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the fluid properties are experienced. This concern of addressing supercritical flow instability is due to var-
ious studies showing that the efficiency of light water reactors can be improved considerably from 33% at
subcritical pressures to 45% at supercritical pressures.

This work investigates effect of axial power distribution on flow instability in parallel channels with
water at supercritical pressures. The axial power distributions considered include axially decreased

ﬁ?r‘:lvgrriiil investigation and homogeneous axial power shapes. The study also seeks to examine the performance of the 3D
Supercritical pressure numerical tool STAR-CCM+ in predicting flow instability at supercritical pressures. The effects of param-
Flow instability eters such as mass flow rate, pressure and gravity on flow instability were also discussed. Sensitivity anal-
Axial power shape ysis of some selected turbulence models and time steps were initially carried out with the aim of
Pseudo-critical region selecting suitable turbulence model and time step for the numerical simulations. For a system operated
Parallel channel exclusively at two different pressures 23 MPa and 25 MPa with 125 kg/h mass flow rate, inlet tempera-

tures from 180 °C to 360 °C and with gravity influence, stability of the system with axially decreased or
homogeneous power shape decreases and increases respectively below and above a particular threshold
power with inlet temperature. The system was found more stable with homogeneous Axial Power Shape
(HAPS) than that of axially decreased power shape (ADPS). Similar observation was made for a system
operated at mass flow rate of 125 kg/h, system pressure of 23 MPa, and with or without gravity influence.
When the system is operated at 23 MPa pressure, 145 kg/h mass flow rate and with gravity influence,
there is a threshold power below which stability decreases and above which stability increases with inlet
temperature for HAPS. In this case, there is no inflection point for ADPS and the stability deceases with
inlet temperature. At low inlet temperatures, the system is more stable with ADPS but at high inlet tem-
peratures the system is more stable with HAPS for the system operated at 23 MPa pressure and 145 kg/h
mass flow rate. The system with ADPS or HAPS becomes more stable with the change of the system oper-
ated with gravity influence to the system operated without gravity influence, and also with the change of
system pressure from 23 MPa to 25 MPa. With the change of the system mass flow rate from 125 kg/h to
145vkg/h, the system with ADPS becomes more stable at low inlet temperatures and less stable at high
inlet temperatures, whereas the system with HAPS becomes less stable for the various inlet tempera-
tures. For a system operated under experimental conditions of 125 kg/h mass flow rate, 23 MPa pressure,
inlet temperatures from 180 °C to 260 °C and with gravity influence, the trends of the numerical instabil-
ity boundary results agree quite well with the trends of the experimental instability boundary results for
most of the inlet temperatures, but there is no inflection point for experimental HAPS as it is the case for
numerical HAPS. The system with HAPS is more stable than that with ADPS, a finding also obtained for
the experimental results. The dynamics characteristics such as amplitude and period were also compared
with experimental results for ADPS at mass flow rate of 125 kg/h, 23 MPa, and with gravity influence. The
experimental amplitude was largely under-predicted and the experimental period was quite well pre-
dicted by the numerical tool adopted. The results of this study show that the type of axial power shape
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adopted in supplying heat to the fluid flowing through heat transfer system has significant effect on the
stability of the system. From the comparison of the numerical and experimental results, the 3D numerical
tool, STAR-CCM+ code could predict flow instability in the parallel channels irrespective of the type of
axial power shape adopted. However, there is an evidence that the presence of heating structures in
the geometrical model adopted may change the predicted behavior, as shown in previous works. More
relevant experiments at supercritical pressures should be carried out for validation of numerical tools
adopted for similar studies.

© 2017 Elsevier Ltd. All rights reserved.

Nomenclature

Cie, Co¢, C3¢ turbulence model coefficients Greek letters

G acceleration due gravity (m/s?) I3 turbulent dissipation rate (m?/s>)

G mass flux (kg/m? s) o) specific turbulent dissipation rate (1/s)

Gp generation of turbulence kinetic energy due to buoy- ) thermal conductivity (W/m K)
ancy (kg J/m3s) k turbulent kinetic energy, m?/s?

Gk generation of turbulence kinetic energy due to mean u viscosity (Pas)
velocity gradient (kg J/m?> s) Mt turbulent viscosity (Pas)

Go generation of ® (kg/m s*) p density of the fluid (kg/m?)

K hydraulic loss coefficient Ok Prandtl number correspond to k

K; localized pressure drop coefficient at the channel inlet C: Prandtl number correspond to &

Kout localized pressure drop coefficient at the channel outlet Gou Prandt]l number correspond to o
length of the pipe (m) Tk effective diffusivity of k (kg/ms)

Ly heated length (m) To effective diffusivity of o (kg/ms)

M total mass flow rate (kg/s)

Mint total mass flow rate at channel 1 inlet Subscripts

Min2 total mass flow rate at channel 2 inlet b bulk

Sk source term in k equation (kg J/m3s) g gravity

Sr source term in energy equation (kg K/m?s) In inlet

Su source term in X momentum equation (kg/m? s?) out outlet

S e eton e 2 p constant pressure

w _ : quaz g/m”s%) pc pseudo-critical

Se source term in € equation (kg/m s*)

Se source term in o equation (kg/m s*)

T emperature (K)

u velocity (m/s)

1. Introduction analytical solutions can be obtained. As a result, marginal stability

boundaries (MSBs) in a parameter space can be determined and

Stability of the operation of SCWR at supercritical conditions
has become a major concern to the nuclear engineers worldwide,
especially around the pseudo-critical point where dramatic change
of the fluid properties is experienced as shown in Figs. 1-4 (Xi
et al., 2014a). This is due to various studies showing that the uti-
lization of supercritical fluids can considerably increase efficiency
of light water reactors from 33% at subcritical pressures to 45%.
Instability is undesirable as high amplitude sustained flow oscilla-
tions beyond uncontrollable limits may cause forced mechanical
vibration of components; and also disturb control systems and
cause operational problems in nuclear reactors (Ampomah-
Amoako, 2013; Nayak and Vijayan, 2008).

There are three kinds of approaches for flow instability investi-
gation including theoretical analysis with frequency domain
method (FDM); time domain method (TDM) with one dimensional
(1D) and three dimensional (3D) codes; and by experiment. Due to
the limitation of high temperature and pressure, there are just few
experiments of interest relating to flow instability at supercritical
pressures. Most of the investigations are based on FDM and TDM
(Xi et al., 2014a). Frequency-domain analysis is based on the lin-
earization of nonlinear equations by perturbing the governing
equations around a steady-state point. Once the linear model has
been converted from time domain to a frequency domain, exact

the space is divided into stable and unstable regions. In order to
obtain stability boundaries in Time-domain analysis, the nonlinear
time domain approach relies on a digital numerical simulation of
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Fig. 1. Density change of water with the increase of temperature.
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Fig. 2. Specific heat change of water with the increase of temperature.
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Fig. 3. Viscosity change of water with the increase of temperature.
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Fig. 4. Thermal conductivity change of water with the increase of temperature.

nonlinear partial differential equations (PDEs) by means of finite-
difference techniques (Dutta and Doshi, 2008).

Chatoorgoon (2008) found out that supercritical flow instability
in horizontal channels is driven primarily by the state property
variation of density with enthalpy; and in particular, the second
derivative of density with enthalpy is a dominant term for the
onset of flow oscillations in horizontal flow. Sharma et al. (2010)
developed a computer linear stability code SUCLIN and used it to
perform linear stability analysis of a supercritical water natural

circulation loop. The effects of diameter, height, heater inlet tem-
perature, pressure and local loss coefficients and stability behavior
of a Supercritical Water Natural Circulation Loop (SCWNCL) were
studied. It was found that the larger diameter loops are more
unstable in terms of heater power compared to small diameter
loops for supercritical water natural circulation, however smaller
diameter loops are unstable over a wide range of heater outlet
temperature for a fixed heater inlet temperature. Liu et al. (2014)
investigated the stability characteristics of parallel-channel sys-
tems based on linear stability analysis using frequency-domain
model. The prototype of their systems used is originated from
the thermal-spectrum zone assemblies of a newly designed
mixed-spectrum SCWR (SCWR-M). Marginal stability boundaries
MSBs under several conditions were obtained, which indicate that
the system normal operational condition is in an absolute stable
region. Their results also indicate that decreasing the wall thermal
conductivity can improve system stability while increasing mass
flow is beneficial for the system stability. The system is not very
sensitive to the axial power distributions. They also developed
one-dimensional time-domain model for nonlinear analysis of
the system. The MSBs obtained using the time-domain model were
in good agreement with that of frequency-domain model. They
came to conclusion that the second eigenvalue should be consid-
ered when studying the stability characteristics of complicated
systems by using frequency-domain methods. Natural convective
flow and heat transfer studies for supercritical water in a rectangu-
lar circulation loop were performed by Sharma et al. (2014). Insta-
bility was observed over a narrow window of power in the pseudo-
critical temperature region. Instability was also observed at low
supercritical pressure range of 22.1-22.9 MPa, however it got sup-
pressed at higher pressures.

