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The SIMMER-III and SIMMER-IV computer code, developed at the Japan Atomic Energy Agency 
(JAEA), is a two- and three-dimensional, multi-velocity-field, multi-component fluid-dynamics model, 
coupled with a space- and time-dependent neutron kinetics model. The codes have been used widely for 
simulating complex phenomena during core-disruptive accidents in liquid-metal fast reactors. In the 
multi-velocity-field fluid dynamics, momentum exchange functions (MXFs) are required for treating 
inter-field drag and fluid-structure friction effects and thereby for accurately simulating reactivity effects 
of relative motion of core materials. 

Up to 8 velocity fields can be used in SIMMER-III and SIMMER-IV, with each field exchanging 
momentum with other fields and structure surfaces. Since both theoretical and experimental knowledge 
of the momentum exchange processes for a multi-component, multi-velocity flows is limited, the 
developed MXF formulations are based on engineering correlations of steady-state two-phase flows. 
Multi-phase flow regimes for both the pool and channel flows are modeled with using an appropriate 
averaging procedure such as to avoid abrupt changes in MXFs at flow regime transition. 

The MXF model, together with the multi-phase flow topology and interfacial area model, has been 
extensively tested through the code assessment (verification and validation) program, which has 
demonstrated that many of the problems associated with limitation of two velocity fields and simplistic 
modeling in the previous codes were resolved. 
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日本原子力研究開発機構が開発した SIMMER-III 及び SIMMER-IV は、2 次元及び 3 次元の

多速度場・多成分流体力学モデルを空間・時間依存の核動特性モデルと結合した計算コード

であり、液体金属高速炉の炉心崩壊事故の解析に広く利用されている。多速度場の流動解析

においては、流体速度場間及び流体・構造壁間の抵抗や摩擦をモデル化した運動量交換関数

（MXF と呼ぶ）が必要となり、これにより溶融炉心物質間の相対運動や運動に伴う反応度効

果が精度良く模擬される。 

SIMMER-III 及び SIMMER-IV では最大 8 の速度場を使用でき、各速度場は他の速度場及び

構造材壁と運動量を交換する。多成分・多速度場流体における運動量交換に関する理論的・

実験的知見は限られているため、MXF の定式化は定常二相流に関する工学的相関式に基づい

て行った。また、プール流及びチャンネル流における多相流流動様式のモデル化においては、

適切な内挿手順を採用することにより流動様式の遷移における MXF の連続性を維持した。 

MXF モデルは、多相流境界面積モデルと合わせて、コード検証（V&V）プログラムを通じ

て幅広くテストを行った結果、従来のコードにおける 2速度場の制約や簡易モデルに伴う問題

点の多くを解決できることが示された。 
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Nomenclature 
 

Symbols 

𝐴𝐴��� , 𝐵𝐵��� Laminar and turbulent terms of momentum exchange function between velocity 
fields q and q’ 

𝐴𝐴�� , 𝐵𝐵�� Laminar and turbulent terms of momentum exchange function between velocity 
field q and structure 

𝐴𝐴�� Maximum packing fraction used in the particle jamming model 

𝑎𝑎 Binary contact area 

𝐵𝐵�� Fraction of 𝐴𝐴�� above which the particle jamming model is applied 

𝐶𝐶� Drag coefficient 

𝐶𝐶�  Virtual mass coefficient 

𝐶𝐶�� Exponent in the particle jamming model which is used to calculate MXF increase

𝐶𝐶���� Adjusting parameter in the particle viscosity formulation 

𝐶𝐶����, 𝐶𝐶���� Parameters to determine the shape of weighting function Ψ 

𝐷𝐷� Hydraulic diameter 

𝐷𝐷�∗  Dimensionless hydraulic diameter 

Eo Eötvös number 

𝑓𝑓 Friction factor 

g Gravity acceleration 

H Heaviside function 

K Momentum exchange function 

Mo Morton number 

𝑁𝑁�� Viscosity number 

𝑃𝑃 Pressure 

𝑄𝑄� Nuclear heat generation rate 

Re Reynolds number 

𝑟𝑟 Radius 

𝑟𝑟�� Characteristic particle radius 

𝑟𝑟�� Particle radii for Ln=4, 5, 6 and 7 

𝑆𝑆� Multiplication factor for the molecular viscosity coefficient 

VM Virtual mass 

�⃗�𝑣 Velocity (vector) 

𝑋𝑋� Fraction of liquid components in vapor-continuous region 
Greek symbols 

𝛼𝛼 Volume fraction 
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𝛼𝛼�,��� Effective void fraction 

𝛼𝛼�,��� Real void fraction 

Γ Mass transfer rate 

𝜇𝜇 Viscosity 

Ψ Weighing function 

𝜏𝜏 Time constant 

𝜑𝜑 Increment of momentum exchange function in particle jamming model 

𝜌𝜌 Microscopic density 

�̅�𝜌 Macroscopic density 

𝜎𝜎 Surface tension 
Subscripts and superscripts 

B Bubbly flow region 

CL Continuous liquid 

CP Continuous phase 

D Dispersed flow region 

F Flow 

f Fluid, liquid 

G, g Vapor, gas 

L Liquid 

m m-th density component 

M M-th energy component 

MP Maximum packing 

n n-th density component 

P Particle 

PIN Fuel pin 

q q-th velocity field (momentum component) 

S Structure 
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1. Introduction 

The computer codes SIMMER-III/SIMMER-IV couple a two-/three-dimensional, multi-velocity field, 
multi-phase, multi-component, Eulerian fluid dynamics module with a space- and time-dependent neutronics 
model and a structure model.1)-7) In order to model complex multi-phase flow physical processes, mass and 
energy conservation equations are solved for the density and energy components, respectively. The three-
dimensional SIMMER-IV code retains essentially the same modeling as the two-dimensional SIMMER-III, 
except for the fluid convection algorithm and the additional structure wall treatment in SIMMER-IV. In the 
remainder of this report, only the code name SIMMER-III is referred to in many places, unless otherwise 
noted. 

