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) GENERAL INFORMATION

The School of Nuclear Science and Technology (SNST)
of Xi’an Jiaotong University (XJTU) can be traced into
1958, about at the same time with China nuclear industry
and it is one of the oldest nuclear energy departments in
China. The Nuclear Thermal-hydraulic Research Lab
(NTRL) of XJTU was established simultaneously. There
are now two professors, one associated professor, two
assistant professors, two engineers, 20 doctor students and
30 master students in XJTU-NTRL.

Prof. Suizheng Qiu Prof. Guanghui Su

Assistant Prof.
Yingwei Wu

Assistant Prof.
DaLin Zhang

Associate Prof.
Wenxi Tian

The main research fields of XJTU-NTRL are
nuclear reactor thermal-hydraulics, safety and related
issues. The main research activities are listed as
below:

® Fundamental Research on Flow And Heat
Transfer In Narrow Channels

® Application of Advanced Numerical Method In
Nuclear Thermal-Hydraulics

® |[nstability Analysis in Complex Nuclear Systems

® Code Development on Thermal-Hydraulics and
Safety Analysis of Nuclear Reactors

® Severe Accident and Safety Analysis of
Advanced Light Water Reactors

® Research and Design of Generation IV Nuclear
Systems(SFR And MSR)

IBRIEF INTRODUCTON TO RESEARCH

ACTIVITIES

1. Fundamental Research on Flow And Heat Transfer

in Narrow Channels

Experimental investigations have been comprehensively
conducted by XJTU-NTRL to evaluate the
thermal-hydraulic performance of new type heat transfer
element in nuclear systems such as once-though steam
generator(OTST), integral plate type fuel element etc. The
flow and heat transfer behaviors in narrow annular
channels and rectangular channels have been
experimentally studied. Fig. 1 shows the diagram of high
pressure water test loop and test sections.
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(b) Narrow annular channel
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(c) Narrow rectangular channel

Fig. 1 Water test loop and test sections

1.1 Flow and heat transfer characteristics in annular
narrow channels

The characteristics of Onset Nucleate Boiling(ONB) and
Dryout(DO) were first investigated in narrow annuli with
the gap size of 1.0, 1.5, 2.0 mm, respectively. Then the
flow and heat transfer behaviors in regions of subcooled

water, subcooled boiling, saturated boiling, post-dryout,
superheated vapor were analyzed. The results show that
laminar flow turned to turbulent flow at a smaller Reynolds
number. The decrease of the gap size reduced the friction
factor and the coefficient of heat transfer. The ONB occurs
at a higher heat flux compared with conventional tubes.
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Fig. 2 Measurement of ONB and Dryout point in narrow
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The coefficient of boiling heat transfer, which was less
influenced by mass flow rate and quality, increased with
heat flux. The evaporation, which related to heat flux, and
nucleate boiling were believed play important roles on
boiling heat transfer. The coefficients of boiling heat
transfer in 1.0 and 2.0mm gap size annuli are large than in
1.5 mm gap size annuli. The decrease of gap size does not
enhance nucleate boiling heat transfer. The ratio of heat
flux on inner and outer tubes is an important parameter on
ONB and CHF. The forced convection between the heated
wall and the vapor plays the major role(with the percent
not less than 90%) in post dryout region. And the heat
transfer by droplets direct contact to the tube wall and the
interfacial heat transfer of droplets in superheated vapor
also have an indispensable contribution. The radiation heat
transfer could be neglected.

1.2 Flow patterns and transition in rectangular narrow
channels

Visual two-phase thermal-hydraulic experiments have
been performed in rectangular quartz glass tubes
(1.0x20x500mm and 2.0x20x500mm) heated by high
temperature air at atmospheric pressure. With visualization
methods, four flow patterns, namely, dispersed bubble flow,
slug flow, churn flow and annular flow, are recognized and
captured. The flow patterns and characters in rectangular
narrow channels are shown in Fig.3. The void fraction at
transition point from bubble flow to slug flow is larger than
that of general channel. However, the void fraction at
transition point decreased with heat flux. The water flow
pattern classifications in rectangular narrow channels have
been deduced.