Xi et al. (2014b) carried out a three dimensional (3D) numerical
simulation using CFX code to investigate the out of phase oscilla-
tion between two heated parallel channels with supercritical
water. Results show that the 3D code predicted the onset of flow
instability better than 1D code, but could not quite well predict
the period of oscillation. Xi et al. (2014a) and Xiong et al. (2012)
performed experiment studies which concerned with out of phase
flow instability between two heated parallel channels with super-
critical water. Xi et al. analyzed dynamics characteristics of out of
phase oscillation and obtained instability boundaries under differ-
ent inlet temperatures, axial power shapes, total inlet mass flow
rates and system pressures. They indicate that system will be more
stable with a uniform axial power shape, and more stable at low
inlet temperatures. Their results also show that with the increase
of total inlet mass flow rate, system will become more unstable
at higher power boundaries. They described instability boundaries
using non-dimensionless parameters, inlet temperature and ratio
of critical or threshold power to mass flow rate. Xiong et al. disre-
garded shot-life transient oscillations and considered only the sus-
tained out-of-phase oscillations accompanied by evident
amplitude during the experiment. Their parametric studies show
that the flow becomes more stable with increasing pressure or
decreasing inlet temperature. Their discussions indicate that the
asymmetry of flow rate between parallel channels will be enlarged
with relatively higher fluid temperature or total mass flow rate,
and making the occurrence of parallel flow instability more diffi-
cult in experiments. They finally obtained stability boundaries in
a two-dimensional plane using two different approaches: two ID
dimensionless parameters proposed for supercritical flow, and
non-dimensionless parameters such as inlet temperature and
threshold heat flux. Dutta et al. (2015a,b) investigated the parallel
channel density wave instability in the CANDU supercritical water
reactor (SCWR) using a 1-D thermal-hydraulic model, THRUST, in
the time domain. The in-phase and out-of-phase modes of density
wave oscillations DWOs investigated were originated from
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instabilities purely due to the thermal-hydraulic feedbacks, the
influence of neutronic reactivity feedback effects was not taken
into consideration. Marginal stability boundaries MSBs for both
in-phase and out-of-phase modes of DWOs in the CANDU SCWR
were obtained based on 1-D dimensionless numbers. The effect
of various parameters, such as mass flow rate, operating pressure,
axial heat flux profile, local pressure drop coefficient, and friction
factor on the stability thresholds of the reactor have been investi-
gated. Zhang et al. (2016) investigated DWOs experimentally at
supercritical pressures in two parallel channels with supercritical
water. Based on stability map drawn using Ambrosini’'s non-
dimensional parameters (Ambrosini and Sharabi, 2008), it was
indicated that no instability occurs when the exit fluid tempera-
ture is below the pseudo-critical temperature regardless of the sys-
tem pressure, inlet temperature, heating power, and local loss
coefficient. For identification purposes especially during experi-
ments, often it becomes necessary to quantify the amplitude of
oscillations as a certain percentage of the steady state value.
Amplitudes more than +10% of the mean value is often considered

pressure out let

outlet tec bend

heated
Channels

L=3105mm

gravity
O=6mm

inlet diffusers
inlet tee bend

mass flow inlet

L1 heated inlet section
L2 heated outlet section

a. Experimental channels.

as an indication of instability. However, some authors recommend
the use of +30% as the cutoff value (Ampomah-Amoako, 2013;
Nayak and Vijayan, 2008).

The type of axial power distribution adopted in supplying heat
to fluid flowing through heat transfer systems has significant effect
on heat transfer and flow instability at supercritical pressures (Xi
et al.,, 2014a). This study employed 3D numerical code STAR-CCM
+CFD code to investigate the effects of axially decreased and homo-
geneous axial power distributions on supercritical flow instability
in parallel channels.

2. Reference experimental setup and adopted 3D geometry

The geometry adopted in this work is the experimental geome-
try by Xi et al. (2014a) with focus on the fluid region. A flow insta-
bility experiment between two heated channels with supercritical
water was carried out by Xi in Nuclear Power Institute of China
(NPIC) (Xi et al., 2014a). Supercritical flow instability had been
investigated in the experiment under different system pressures,

b. Adopted 3-D mesh of the geometrical model.