The SIMMER-III and SIMMER-IV codes are used for simulating dynamic and complex physical 
processes of multi-phase flows during core disruptive accidents (CDAs) in a liquid-metal fast reactor (LMFR), 
such as boiling pool dynamics, molten fuel relocation and freezing, and fuel-coolant interactions, by solving 
time-dependent mass, momentum and energy equations. These are the phenomena occurring through heat, 
mass and momentum transfer processes at the interfaces between different materials (or components). For 
momentum transfer, the momentum exchange functions (MXFs) are formulated to describe the momentum 
exchange processes occurring at the fluid-fluid and fluid-structure interfaces.  

In the former SIMMER-II code8) developed at the Los Alamos National Laboratory, a two-velocity code, 
only a dispersed droplet flow regime is assumed, and the liquid-vapor drag force and the liquid- and vapor-
structure friction forces are modeled as MXFs. In the three-velocity-field AFDM code9),10), a solution 
approach to simulate relative motion of light and heavy liquids was successfully implemented. SIMMER-III 
is an extension of the AFDM approach up to 8 velocity fields, to each of which 8 fluid energy components 
(7 liquids and 1 vapor mixture) can be freely assigned. The MXFs are extended accordingly, and in addition 
an enhanced multi-phase flow topology and interfacial area model (IFA) is fully taken into consideration.  

Since both theoretical and experimental knowledge of the momentum exchange processes for a multi-
component multi-velocity flow is limited, the developed formulations are based on engineering correlations 
of steady-state two-phase flows. In SIMMER-III, fluid-structure friction, fluid-fluid drag and liquid-vapor 
virtual mass effects are modeled. Although the MXFs and the virtual mass coefficient are actually used to 
solve the momentum equation in the fluid dynamics convection algorithm, they are evaluated as a part of the 
intra-cell transfer (Step 1) after the multi-phase flow regimes and interfacial areas are updated. 

In this report, the fluid dynamics model of SIMMER-III is briefly presented in Chapter 2 to understand 
the purpose and importance of the MXF model. The basic formulation of the MXF, the definition and the 
averaging procedure of the physical parameters for each velocity field are described in Chapter 3. The MXF 
between fluid components and the MXF between fluid components and structure are described in Chapters 
4 and 5, respectively. Chapter 6 briefly describes the description of the averaging procedure of the MXFs in 
each momentum component field. Although the detailed discussion of the verification and validation (V&V) 
is beyond the scope of this report, the achievements of SIMMER-III assessment program with respect to 
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MXF modeling are summarized in Chapter 7. Additional detailed information with respect to the MXF 
modeling is available in Appendices. 
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2. Overview of SIMMER-III and Purpose of Interfacial Areas 

2.1. Overview of Fluid Dynamics Algorithm 

The fundamental mass, momentum and energy equations are written in a differential form as follows. 
For mass conservation,  

𝜕𝜕�̄�𝜕�
𝜕𝜕𝜕𝜕 + ∇ ⋅ ��̄�𝜕��⃗�𝑣�� = −Γ� , (2-1)

where the mass is represented by the macroscopic density (mass per unit volume) �̄�𝜕� and Γ� is the total 
mass-transfer rate per unit volume from component m. The momentum conservation equation is written as: 

𝜕𝜕�̄�𝜕��⃗�𝑣�
𝜕𝜕𝜕𝜕 + � ∇ ⋅ ��̄�𝜕��⃗�𝑣��⃗�𝑣�� + 𝛼𝛼�∇𝑝𝑝 − �̄�𝜕��⃗�𝑔 + 𝐾𝐾���⃗�𝑣� − � 𝐾𝐾���

��
�−�⃗�𝑣�� −

���
𝑽𝑽𝑽𝑽�

= − � Γ���

��
�H�Γ�����⃗�𝑣� + H�Γ�����⃗�𝑣��� , (2-2)

where the 𝐾𝐾�� and 𝐾𝐾��� terms on the left side �⃗�𝑣� are the MXFs that couple the velocity field 𝑞𝑞 to a different 
field or structure, and 𝑽𝑽𝑽𝑽� is the virtual mass term. The energy conservation equation is written below, 
where the energy is represented by the specific internal energy of component M.  

𝜕𝜕�̄�𝜕�𝑒𝑒�
𝜕𝜕𝜕𝜕 + � ∇ ⋅ ��̄�𝜕�𝑒𝑒��⃗�𝑣�� + 𝑝𝑝 �𝜕𝜕𝛼𝛼�

𝜕𝜕𝜕𝜕 + ∇ ⋅ �𝛼𝛼��⃗�𝑣���
���

− �̄�𝜕�
�̄�𝜕�

�� 𝐾𝐾�����⃗�𝑣� − �⃗�𝑣��� ⋅ ��⃗�𝑣� − �⃗�𝑣���
�

+ 𝐾𝐾���⃗�𝑣� ⋅ ��⃗�𝑣� − �⃗�𