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Abstract

This paper presents the results of a pipe and vessel theoretical blowdown analysis in order to identify and
assess rapid depressurization phenomena occurring during a Loss of Coolant Accident in a nuclear power
plant. Calculations were performed in conditions similar to those in a reactor pressure vessel. Due to critical
two-phase flow occurrence, RELAP5 mod 3.3. and TRACE v 3.0 system codes were used for this purpose
and a computational model was built on the basis of available literature and implemented in MATLABr code.
Finally, pipe depressurization results were compared to experimental results taken from the literature.

Keywords: Two-phase flow, Two-phase flow simulation, Nuclear engineering

1. Introduction

The critical flow phenomenon has been exten-
sively studied in single-phase and two-phase sys-
tems. It plays an important role in the design of
two-phase power plant bypass systems with steam
turbines, venting valves in chemical and power in-
dustries as well as in nuclear power plant safety cal-
culations. Critical flow conditions during a Loss of
Coolant Accident, part of what is called a Design Ba-
sis Accident, have motivated theoretical and experi-
mental studies of two-phase critical flows. The aim
of this article is to present the differences in modeling
two-phase flow between system codes such as RE-
LAP5, TRACE and analytical models implemented
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by the authors. In order to compare different ap-
proaches, experimental data has been presented in
the form of the Edwards pipe experiment and a theo-
retical model of a Reactor Pressure Vessel (RPV).

2. Two-phase critical flow phenomenon

There are various two-phase flow models, which
can generally be divided into two types [1]:

• Equilibrium models (homogenous and non-
homogenous)

• Non-equilibrium models.

The main assumption in the homogenous equilib-
rium model is that both gas and liquid are in thermo-
dynamic equilibrium, which implies that their pres-
sures and temperatures are equal. The mixture is
described as one fluid with equal velocities of both
phases. The flow is assumed to be steady and isen-
tropic. This model is used only when high pressures
and large mass-flow rates occur.
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Non-homogenous equilibrium models are used
when relatively low pressures and mass-flow rates
are involved. What diversifies the non-homogenous
model from the homogenous model is the difference
in velocity for each phase [1]. Flow is assumed to be
adiabatic.

The non-equilibrium model does not assume ther-
modynamic equilibrium between phases. Each phase
is described by three independent conservation equa-
tions: mass, energy and momentum. Such a model
is used to describe the quickly changing flow param-
eters and when the non-equilibrium effects may play
a significant role in the flow, for example, when the
pipe length to diameter ratio is in the range of 3 to
12.

There are two distinct groups of non-equilibrium
models:

• frozen models

• non-homogeneous, non-equilibrium models.

In frozen models the velocity ratio of phases is used.
No heat and mass transfer between phases is as-
sumed. Frozen flow is characterized by its constant
quality throughout the expansion [1]. Transforma-
tions of vapor and liquid fractions are independent.

In non-homogeneous, non-equilibrium models
there are no assumptions regarding the relationship
between temperature and pressure of phases. Most
of the models are empirically developed instead of
growing out of theoretical considerations.

The critical flow rate is the maximum rate that can
be reached by a compressible fluid during its flow
from a volume at high pressure to a volume at low
pressure. This low pressure is called the critical pres-
sure (determined experimentally) and the velocity of
the fluid embarking on the low pressure volume is
equal to the speed of sound in those conditions. Such
a flow is called a critical flow. The change of pa-
rameters in the pipe connecting both volumes during
the flow or critical flow are shown in Fig. 1. One
should ensure that the flow velocity is kept constant
if pressure is higher than critical pressure; if not the
flow velocity changes [2]. This phenomena can be
observed in both single-phase and multiphase flows,
although one needs to use various calculation mod-
els due to the differences in any single component
properties against mixtures [2].

Figure 1: Pressure and velocity changes during critical flow

Two-phase critical flow is much more complicated
in that the void present in the two-phase mixture
influences the sonic velocity. Velocity may be es-
timated at the wave front, where no instantaneous
phase change can take place. Critical flow rate, how-
ever, is determined by the sonic velocity behind the
wave front - just where the phase change takes place.
One needs to take into account sonic velocity and
critical flows of two-phase mixtures independently.

The response of a liquid-vapor mixture to a pres-
sure pulse is limited either by the mass transfer
between phases in thermodynamic equilibrium or
a frozen state with no mass transfer and both liq-
uid and vapor being independently isentropic. Based
on the premise that no mass transfer occurs, the es-
timated velocity is called “frozen velocity”. The
computed velocity is considerably lower than frozen
sonic velocity and the velocity detected at low and
medium pressures.