c. Wall mesh

Fig. 5. Schematic diagram of the experimental channels (a), 3-D mesh (b), and Wall mesh (c) in the numerical simulation.
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inlet mass flow rates, inlet temperatures and axial power shapes.
The test section of the geometrical model consists of two parallel
channels with inner diameter 6 mm, outer diameter 19 mm and
heated length of 3105 mm as shown in Fig.5a. The adopted
STAR-CCM+3-D mesh of the geometrical model and the Wall mesh
are also shown respectively in Fig. 5b and c. The schematic diagram
of experimental test facility used in operating the parallel channels
is shown in Fig. 6a. The INCONEL 625 pipe in experiment used for
the parallel channels in the test section is also shown in Fig. 6b. The
total mesh size with 1.0 mm base size of the two tee bends, four
diffusers and 2 heated parallel channels is approximately
2785000. Polyhedral Mesher, Prism Layer Mesher and Surface
Remesher were selected for the meshing. Half of the full geometry
(symmetrical boundary condition) was used in order to save com-
putational time. Non-Slip wall boundary condition was adopted at
the wall. Adiabatic boundary condition was adopted for the non-
heated walls and heat flux boundary condition was adopted for
the heated walls of the parallel channel. Mass flow rate inlet and
pressure outlet boundary conditions were adopted for the inlet
and outlet respectively. The design and operating pressures are
respectively 30 MPa and 25 MPa, and design and operating tem-
peratures are respectively 550 °C and 500 °C. The heating powers
applied in the experiment are net heating powers applied to the
fluid region in the test section of the experimental set-up. The heat
loss had been taken care off in the experiment. The numerical sim-
ulation considered only the fluid region and the net heating powers
were applied to the fluid region too for the numerical simulations.
The focus of the study is not on effects of heating structures where
the thickness of the pipe has to be taken into consideration in the
geometrical modelling. Greater detail about the experimental facil-
ity and the experiment is reported in Xi et al. (2014a).

To ensure that the inlet and outlet pressure loss coefficients
employed in the experiment and numerical simulation are the
same, the pressure jump model was used in the numerical simula-
tion to adjust the inlet and outlet pressure loss coefficients. The
inlet and outlet pressure loss coefficient used in the experiment
are:

Kin1 = 4.1, Kinz = 4.3; and Koyer = 3.9, Kouez = 3.8.

113
b
7
6
b. INCONEL 625 pipe in experiment
3. Physical models
Mass conservation equation:
ap o
E+v.(pu)70 (1)
U- Momentum equation:
a(pu) . -
ET div(puti)
e 0P | d(pu?) 0(puv) O(puw)
= div(ugradu) R 5 o 5|t Su, (2)
(2)
V- Momentum equation:
aopv) . -
~ar +div(pvi)
o _OP | d(puv) d(pv?) d(pr'w)
= div(ugradv) ay + g ay %z +S,
3)
W- Momentum equation:
apw) . o
o T div(pwil)
_ i _op [ _otpuw) _apw) _o(pw?)
= div(ugradw) ol p ay | T Sw
(4)
Energy conservation equation:
apT) ., .
T + di z/(puT)
_din[ - _o(puT) d(pvT) a(pwT)
= dw(cpgradT> + [ = ay oz +5r (5)

where the symbols have their usual meanings (Xi et al., 2014b;
Versteeg and Malalasekera, 1995).
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Three 3 different turbulence models were tested for their ability
to capture the experimentally observed instability. These turbu-
lence models include realizable k-& model, standard k-& model
and k-o SST model (Cd-Adapco, 2015) with a high- y* wall
treatment.

The turbulence kinetic energy and dissipation rate equations to
be solved in realizable k-& model are as follows:

apk) o(pku) 0 e
o T o ox ,u+5k a +Gk+Gb—ps—YM
+ Sk (6)

a(pe)  Apewi) _ 0 Hy &
a o ox|\FT, a | pCise- P

&
+C16EC3sGb +S£7 (7)

The turbulence kinetic energy and dissipation rate equations to
be solved in standard k-¢ model are:

20y 200) 2[4 ) ] 4Gy + Gy — pE — Yo +Si ®)
M + a(pSUi) = i |:<,U + ,th> ox :| + Cie k(Gk + C3€Gb)

ot (9)(] 8Xj s

82
—Cap+Ss )

The turbulence kinetic energy and specific dissipation rate
equations to be solved in k-m SST model are described as:

a(pk) , o(pku;) 0 Uy
at " o o /“H'(;k 8 +Gk+Gb—Yk+Sk (10)

dpw) d(pwu) 9 M\ 0w _
8[ + 8Xj 78}‘] 'u+ (/) a +G(U+DW Y(')+S(U(1l)
(11)
Go=1: 6, =12: Cpo = 144: C; = 1.9; Cs, — tan | L (12)
1g
n k
C; = max 043177 n=S_: S =1/25;S; (13)

As in many other available CFD codes, STAR-CCM+ makes use of
finite volume discretization technique to discretize the equations.
The method of discretization is beyond the scope of the work.

4. Results
4.1. Time step and turbulence model considerations

In this work, the coolant inlet temperature and the ratio of heat-
ing power (threshold or critical power) to inlet mass flow rate are
adopted to obtain the instability boundary for 3D analysis, a
method already used by Xi et al. (2014a,b).

