations emerge at the pressure discontinuities. Reducing the 
time step also results in a more accurate integration of the interphase mass, energy, and momentum 
transfer terms [4]. 
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Fig. 7. Default simulation effect of time step at PT 3. 

The default simulation results match the experimental behavior of the rarefaction wave better 
than the equilibrium model. However, RELAP5 predicted a larger initial pressure undershoot as seen 
in Fig. 7 around 1 ms, and continued to underpredict the pressure throughout the remaining 20 ms at PT 
3. The steeper pressure drop curve predicted by RELAP5 denotes an overestimation of the pressure 
drop rate compared to the experimental data. RELAP5 calculates the propagation velocities of the 
wave through the subcooled fluid with great accuracy. The default simulation results show the 
attenuation of the wave amplitude and dispersion of the wave during propagation comparable to the 
experimental data. 

Fig. 8 displays the pressure along the pipe length for the duration of the transient in a three-
dimensional plot. The experimental data from Takeda and Toda is superimposed on the plot at the 
locations of the three pressure transducers. The initial pressure drop down to about 0.55 MPa is shown, 
with a 0.15 11411a pressure undershoot, as the rarefaction wave travels down the pipe. The wave is 
reflected off the closed end in a like sense, and travels back toward the top of the pipe as another 
rarefaction wave with an amplitude similar to that of the incident wave. Fig. 9 displays a contour plot 
that shows the sound speed distribution in the pipe around 5 ms. Fig. 10 displays a contour plot for the 
pressure showing the wave characteristic as it reflects off the solid boundary at the bottom and the two-
phase region at the top of the pipe. 
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When the rupture occurs, the pressure at the top of the pipe drops below saturation due to 
thermal non-equilibrium and delayed nucleation. Upon nucleation the pressure levels off below the 
vapor pressure by the amount and this pressure drop propagates down the pipe in the form of a 
decompression or rarefaction wave. The rarefaction wave reflects off the solid boundary at the bottom 
of the pipe and doubles back toward the top of the pipe. At approximately 4.5 ms the rarefaction wave 
returns to the top of the pipe and the region of two-phase flow is suddenly extended from about 0.2 m 
to about 0.7 m down into the pipe, as shown in Fig. 9. This occurs due to the interaction of the 
rarefaction wave with the axially decreasing vapor pressure imposed by the initial temperature gradient 
shown in Fig. 3. Figs. 11 and 12 illustrate the conditions in the pipe as the rarefaction wave travels 
toward the two-phase layer on top. The reflected rarefaction wave causes the local pressure to drop 
below the vapor pressure, the fluid is put in tension p,„ and voiding begins as shown in Fig. 12. The 
value of is determined by the delay in nucleation and non-equilibrium effects. In Fig. 13 the dotted 
line represents the vapor pressure, the solid line the pressure distribution and rarefaction wave, and the 
dashed grey line shows the boundary between the two-phase and single-phase fluid regions. The figure 
at 4.4563 ms shows that a separated region of two-phase fluid resembling Fig. 12 forms for a brief 
moment, surrounded on both sides by single-phase fluid. This can also be observed in Fig. 9. As the 
rarefaction wave moves on it is then reflected off the initial two-phase region, created by the passing of 
the first rarefaction wave and it is trapped in the two-phase region that it formed in its wake that 
extends to 0.7 m. Once caught, the wave then disperses because it takes a long time to pass through the 
two-phase region. Furthermore, the two-phase sound speed in the region is heterogeneous. The figure at 
4.5705 ms demonstrates the non-equilibrium and delayed nucleation effects as the fluid pressure drops 
below the vapor pressure. The dispersion of the wave is visible in Figs. 10 and 13. Fig. 10 shows that 
the pressure discontinuity is initially abrupt, but after the interaction of the wave with the two-phase 
region at 4.5 ms, the pressure discontinuity spreads out as shown by the blurring of the color contours. 
Later on the effects of dispersion toward the end of the transient even cause a pressure bifurcation as 
the waves interact. The dissipation of the wave amplitude is also very significant. Therefore, this 
unique phenomenon of wave entrapment in the two-phase region caused by non-equilibrium and 
delayed nucleation is what determines the wave to be smeared out. 
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Fig. 12. Interaction of reflected rarefaction wave with temperature gradient. 
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Fig. 13. Default simulation showing interaction of rarefaction wave with temperature gradient and 
subsequent voiding. 