3. Edwards pipe blowdown model

The standard test case for thermal-hydraulic calcu-
lation codes is the Edwards pipe blowdown problem.
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Table 1: Initial conditions and pipe dimensions

Parameter Value

Pipe length, m 4.10
Pipe inside diameter, m 0.0730
Flow area inside the pipe, m2 0.00419
Flow area at the outflow, m2 0.00364
Flow area at the outflow, MPa 7.00
Initial water pressure, K 502
Initial water temperature, m 4.10

This experiment was performed in the 1970s. Orig-
inally, a pipe with a high ratio of length to internal
diameter was filled with water, under increased pres-
sure conditions, and heated. The process was initi-
ated by a rupture of the glass disc at the end of the
pipe. The flow area was about 13% smaller than the
flow area inside the pipe as a result of the inaccu-
rate disk rupture. The data from the depressurization
process was collected and used to develop the hydro-
dynamic model of the RELAP5 code. The size of the
pipe and the initial conditions are presented below in
Table 1.

Figure 2: Edward’s pipe nodalization scheme: (1) Pipe, (2) Sin-
gle Junction, (3) Time-dependent volume

The Edward’s pipe model nodalization scheme in
RELAP5 is presented in Fig. 2. Pipe (1) is divided
into twenty equal control volumes. Initial conditions
in each control volume are the same as in Table 1.
The single junction (2) represents the reduced out-
flow area. The time-dependent volume (3) is used as
a boundary condition with the fixed values of pres-
sure and temperature, equal to the atmospheric con-
ditions. The same approach was used while mod-
eling the pipe in TRACE code. Both RELAP5 and
TRACE models were prepared using SNAP software
(Symbolic Nuclear Analysis Package). The maxi-
mum timestep used in calculations was 10–3 s while
the minimum was set at 10–7 s. The calculated results
are compared with experimental data, taken from [3]
in the next section.

4. Pressure vessel blowdown model

A more realistic but still simplified simulation of
the Loss of Coolant Accident would be the vessel
blowdown phenomenon. A pressure vessel is inside
the containment, where the pressure changes accord-
ing to the water discharge flow. Initial pressure and
temperature in the pressure vessel are similar to those
in a typical PWR vessel in steady-state conditions.
Water is under pressure of 15.5 MPa and is at a tem-
perature below the saturation point. The containment
is filled with air at a temperature of 300 K.

Table 2: Initial conditions, pressure vessel and containment di-
mensions

Parameter Value

Pressure vessel inside diameter, m 5.00
Pressure vessel height, m 15.0
Pressure vessel volume, m3 295
Initial pressure in the pressure
vessel, MPa

15.5

Initial temperature in the pressure
vessel, K

583

Outlet nozzle length, m 0.30
Outlet nozzle inside diameter, m 0.71
Containment inside diameter, m 50.5
Containment height, m 50.0
Containment volume, m3 100,000
Initial pressure in the containment,
MPa

0.10

Initial temperature in the
containment, K

300

Pressure vessel inside diameter, m 5.00

All essential data regarding water conditions,
pressure vessel and containment dimensions were
adopted from the Pre-Construction Safety Report of
the European Pressurized Reactor EPR [4]. Table 2
presents initial conditions in the pressure vessel and
containment, and gives their dimensions.

The simulation was performed using the two cal-
culation codes mentioned in the previous section and
an additional analytical model set up by the authors.
Moreover, pressure change in the containment was
taken into account. To estimate pressure change in
the containment with the authors’ analytical model,
the “piston” model described in [5] was used.
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Figure 3: Pressure vessel, outlet nozzle and containment nodal-
ization scheme: (1) Pressure vessel, (2) Single junction, (3)
Pipe, (4) Single junction, (5) Containment

The nodalization scheme of the model used to sim-
ulate vessel blowdown in RELAP5 is presented in
Fig. 3. The pipe (1) representing the vessel is divided
into sixteen equal control volumes. Initial conditions
in each control volume are the same as in Table 2.
The single junction (2) represents a connection be-
tween the vessel and outlet nozzle (3). The single
volume (5) is initially full of air under atmospheric
conditions. The same approach was used in model-
ing the pipe in TRACE. Both RELAP5 and TRACE
models were prepared using SNAP. The maximum
timestep used in all calculations was 10–2 s while
the minimum was 10–7 s. The calculated results are
compared to the developed analytical model.