In order to obtain the instability boundary, the total inlet mass
flow rate is kept constant at a particular pressure, the inlet mass
flow rates M;,; and M;,, are monitored for the occurrence of out
of phase flow oscillation at a particular heating power. The stabi-
lization of the average surface temperatures of the outlets of chan-
nels 1 and 2 is used to determine the convergence of the
simulation, different from the residual method adopted by Xi to
determine the convergence (Xi et al., 2014b). The numerical simu-
lations performed by Xi were compared with experimental results
in Xiong et al. (2012). The outlet temperature starts to rise steadily
as the fluid is heated in the channels. The stabilization of the sur-

face average outlet temperature of the heated section is adopted
for convergence because the residual values begin to increase as
flow oscillation starts to develop. “The stabilization of the average
surface temperatures of the outlets of the heated channels 1 and 2”
referred to means that the outlet temperature in each channel fluc-
tuates around particular maximum outlet temperature with no
more steady increase in the outlet temperature at the point of con-
vergence. The residual values stabilize as the flow oscillations are
fully developed. If out of phase flow oscillation is not observed in
Min; and Mj,,, the heating power is increased and the two inlet
mass flow rates are observed again for the occurrence of out of
phase flow oscillation. This process is repeated until there is out
of phase flow oscillation in Mj,; and My, with amplitude greater
than 5%, the heat flux is recorded and the equivalent power called
Threshold or Critical power is calculated. Any heating power above
the Critical power will make the system unstable otherwise it will
be stable. The occurrence of out of phase flow oscillation is
observed in Mj,; and M, for various coolant inlet temperatures
in this way and the corresponding Critical powers are used for
plotting the instability boundary curve. The coolant inlet tempera-
ture ranges from 180 °C to 320 °C, and heating powers used for the
various numerical simulations are in the range of 67 kW to 120
KkW. NIST table (NIST, 2002) was used to generate the physical
properties of water.

In 3D numerical simulation, the type of models used for sim-
ulation will affect the precision of calculation (Xi et al., 2014b).
These models include mesh number, solution technique
(velocity-pressure coupling method, or segregated flow
approach), time step, difference scheme, turbulence model, etc.
Also, it is noted that the type of power shape adopted for per-
forming experimental research will affect the experimental
results (Xi et al., 2014a). In this work, the time step and turbu-
lence model were first analyzed and the suitable models were
adopted for various simulations. Implicit formulation was
adopted, the governing equations were solved using segregated
flow approach and effect of gravity was taken into consideration
in all the numerical simulations.

Figs. 7-10 respectively show numerical simulation results
obtained for four time steps, 0.005s, 0.01s, 0.02s, and 0.03 s
tested in this work. Operating conditions include 23 MPa system
pressure, mass flow rate of 125 kg/h and 260 °C inlet temperature.
Axially decreased power shape was adopted. For a total heating
power of 85.0 kW, 21.25 kW was applied to the heating wall of
the heated inlet section for 30 s; 3.54 kW, 7.08 kW and 10.63 kW
were applied to the heating wall of the heated outlet section for
10s respectively. These system parameter values for axially
decreased power shape are summarized in Table 1. Both the inlet
and outlet heated sections were heated for equal time duration
of 30s, hence the choice of 10s time interval for the axially
decreasing power shape for each power step for the heated outlet
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Fig. 7a. Inlet mass flow rate oscillation of each channel, 0.005 s.
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Fig. 10. Inlet mass flow rate oscillation of each channel, 0.03 s.

section. Results for maximum inlet mass flow oscillation amplitude
and period of oscillations for each time step are shown in Table 2.

The time step of 0.005 s could capture the dynamic characteris-
tics of the flow very well compared to the other time steps. The
results also show that time step has significant effect on flow insta-
bility, and the dynamic characteristics of the flow might not be
captured well if reasonable and optimum smaller time step was
not used for the numerical simulation. Generally, the unsteady
3D simulation is time consuming especially when time step is
short. Time step of 0.01 s was used for the numerical simulations.
From the trend of the results, much smaller time step could cap-
ture the dynamics characteristics much better but would be com-
putationally too much expensive for this work.