2.3 Discussion 

2.3.1 Choked Flow Model 

The overprediction of the initial pressure undershoot seen in the RELAP5 default simulation could be 
due to a variety of uncertainties. First, for subcooled conditions the Ransom-Trapp critical flow model 
[9] may overpredict the break flow. Second, for an orifice geometry, which is used as the break in the 
Takeda and Toda experiment, the discharge coefficient is generally reduced. In the third place the 

The 14th International Topical Meeting on Nuclear Reactor Thermalhydraulics, NURETH-14  
Toronto, Ontario, Canada, September 25-30, 2011 

 
Fig. 13. Default simulation showing interaction of rarefaction wave with temperature gradient and 

subsequent voiding. 
 

2.3 Discussion 

2.3.1 Choked Flow Model 

The overprediction of the initial pressure undershoot seen in the RELAP5 default simulation could be 
due to  a variety of uncertainties.  First, for subcooled conditions the Ransom-Trapp critical flow model 
[9] may overpredict the break flow.  Second, for an orifice geometry, which is used as the break in the 
Takeda and Toda experiment, the discharge coefficient is generally reduced.  In the third place the 



The 14th International Topical Meeting on Nuclear Reactor Thermalhydraulics, NURETH-14 
Toronto, Ontario, Canada, September 25-30, 2011 

RELAPS calculation of the pressure undershoot depends on the initial pressure drop rate. The Alamgir 
and Lienhard correlation [10] used in RELAPS is only applicable when the pressure drop rate is 
between 0.004 and 1.803 Matm/s. Using the initial pressure drop at PT 3 from the experimental data of 
Takeda and Toda the rate of depressurization is about 0.002 Matm/s. A more mechanistic model 
involving direct analysis of permanent gas pockets, surface geometry, and contact angles would be 
needed [10] for RELAPS to make a more accurate prediction of the undershoot. Finally, the break in 
the Takeda and Toda experiment involved the rupture of a Mylar disk, and fragments could remain and 
obstruct the flow resulting in a smaller break area. The subcooled discharge coefficient for the 
Ransom-Trapp critical flow model maybe adjusted in order to adjust the pressure undershoot. The 
discharge coefficient is a user-specified parameter to correct for uncertainties caused by break 
geometries and the critical flow model. It is multiplied by the throat area and is equivalent to adjusting 
the break area. 

Fig. 14 shows the effect of the subcooled discharge coefficient at PT 3. The discharge 
coefficient values of 0.25, 0.5, 0.75, and 1.0 (default simulation) are compared with the experimental 
data. It is shown that a discharge coefficient of 0.5 produces the best agreement with the pressure 
undershoot observed in the experiment. After reflecting off the two-phase region at around 5 ms, the 
compression wave's amplitude is also reduced. Although the discharge coefficient can set a pressure 
undershoot that matches the experimental data, the pressure drop rate remains unchanged so the initial 
rarefaction wave still has a steeper slope than the slope seen experimentally. 
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and Lienhard correlation [10] used in RELAP5 is only applicable when the pressure drop rate is 
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2.3.2 Interfacial Heat and Mass Transfer 

A thorough study of the physical mechanism that controls bubble formation and growth is 
needed in order to determine the bulk interfacial heat transfer model. Increased bubble growth would 
result in a pressure increase tending toward equilibrium at a faster rate. During the entire 
depressurization period under investigation, 20 ms, the fluid remains in the bubbly flow regime. Also, 
due to the pressure undershoot the fluid is a superheated liquid resulting in vaporization and heat 
transfer from the fluid to the bubble interface. It should be noted that the liquid superheat for 
nucleation in the present case is determined by the Alamgir and Lienhard correlation [10], far from the 
spinodal limit prescribed by the steam tables of RELAP5. The temperature of the forming vapor is 
equal to saturation temperature. The corresponding liquid interfacial heat transfer is investigated for 
the case of a bubbly superheated liquid. The liquid interfacial heat transfer term [3] shown in Eqs. (5) 
is calculated as 

Qaf = hifag (Ts—Tf ) (7) 

The variable denotes saturation temperature, Tf is the liquid temperature, /I, is the liquid interfacial 

heat transfer coefficient, and ag1 is the interfacial area per unit volume. The volumetric mass 

vaporization rate at the interface [3] assuming negligible heat transfer from the vapor to the bubble 
interface is 

h a (Ts —Tf )1 = [ 
rag h;— hf (8) 

where hg and hf are the specific enthalpies of the vapor at saturation and the liquid respectively. The 

underlying parameter to be adjusted that dictates the energy transfer between the phases, hence the rate 
of vaporization, is the interfacial area per unit volume [3]. In terms of the average diameter, db , it is 

given by 

a = gf 
3.6 abut 

d b

where a but depends on the vapor void fraction , a g, and is calculated to be 

a bub = MaX(a g,10 -5 ) (10) 