The thermal-hydraulic model incorporates conser-
vation equations that need to be solved in order to de-
termine the outflow from the reactor pressure vessel.
In this analysis, under consideration are conditions
and equations describing the vessel. The primary
equation to be solved is the mass conservation equa-
tion of the reactor. It has been formulated for only
one mass outflow (nomenclature from Moody [6]):

dM
dt

= −wout + win (1)

In the first approximation inflow sources are ne-
glected (e.g. inflows from emergency cooling sys-
tems).

dM
dt

= −wout (2)

The next equation is the energy conservation equa-
tion describing the First Law of Thermodynamics,
formulated in compliance with Moody’s approach
in [6] and Todreas [2].

dE
dt

= qin−qout+(w0h0)in−(w0h0)out+Ẇkin−Ẇkout (3)

Omitting work put in and done by the system as
well as heat removed and added (e.g. decay heat), an
equation is obtained which takes into account only
energy lost by the moving liquid:

dU
dt
�

dE
dt

= − (w0h0)out (4)

This simplifying assumption is justifiable for
a simple analysis of the first moments of the acci-
dent, when the outflow is isentropic and both decay
heat and heat lost through the vessel walls can be ne-
glected. The energy—E can be approximated by in-
ternal energy U by omitting the potential and kinetic
energy.

E � U = uM (5)

To finalize the model, an equation is needed allow-
ing for the pressure change in time to be calculated.
The pressure of the system is dependent on two ther-
modynamic parameters, which in Moody’s [6] for-
mulation are the specific internal energy and specific
volume.

p = p (u, v) = p
( U

M
,

V
M

)
(6)

Differentiating the equation (3) in time, adding the
conservation equations (1), (2) and the approxima-
tion (4), an equation for pressure change can be de-
rived:

dp
dt =

(
∂p
∂u

)
v

1
M

[
win

(
h0in − u

)
−wout

(
h0out − u

)
+ qin − qout + Ẇkin − Ẇkout

]
+

(
∂p
∂v

)
u

1
M

[
dV
dt − v (win − wout)

] (7)

Taking into consideration the assumptions made
for this model and acknowledging the fact that the
vessel’s volume does not change, the pressure change
with time can be written:

dp
dt =

(
∂p
∂u

)
v

1
M

[
−wout

(
h0out − u

)]
+

(
∂p
∂v

)
u

1
M [−v (−wout)]

(8)

The practical integrating of equation (8) requires
removing the pressure differentials of specific en-
ergy and specific volume. The practical approach by
Moody [6] consists of enthalpies (from the enthalpy
definition of h = u + pv):
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(
∂p
∂u

)
v

=
1[(

∂h
∂p

)
v
− v

] (9)

and

(
∂p
∂v

)
u

= −

[(
∂h
∂v

)
p
− p

]
[(

∂h
∂p

)
v
− v

] (10)

Removing the aforementioned derivatives needs
using dependencies from general thermodynamics:(

∂h
∂p

)
v

= v +
cpv
βvc2 (11)

and (
∂h
∂v

)
p

=
cp

βvv
(12)

For subcooled liquid:(
∂p
∂u

)
v

=
βvc2

vcp
(13)

and (
∂p
∂v

)
u

= −
c2

v2 +
pβvc2

cpϑ
(14)

where βv = 1
v

(
∂v
∂T

)
p

is the volumetric expansion

coefficient, cp = T
(
∂s
∂T

)
p

specific heat for constant

pressure, c2 =
(
∂p
∂ρ

)
s

the speed of sound.
For equilibrium two-phase flow:
The main approach remains the same. This particu-
lar model was chosen because it can derive pressure
as a function of time for each step for the two-phase
mixture. Non-equilibrium models are rarely con-
sidered in analytical approaches (contrary to system
codes), hence the choice of equilibrium two-phase
flow.

Mass and energy conservation equations can be
written as (15) and (16):

wout − win +
dM
dt

= 0 (15)

wouth0,out − winh0,in + qout − qin +
dU
dt

= 0 (16)

while the state equations are described by (17)

V = Mv; U = Mµ; µ = µ (p, ϑ) (17)

A different approach (from the subcooled flow)
was derived for two-phase pressure change accord-
ing to F.J. Moody’s [6] formulation. Equation (18)
denotes the pressure change in the vessel; it includes
two functions f (p) and F (p, V/M) that are specific
for different fluids.

dp
dt

=
win

(
h0,in − fp

)
− wout

(
h0,out − fp

)
+ qout

MF
(
p, V

M

) = 0

(18)
For an equilibrium two-phase liquid vapor mixture

with state equation given by:

µ = µ f (p) +
µ f g (p)
ϑ f g (p)

[
ϑ − ϑ f (p)

]
(19)

The functions are as follows:

f (p) = µ (p) − ϑ f (p)
µ f g (p)
ϑ f g (p)

(20)

and

F
(
p,

V
M

)
= µ′f −

(
ϑ f
µ f g

ϑ f g

)′
+

V
M

(
µ f g

ϑ f g

)′
(21)

where ( )′ denotes d( )/dp.
Equations (7) to (21) are sufficient to describe the

pressure change in the vessel with time. They are
only valid for a liquid-vapor mixture.

Adding the critical mass flux and pressure change
models for both subcooled and two-phase flow mod-
els generates a full simplified representation of the
blowdown phenomenon and can be used to calculate
the depressurization time and represent its course as
well as the discharge mass flow rate determining loss
of coolant from the system.

Fig. 4 is a flow chart that describes the main idea
behind the iteration scheme created for the blow-
down analysis.

The algorithm programmed in MATLAB utilizes
the above mentioned methodology.
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Figure 4: Iteration scheme flow chart

5. Results

There are two different events during the Edwards
pipe blowdown: rapid depressurization due to single-
phase discharge of water and the slower decrease as
a result of the two-phase mixture discharge. The first
one is almost instantaneous, approximately 2 ms.
The second one continues until the pressure in the
pipe is equal to ambient pressure.
Fig. 5 illustrates the pressure change measured dur-
ing the experiment and the values calculated in RE-
LAP5 and TRACE codes just after the initiation of
the discharge. A large decrease can be seen at the
start of the simulation, which is a result of the dis-
charge of subcooled water of relatively high den-
sity, until saturation conditions are reached. The
pressure decrease during the two-phase mixture dis-
charge is compensated by steam generation, which
causes an increase in the specific volume of the mix-

Figure 5: Short time pressure change inside Edwards pipe

Figure 6: Long time pressure change inside Edwards pipe

ture and reduces the mass flow. In Fig. 6 the pressure
change showing the full discharge phenomenon is il-
lustrated.

Figure 7: Void fraction change in the middle of the pipe

The void fraction calculated in the middle of the pipe
is shown in Fig. 7. In the first milliseconds steam is
generated relatively slowly. The largest increase in
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the void fraction occurs in the middle of the simula-
tion as a result of reaching saturation conditions and
decreasing pressure. In the next stage, the generation
rate decreases due to reaching equilibrium conditions
with the environment.

Figure 8: Mass flow rate change

The calculated mass flow is showed in Fig. 8. Its
maximum value is reached at the start of the simu-
lation due to the single-phase flow. Alongside the
increase in void fraction, the density of the mixture
decreases as does the mass flow from the pipe. Due
to the lack of detail about the mass flow rate from the
Edwards experiment it is not possible to compare the
calculated results with the experimental data.

Apart from the test case for the thermal-hydraulic
codes, which is the primary role of the Edwards pipe
blowdown experiment, it is a testing case which,
in a simple way, explains the physics of a Loss of
Coolant Accident.

The simulation results are presented in graphs
which show pressure change in the pressure vessel
and the containment, void fraction in the vessel and
mass flow rate of the escaping water. The simulation
time was 40 seconds from the start of the discharge.
Fig. 9 illustrates the pressure change in the pressure
vessel. Rapid depressurization continues until the
water falls under the saturation conditions. Then,
over a much longer period of time, the depressur-
ization rate decreases due to the discharge of a two-
phase mixture of saturated steam and water. The flow
of the mixture continues until the pressure in the ves-
sel and containment become equal. Depending on
the applied calculation code, pressure in the vessel
slightly increases (RELAP5), decreases immediately

Figure 9: Pressure vessel pressure change

(TRACE) or remains constant for a short time, dur-
ing the stage between the single-phase and two-phase
discharge. This is caused by the boiling and evapo-
ration processes compensating for the depressuriza-
tion.

Figure 10: Containment pressure change

Pressure change in the containment building is
shown in the Fig. 10. The rate of increase depends on
the simulation code, but the final containment pres-
sure values, calculated in every code and the analyti-
cal method, are in good agreement.

The critical mass flow rate, which is shown in
Fig. 12, depends only on the pressure and water en-
thalpy inside the vessel and is not affected by the
pressure change in the containment. Flow reaches its
maximum value at the start of the discharge, when
only single-phase flow occurs. When the water in-
side the vessel reaches saturated conditions and starts
to evaporate, the void fraction increases as illustrated
in Fig. 11. The mass flow rate decreases due to the
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Figure 11: Void fraction change in the vessel

Figure 12: Mass flow rate change

decreasing density inside the vessel as well as the in-
creasing void fraction. When the pressure is equal to
the containment pressure, mass flow stops.

6. Conclusions

The results obtained seem to be in compliance
with the literature, which confirms the correctness of
the assumptions and approach.

There is still much work to be done on perfect-
ing both analytical models and system codes in re-
gard to critical flow modeling. The approach pro-
posed in this paper is adequate for presenting only
the timeframes of the phenomena, but is insufficient
in terms of demonstrating where significant phases of
the blowdown take place. Additional models should
be taken into consideration, with a more extensive
analysis including a sensitivity analysis of other ho-
mogenous and non-homogenous models. The differ-
ences between RELAP5 and TRACE are not signif-

icant but show that the TRACE model needs some
fine tuning to produce better results. Additional work
will be carried out to investigate and implement new
models in system codes to better represent the critical
two-phase flow.
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