Figs. 11-13 respectively show results for three turbulence mod-
els, standard k-¢ model; realizable k- model; and k-® SST model
examined in this work. The simulations were carried out at coolant
inlet temperature of 250 °C, mass flow rate of 125 kg/h and 23 MPa
system pressure. Axially decreased power shape was adopted. For
a total heating power of 120.0 kW, 30 kW was applied to the heat-
ing wall of each inlet heated section for 30 s; and 5 kW, 10 kW and
15 kW were applied to the heating wall of each outlet heated sec-
tion for 10 s respectively. These system parameter values for axi-
ally decreased power shape are summarized in Table 3. The
maximum amplitudes and periods of out of phase inlet mass flow
oscillations of the respective three turbulence models are 40 kg/h
and 1.0s; 13 kg/h and 0.9 s; and 8 kg/h and 0.9 s. The results of
these simulations are shown in Table 4. The results show that
the three turbulence models tested predicted approximately the
same period of mass flow oscillation but predicted different ampli-
tudes of mass flow oscillations, indicating that the appropriate
choice of turbulence model for the numerical simulation is impor-
tant for the numerical tool adopted to capture quite well the
dynamics characteristics of the flow. The largest amplitude of 40
kg/h was predicted by the standard k-Epsilon turbulence model
and hence could predict flow instability quite well than the Realiz-
able k-Epsilon and k- SST turbulence models. The standard k-
Epsilon turbulence model was adopted for the numerical
simulations.

4.2. Influence of axial power shape

Axially decreased and homogeneous axial power shapes were
considered in this work. The heated section was divided into inlet
and outlet heated sections for Axially Decreased Power Shape
ADPS. For ADPS, the heat flux applied to the heating wall of the
inlet heated section is more than the heat flux applied to the heat-
ing wall of the outlet heated section, and for Homogeneous Axial
Power Shape HAPS constant heat flux is applied to the heated sec-
tion. Two mass flow rates 125 kg/h and 145 kg/h were used for the
numerical simulations. For ADPS, 20.75 KW was applied to the
heating wall of each heated inlet section for 125 kg/h, and 24.0
kW was applied to the heating wall of each heated inlet section
for 145 kg/h (Xi et al., 2014a). The heated section was divided into
inlet and outlet heated sections for ADPS.

Fig. 14 shows the instability boundaries for axially decreased
and homogeneous axial power shapes for inlet temperatures vary-
ing from 180 °C to 320 °C, system pressure of 23 MPa, total mass
flow rate of 125 kg/h and with the influence of gravity. The stability
of a system with each of the two power shapes decreases with
increase of inlet temperature up to inflection point at (67.2 kW,
240 °C) for axially decreased power shape (ADPS) and at (71.2
kW, 240°C) for homogeneous axial power shape (HAPS) and
increases thereafter. Jingjing et al. (2015) reported similar findings
for HAPS. The system with HAPS is more stable than that of ADPS
for all the inlet temperatures, a similar finding was also reported
by Xi et al. (2014a).
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Table 1
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System parameter values for axially decreased power shape (time step).

Parameters Value Heating power and time of heat application
Pressure, MPa 23 Each inlet heated section Each outlet heated section
Mass flow rate, kg/h 125 Power, kW Time, s Power, kW Time, s
Inlet temperature, °C 260 21.25 30.0 3.54 10.0
7.08 10.0
10.63 10.0
Table 2 002
Amplitudes and periods of oscillations for various time steps. '
Time step, s Amplitude, kg/h Period, s g0.019 1 mi"l /\f“\
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Fig. 11. Inlet mass flow rate oscillation of each channel, Standard k-& model.
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Fig. 12. Inlet mass flow rate oscillation of each channel, Realizable k-& model.

4.3. Influence of axial power shape on system pressure

Fig. 15 shows the instability boundaries for axially decreased
and homogeneous axial power shapes for system pressure of 25
MPa, mass flow rate of 125 kg/h and with gravity influence. With
the increase of the system pressure from 23 MPa (Fig. 14) to 25
MPa, the stability of each of the two power shapes increases but
the increment associated with HAPS is more than that of ADPS.
The inflection point for ADPS is (68.0 kW, 240 °C) and that of HAPS
is (77.2 kW, 260 °C). For the two system pressures, the stability
decreases and increases respectively below and above a corre-
sponding inflection point with the increase of inlet temperature.
The system is more stable with HAPS at both system pressures of
23 MPa and 25 MPa.

to 145 kg/h, the stability of ADPS decreases with inlet temperature
with no inflection point whereas the stability of the HAPS
decreases and increases respectively below and above the inflec-
tion point of (81.2 kW, 240 °C) with increasing inlet temperature.
At low inlet temperatures, the system is more stable with ADPS
but at high inlet temperatures, the system is more stable with
HAPS for the system operated at 145 kg/h, 23 MPa and with gravity
influence. With the increase of the system mass flow rate to 145
kg/h, the system with ADPS becomes more stable at low inlet tem-
peratures and less stable at high inlet temperatures, whereas the
system with HAPS becomes less stable for various inlet tempera-
tures. Su et al. (2013), Xiong et al. (2013), Liu et al. (2014) and
Jingjing et al. (2015) obtained similar finding that stability of a sys-
tem increases with growing of the system mass flow rate. But Xi
et al. (2014a,b) obtained the finding that stability of a system
decreases with increasing growing of the system mass flow rate,
which is in agreement with the obtained numerical results for
HAPS in this work.

4.5. Influence of axial power shape on gravity

Fig. 17 shows the instability boundaries for axially decreased
and homogeneous axial power shapes for a system with pressure
of 23 MPa, mass flow rate of 125 kg/h and without the influence
of gravity. The system with ADPS or HAPS becomes more stable
with the change of the system with the influence of gravity
(Fig. 14) to the system without the influence of gravity. The stabil-
ity increment associated with the system with HAPS is more than
that of the system with ADPS for the system without gravity influ-
ence. For the system without the influence of gravity, the stability
decreases and increases respectively below and above the inflec-
tion point of (68.5 kW, 260 °C) for ADPS and (80.6 kW, 280 °C)
for HAPS with inlet temperature (Fig. 17). This explains why,
depending on the other operating parameters, the horizontally
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Table 3
System parameter values for axially decreased power shape (turbulence model).
Parameters Value Heating power and time of heat application
Pressure, MPa 23 Each inlet heated section Each outlet heated section
Mass flow rate, kg/h 125 Power, kW Time, s Power, kW Time, s
Inlet temperature, °C 250 30.0 30.0 5.0 10.0
10.0 10.0
15.0 10.0
Table 4
Amplitudes and periods of oscillations for various turbulence models. 330 -
Turbulence model Amplitude, kg/h Periods, s 310 4
O
Standard k-Epsilon 40 1.0 2.290 { STABLE UNSTABLE
Realizable k-Epsilon 13 0.9 £ 270 1
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Table 5
Numerical threshold power compared with Experimental threshold power.

Homogeneous axial power distribution

Axially decreased power distribution

Inlet Experimental threshold Numerical threshold Inlet Experimental Numerical threshold
temperature °C power, KW power, kW temperature °C threshold power, kW power, KW
182.5 79.2 773 180.0 78.8 75.2
203.8 77.5 75.1 191.3 77.8 743
2213 76.4 73.3 200.1 75.5 73.0
238.7 73.1 714 214.0 754 719
260.0 71.6 72.2 222.4 73.9 69.9
232.5 72.5 67.5
254.8 771 69.2

oriented reactor type such as CANDU-SCWR type may be more
stable to operate than the vertically oriented reactor types such
as Japan, Europe, Korea and USA SCWRs. The system with HAPS
is more stable than that with ADPS when operated with or without
gravity influence.

4.6. Comparison of numerical results with experimental results

Fig. 18 shows numerical and experimental instability bound-
aries for axially decreased and homogeneous axial power shapes
at system mass flow rate of 125 kg/h, pressure of 23 MPa, inlet
temperatures from 180 °C to 260 °C and with gravity influence.
For ADPS, there is inflection point (67.5 kW, 232.5 °C) for numeri-
cal and (72.5 kW, 232.5 °C) for experimental, below which stability
decreases and above which stability increases with inlet tempera-
ture. For HAPS, there is inflection point (71.4 kW, 238.7 °C) below
which stability decreases and above which stability increases with
inlet temperature for the numerical results, but there is no inflec-
tion point for experimental results and the stability decreases with
inlet temperature. Both the numerical and experimental homoge-
neous axial power shapes are more stable than the corresponding
numerical and experimental axially decreased power shapes.
Fig. 19 and Table 5 quantitatively compare the numerical and
experimental results of ADPS and HAPS at operating conditions
of 23 MPa, 125 kg/h and with gravity influence, and almost all
the numerical results are within the acceptable error limit of +
10%. But the 3D numerical tool adopted mostly under-predicted
the experimental results for both axial power shapes.

Figs. 20 and 21 show numerical and experimental inlet mass
flow oscillations at 23 MPa, 125 kg/h, 192 °C and with gravity
influence for ADPS with a heating power of 81.5 kW. For the total
heating power of 81.5 kW, 20.75 kW was applied to the heating
wall of each inlet heated section for 78 s; and 4.71 kW, 6.66 kW
and 8.62 kW were applied to the heating wall of each outlet heated
section for 26 s respectively. These system parameter values for
axially decreased power shape are summarized in Table 6. Maxi-
mum amplitudes of 7.2 kg/h and 25 kg/h were obtained for numer-
ical and experimental results; and periods of 1.0 s and 1.3 s were
obtained for numerical and experimental results respectively.