The Sauter-mean bubble diameter, db , is essential in calculating all energy, mass, and momentum 

transfer that occur between the two phases. As Eq. (9) shows, the bubble diameter determines the 
interfacial area concentration, agf . In RELAP5/MOD3.3 Patch03 the bubble diameter is calculated as a 

function of the Laplace Length [11],[12] 
db = 2Lb (11) 

The Laplace Length Lbcan be found by 

Lb \i o-
g(of _pg) (12) 

where a is the liquid surface tension and g is the gravitational constant. The bubble diameter is 
restricted by the bounds 0.1 mm db 0.9db , where db is the volume hydraulic diameter [3]. 

The bubble diameter was adjusted to correct the under-prediction of the pressure using the 
RELAP5 default simulation. By reducing the bubble diameter, the interfacial area concentration will 
increase and thus the interfacial heat transfer will increase. This will then cause more vaporization and 
a slight increase in the pressure. This adjustment was performed by multiplying the Laplace Length, or 

(9) 
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bubble radius, by a factor. Fig. 15 shows the effect of multiplying the Laplace Length by a factor of 
0.001, 0.1, 0.25, and 1.0 (default simulation) compared with the experimental results. The figures 
show that as the bubble diameter is reduced, the interfacial area and interfacial heat transfer is 
increased, and the pressure in the pipe rises. It is important to note that the bubble diameter has no 
effect on the pressure undershoot during the initial depressurization. That value is determined by the 
choked flow model. The explanation for the ramp in pressure after the pressure undershoot, around 1 
ms, shown in Fig. 15 is that the upper pipe section is initially in tension, see Fig. 23, and is vaporizing 
faster at that location due to the increased interfacial heat transfer, which then causes the pressure to 
increase relatively slowly toward equilibrium. 
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Fig. 15. Laplace Length (bubble radius) effect at PT 3. 

The Laplace Length, hence bubble radius, at various positions in the pipe calculated from the 
RELAPS default simulation is around 2.3 mm. RELAPS was designed for transients with much longer 
durations using steady state two-phase flow regimes. In the present case, the actual bubble radius 
should be smaller due to the very short time duration of the experiment. The time dependent size of the 
bubble is initially inertially controlled [13] and can be modeled with the Rayleigh-Plesset equation 
[14]. However, after a very short critical time thermal effects limit the bubble growth and Plesset-
Zwick theory is added to the Rayleigh-Plesset equation [14]. Using the default simulation fluid 
conditions near the break, the critical time is calculated to be about 80 nanoseconds. The bubble 
growth, therefore, is namely restricted by thermal effects for the duration of the experiment. The 
thermal bubble radius R is calculated using the Plesset-Zwick [15] theory 

1  p fcpf (Tf —Tar) R= (a ft)" (13) 
2C(1/2) pghfg

where the value of C(1/2) is calculated to be  , cri is the specific heat at constant pressure of the 
6 

fluid, hfg is the phasic difference specific enthalpy, and Tsar is the saturation temperature. 

The bubble radius is calculated with Eq. (13) for 10 ms using the greatest superheat value at a 
location near the pipe break where the fluid experiences the greatest tension, and the pressure 
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, c pf  is the specific heat at constant pressure of the 

fluid, h fg  is the phasic difference specific enthalpy, and Tsat  is the saturation temperature.   

The bubble radius is calculated with Eq. (13) for 10 ms using the greatest superheat value at a 
location near the pipe break where the fluid experiences the greatest tension, and the pressure 
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undershoot is greatest due to the underprediction obtained in the default simulation. Even then, the 
bubble radius is nearly an order of magnitude less than the 2.3 mm bubble radius used in the RELAP5 
simulation. This justifies the use of a 0.1 multiplication factor to be used on the Laplace Length. 

2.4 Modified RELAP5 Results 

As Fig. 16 demonstrates, the use of a 0.5 subcooled discharge coefficient and a reduction in the 
bubble diameter by a factor of 10 produces results that match the experimental measurements better 
than the default model. The discharge coefficient sets the correct initial pressure undershoot and the 
decrease in bubble diameter produces a better pressure prediction during the rest of the transient. 
Therefore, two key constitutive relations of the default model that cause significant discrepancies have 
been identified and the justification for adjusting them to give results closer to the experimental data 
was given. Finally, Fig. 17 shows the modified pressure distribution. Comparing Fig. 17 with Figs. 5 
and 10, this case lies between the equilibrium and default models. 
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3. Stability 

Expanding the derivatives in Eqs. (3) and (4), the original system ofpartial differential 
equations can be cast into vector equation form 

A  f -0 +B f -0 =C 
ft fx 

where 0 = [a ,vg,v1, Ag] T is the vector of the independent variables. The coefficient matrices and the 

source vector C are obtained from Eqs. (3) and (4) and are not shown. This system of equations must 
satisfy det[A2 —13] = 0 fora non-trivial solution to exist. For vg = of = 0 Fig. 18 shows that the 

solutions are = 0,0, +c, , —c2 , where the first two characteristics are the kinematic wave 

speeds and the last two characteristics are the acoustic wave speeds given by: 

(14) 

pg c id) f + (1— a)pT 
c2p„.se = cg, pT = ap f + (1— a)p g

ap f cwispT+ (1— a)p f
(15) 

It is well known [17] that the virtual mass has a significant effect on the two-phase sound speed 
as shown by Fig. 19 which is a plot of Eq. (15). Drew and Passman [18] have shown that in general 
(i.e., vg ❑ of El 0) the kinematic roots are real if the two fluid model is complete. In the present problem 

this is accomplished with the virtual mass coefficients c,„= 0.5 for bubbly flow. Furthermore, Fig. 18 
shows that the acoustic wave speeds for the RELAPS model are always real [17] even though the 
kinematic roots may not be so (i.e., ill-posedness is kinematic). For this particular case the kinematic 
roots are on the stability boundary. Finally, the energy equations (5) simply add two more 
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It is well known [17] that the virtual mass has a significant effect on the two-phase sound speed 

as shown by Fig. 19 which is a plot of Eq. (15). Drew and Passman [18] have shown that in general 
(i.e., 0g fv v≠ ≠ ) the kinematic roots are real if the two fluid model is complete. In the present problem 

this is accomplished with the virtual mass coefficients cvm = 0.5 for bubbly flow. Furthermore, Fig. 18 
shows that the acoustic wave speeds for the RELAP5 model are always real [17] even though the 
kinematic roots may not be so (i.e., ill-posedness is kinematic). For this particular case the kinematic 
roots are on the stability boundary. Finally, the energy equations (5) simply add two more 
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4. Conclusions 

RELAP5 simulated a single phase gas shock tube and the results were found in close agreement 
with an analytic solution. This shows that the numerical uncertainty of RELAP5 is small compared to 
the uncertainty of the two-phase constitutive relations as demonstrated by the simulation of the two-
phase decompression wave experiment of Takeda and Toda. The two phase problem requires the 
solution of the two-fluid model with many constitutive relations to account for phase change, choked 
flow, and other pertinent phenomena. In particular RELAP5 captured the details of the reflection of the 
pressure wave off a sound speed discontinuity between a single-phase and two-phase regions caused by 
the imposed temperature gradient in the experiment. Two RELAP5 constitutive models that caused 
significant discrepancies between the model and the data were identified: 

1. The RELAP5 default model simulation underpredicted the pressure due to low interfacial heat 
transfer rates because RELAP5 does not have an interfacial area transport model to capture the 
dynamics of the bubble size. Using the Plesset-Zwick theory during the fast acoustic wave 
propagation, the average bubble diameter was shown to be one order of magnitude smaller than 
predicted by RELAP5. A similar observation has been made in a separate research analysis of a 
water hammer after a fast closing valve using RELAP5 [16]. Clearly, the quasi steady model of 
RELAP5 is not applicable to acoustic phenomena. 

2. The choked flow model used by RELAP5 resulted in overpredicting the pressure undershoot. 
However, this was resolved by altering the discharge coefficient to account for uncertainties in 
the discharge geometry and/or the choked flow model at low pressure. This correction is 
attributed only to this experiment and is not meant as a general statement. 
The RELAP5 solution with the adjusted bubble diameter and choked flow discharge coefficient 

matched the experimental data better than the default model. The data obtained from the RELAP5 
simulation also proved useful to understand the physics of the experiment. The cause of the dispersion 
and dissipation of the wave upon reflecting off the two-phase region was identified to be caused by the 
wave becoming trapped inside a two-phase flow region and the importance of thermal non-equilibrium 
and the delay in bubble nucleation became evident by the investigation of the RELAP5 results. 
Therefore, RELAP5 proved to be a useful heuristic tool. 
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