"(a) Bubble flow

(f) Annular flow

Fig.3 Flow patterns and characters in rectangular narrow
channels

1.3 Flow and heat transfer in rectangular narrow
channels

The single-phase and two-phase thermal-hydraulic
experiments have been performed in rectangular narrow
channels  (1.0x60x800mm, 1.8x60x800mm  and
2.5x60%800mm) at 1.0-6.0MPa.

For single-phase flow, laminar flow turned to turbulent
flow also at a smaller Reynolds number. The Nusselt
number was smaller than in general channel and it
increased with gap size. The heat transfer got worse in
narrow rectangular channels compared with conventional
channels. In two-phase flow region, the pressure drop
increased with the decrease of gap size at the same outlet
quality. The frictional pressure drop of gas-liquid
two-phase flow was restricted by the ratio of aspect ratio.
The boiling heat transfer in rectangular narrow channels
was affected by both nucleate boiling and
forced-convection. Nucleate boiling was dominant at
narrower channels. The decrease of gap size caused heat
transfer deterioration.
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1.4 Experimental study of CHF under oscillatory flow
condition

The transient critical heat flux (CHF) experiments under
oscillatory flow condition have been carried out in vertical
tube under forced sinusoidal inlet flow oscillation
condition (oscillation period in 1, 2, 5 and 10s, normalized
amplitude of flow oscillation, AGma/Gay, in 0-3.5). Both
periodic dryout(qpc) and continuous dryout(dce) have
been captured as shown in Fig. 4a. The periodic dryout
occur at a much lower wall heat flux compared with
stable-flow CHF. Both qpcr and dryout qgcc decrease
obviously with the increase of oscillation amplitude of
mass flux(AGnmax/Gay) as shown in Fig. 4b.

2. Application of Advanced Numerical Method In
Nuclear Thermal-Hydraulics

Many advanced methods have been used by
XJTU-NTRL to analyze thermal-hydraulic problems.
These methods include Artificial Neural Network (ANN),
Genetic Algorithm (GA) and Wavelet Analysis (WA),
Method of Characteristics (MOC) line, Moving Particle
Semi-implicate (MPS) method and Computational Fluid
Dynamics (CFD) method.

Su et al. applied ANNs to predict CHF under low
pressure and oscillation conditions at natural and forced
circulation flow. A genetic neural network (GNN) model
has been set up to apply genetic algorithm to optimize BP
neural network weight and threshold. The GNN was
applied successfully to predict both the characteristic
points of flow boiling curves and CHF. Based on wavelet
analysis theory of signal singularity detection, Su et al.
successfully applied the wavelet modulus maxima to detect
the characteristic points of flow boiling curves. The
detection results by wavelet modulus maxima detection
have a good agreement with experimental data.

The method of characteristic line (MOC) has been used
to investigate the check valve-induced water hammer
phenomena in a parallel pump feedwater system during the
alternating startup process. The typical results of the check
valve-induced water hammer phenomena are shown in Fig.
5.
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Fig. 5 Calculation results of water hammer phenomena
using MOC
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MPS method, which was first proposed by Koshizuka
and Oka (1996), is one of modern particle methods. Tian
and Chen et al. have investigated the transient coalescence
characteristics of two bubbles (horizontal and vertical
direction) using MPS method, and some fundamental
results on bubble dynamics have been obtained. Some
results are shown in Fig.6.

Commercial CFD tools such as CFX have been adopted
by XJTU-NTRL to evaluate the flow and heat transfer
characteristics of new-designed fuel assembly(Fig. 7a),
internal flow of dual-crashed check valve(Fig. 7b) etc. A
very comprehensive thermal-hydraulic performance of
nuclear systems can be obtained by using the 3-D CFD
method coupling with sub-channel analysis code i.e.
COBRAIV.

t=0.145s

(b) Internal pressure distribution in dual-crashed valve
Fig. 7 Application of CFD in nuclear thermal-hydraulic