Mass flow rate (kg/s)

i
L

0.019 —n
0.0185 - - My ﬁ o
ey e \fu V f T
h ) i \ | (A
0.0175 Ayl 440 % ‘M di“ \b ‘l 4 iy H“\” e
\ AT i \l ]
0.017 J\/Jn,'[ﬁ”\/\/ "U.'V“ Iw‘m/' Y .“"f‘ e P\J“MW\ \
| I fjw i e w
0.0165 4 ! ‘HI\ i /A ! ‘ll‘v‘ Ll (‘( JJ
0.016 - ' L
0.0155 — T T T—T— T
45 47 49 51 83 55 57 59 61 63 65 67 69 71 713 715 717
Time (s)

Fig. 20. Inlet mass flow rate oscillation of each channel (numerical).
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Fig. 21. Inlet mass flow rate oscillation of each channel (experiment).

Table 6
System parameter values for axially decreased power shape.

Parameters Value Heating power and time of heat application

Pressure, MPa 23 Each inlet heated

section

Each outlet heated
section

Mass flow rate, kg/h 125 Power, kW Time, s Power, kW Time, s

Inlet temperature, °C 192 20.75 78.0 4.71 26.0
6.66 26.0
8.62 26.0

The numerical tool adopted largely under-predicted experimental
amplitude and quite well predicted experimental period of the
inlet mass flow oscillations. The differences in the numerical
amplitude and period of the oscillations compared to that of the
experiments might be due to the use of larger time step because
of computational time cost, and also the inability of the turbulence
model adopted to accurately capture the experimental amplitude
and period of the oscillations.

5. Conclusions

This work investigates effect of axial power distribution on flow
instability in parallel channels with water at supercritical pres-
sures. The axial power distribution considered include axially
decreased and homogeneous axial power shapes. The study also
seeks to examine the performance of the numerical tool STAR-
CCM+ in predicting instability boundaries at supercritical pres-
sures. The parameters such as mass flow rate, pressure and gravity
are considered in the investigation. The following findings are
obtained during the investigation:

e The stability of a system with each of the two axial shapes,
axially decreased and homogeneous, decreases and increases
respectively below and above different threshold power with
inlet temperature but the system is more stable with HAPS
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than that of ADPS for a system operated at two different pres-
sures 23 MPa and 25 MPa, mass flow rate of 125 kg/h, inlet
temperatures from 180 °C to 320 °C and with gravity influence.
Similar observation was made for a system operated at mass
flow rate of 125 kg/h, system pressure of 23 MPa, and with
or without gravity influence. For a system operated at 145
kg/h, 23 MPa and with gravity influence, there is a threshold
power below which stability decreases and above which sta-
bility increases with inlet temperature for HAPS, but there is
no inflection point for ADPS and the stability deceases with
inlet temperature. At low inlet temperatures, the system is
more stable with ADPS but at high inlet temperatures, the sys-
tem is more stable with HAPS for the system operated at 145
kg/h and 23 MPa.

The system with ADPS or HAPS becomes more stable with the
change of the system operated with gravity influence to sys-
tem operated without gravity influence, and also with the
change of system pressure from 23 MPa to 25 MPa. With the
change of the system mass flow rate from 125 kg/h to 145
kg/h, the system with ADPS becomes more stable at low inlet
temperatures and less stable at high inlet temperatures,
whereas the system with HAPS becomes less stable for various
inlet temperatures.

For a system with ADPS or HAPS and operated under experi-
mental conditions of 125 kg/h mass flow rate, 23 MPa pressure,
inlet temperatures from 180 °C to 260 °C and with gravity influ-
ence, the trends of the numerical instability boundary results
agree quite well with the trends of the experimental instability
boundary results for most of the inlet temperatures, but there is
no inflection point for experimental HAPS as it is the case for
the numerical HAPS. The system with HAPS is more stable than
that with ADPS, a finding also obtained for the experimental
results.

The dynamic characteristics such as amplitude and period were
also compared with experimental results for ADPS at mass flow
rate of 125 kg/h, 23 MPa, and with gravity influence. The exper-
imental amplitude was largely under-predicted and the experi-
mental period was quite well predicted by the numerical tool
adopted.

The results of this study show that the type of axial power
shape adopted in supplying heat to the fluid flowing through
heat transfer system has significant effect on stability of the sys-
tem. From the comparison of the numerical and experimental
results, the 3D numerical tool, STAR-CCM + code could predict
flow instability in the parallel channels irrespective of the type
of axial power shape adopted. However, there is an evidence
that the presence of heating structures in the geometrical model
adopted may change the predicted behavior, as shown in previ-
ous works. More relevant experiments at supercritical pressures
should be carried out for validation of numerical tools adopted
for similar studies.
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