3. Instability Analysis in Complex Nuclear Systems
3.1 Density wave oscillation (DWO) of CARR

The two-phase flow instability at natural circulation
condition of China Advanced Research Reactor (CARR)
has been numerically investigated using independently
developed code by XJTU-NTRL. As shown in Fig. 8a, the
results indicate the presence of an instability region under
the conditions of low equilibrium quality in the outlet at
low pressure. It is a special kind of DWO(Fig. 8b) that

occurs in very low equilibrium quality region with the
characteristics of geysering and ‘Type-I’ DWO. The
variations of the mass flow rate, the pressure drop and the
boiling boundary are analyzed separately.
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(c) FI boundary of twin-channel system
Fig. 8 Flow instability boundary

3.2 Flow instability in Parallel multi-channel system
The two-phase flow instability between multi-channels

(FIBM) was investigated and instability boundaries were

obtained on the parameter plane of subcooling number and



phase change number(Fig.8c). FIBM was comprehensively
studied at different system pressures, different inlet
resistance coefficient and asymmetric heating. A 3-D
instability space was obtained in the parametric plane of
the subcooling, phase change numbers and dimensionless
pressure. A concept of instability space(or instability reef)
is firstly proposed by XJTU-NTRL and it is greatly
affected by inlet resistance coefficient and pressure as
shown in Fig. 9.

3.3 Flow instability under rolling condition

The two-phase FIBM is studied under ocean conditions
theoretically. The influence of ocean condition(i.e. rolling
etc) on the FIBM is analyzed and the additional
force(inertia force, centrifugal force etc.) was considered in
solving momentum equations. The instabilities boundaries
and stability spaces of the multi-channel system under
rolling condition are obtained. Compared with Fig. 8c, the
FI boundary at rolling condition is quite different from that
of stational condition. The results also show that the
influence of pressure on FI instability reef is quite small at
rolling condition.
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4. Severe Accident Analysis of Advanced Light Water
Reactors

Severe accident analysis is one important research issue
in XJTU-NTRL. Both experimental investigation and
numerical computation have been conducted. The related
research includes IVR-ERVC analysis, coolability of
molten debris bed, SBLOCA analysis and so on.

4.1 IVR-ERVC analysis

In-Vessel Retention (IVR) of core melt is a key severe
accident management strategy adopted by advanced light
water reactors (ALWRs), AP600, AP1000 etc. External
Reactor Vessel Cooling (ERVC) is a novel severe accident
management for IVR analysis. IVR analysis code in severe
accident (IVRASA) has been developed to evaluate the
safety margin of IVR for advanced PWR with anticipative
depressurization and reactor cavity flooding in severe
accident. IVRASA, a point estimate procedure has been
developed for modeling the steady-state endpoint of two
core melt configurations: two-layer melt configuration and
three-layer melt configuration, as shown in Fig.11.

Light metallic layer (includes
portions of reflector,core barrel
and upper plenum structures )

Radiative heat transfer

Heavy metallic layer (includes
dissol uranium in
unoxidized zircaloy)

Fig. 11 Two kinds of core melt configurations
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4.2 Experimental study of coolability of molten debris
bed

Experimental study on coolability of particulate
core-metal debris bed with Oxidization was conducted by
Professor Su. Formation mechanism and migration
principle of hot spot, fragmentation and enhanced heat
transfer in zircaloy debris bed were investigated
experimentally. Molten zirconium-4 ally is shown in Fig.
12.

4.3 SBLOCA analysis
The model of SBLOCA of APWR i.e. AP1000 was

developed to investigate the transient characteristics of the
main  parameters  of  primary  system  using
SCDAP/RELAP5 MOD3.4. The node map of SBLOCA of
AP1000 and calculation results are shown in Fig. 13.
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Fig. 13 The node map of SBLOCA and results of mass
flow rates of accumulator and CMT

5. Code Development on Thermal-Hydraulics and
Safety Analysis of Nuclear Reactors

More than twenty codes have been developed
independently by XJTU-NTRL for thermal-hydraulic and
safety analysis of various nuclear reactors or systems
including Qinshan NPP (PWR), China High Neutron Flux
Research Reactor, Xi’an Pulsed Reactor, China Advanced
Research Reactor (CARR), Passive residual heat removal
systems of advanced PWR, AC600, AP1000, High
Temperature gas-cooled Reactor (HTR-10), Molten Salt
Reactor (MSR).

a) The Microcomputers Steady-state Analysis code for
Reactor Systems (MISARS) and the Microcomputers
Transient Analysis code (MITARS) were developed in
1995 wusing visualization technology. MISARS and
MITARS are used to analyze the transient characteristics of
nuclear power system. b) MACORS (Microcomputer
Analysis Code of Reactor system) can analyze the
steady-state natural circulation, transient thermal-hydraulic



behaviors, residual heat removal capacity of advanced
PWR such AP1000.
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Fig. 14 Visual interface of developed TH and safety
analysis code by XJTU-NTRL

C) TSACC was developed to analyze the transient
thermal-hydraulic and safety behaviors and of CARR.
Modular design, visualization input, real-time processing
and dynamic visualization output were achieved using
Microsoft Visual Studio.NET which makes TSACC much
more convenient for further application. d) TTHAsoft was
developed to analyze the transient thermal-hydraulic

characteristics of Chinese advanced pressurized water
reactor (AC-600) with two loops in the event of the loss of
feed-water accident, the double loops loss-of-flow accident,
and the reactivity insertion accident.

\i

Fig.15 Liquid sodium thermal hydraulic test loop in
XJTU-NTRL

6. Research And Design of Generation IV (SFR And
MSR)
6.1 Sodium cooled Faster Reactor (SFR)

SFR (Sodium cooled Fast breeder Reactor) is an
important fourth-generation reactor, and a lot of research



work related SFR has been carried out in last ten years in
XJTU-NTRL. Sodium experimental loop was established
in 1984, and it is an important platform for experimental
study of sodium flow and boiling heat transfer. Sodium
loop is shown in Fig.15. Sodium boiling heat transfer
experiment of single rod was conducted. Two-phase flow
instability of sodium was also investigated by
experimentally and analytically. The related experimental
researches were included such as high temperature liquid
heat transfer, nucleate boiling, two-phase flow pressure
drop, critical heat flux (CHF) etc.

Inherent safety analysis
for MSRs
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Fig. 16 Logical scheme of MSR research activities

6.2 Molten Salt Reactor (MSR)

The new concept MSR is the only liquid-fuels reactor in
the six candidates of Generation IV advanced nuclear
reactor systems, and it is top-ranked in sustainability
because of its self-closed fuel cycle and excellent
performance in waste burndown.

XJTU-NTRL concentrates on the fundamental theories
related to the inherent safety of MSRs including
thermophysical properties of molten salts, neutronics,
thermal hydraulics, neutronics — thermal hydraulics
coupling and safety analysis, the logical scheme of which
is displayed in Fig. 16. The equation of state (EOS) was
founded to estimate the static thermophysical properties of
multicomponent molten salt systems in MSRs. With
considering the flow effects of the liquid fuels, a general
energy-time-space dependent neutron kinetic model for
MSRs was derived from the most fundamental particle

conservation principle, which was then simplified to a
multi-group diffusion model by defining the corresponding
group constants for numerical calculation. The advanced
implicit method was improved to realize the direct
coupling between neutronics and thermal hydraulics. The
general exact and approximated point-kinetic (PK) models
for safety analysis of MSRs was derived from the
energy-time-space dependent neutron Kinetic model,
during which the formulation for the effective fraction of
delayed neutron was obtained which is one of the most
important parameters for safety analysis of MSRs.

Based on these proper theoretical models, some correct
numerical algorithms were developed to design a
neutronics - thermal hydraulics coupling and safety
analysis code for MSRs. Collaborated with Karlsruhe
Institute of Technology (KIT, original FZK), the
established theoretical models and the designed code were
applied to the molten salt actinide recycler and transmuter
(MOSART, shown in Fig. 17). Some valuable results were
obtained, which not only evaluated the safety
characteristics of MOSART, but also verified the
correctness of the established models and code.

Gas line

Shielding

Fuel salt level N ) Reflector

Shielding
cooling

Reflector

Support

Distribution o~
: Fuel salt
Shielding 3

Fuel salt K 1000
inlet H
0

Fuel salt
drain lin2

Fig. 17 Core conceptual design of MOSART
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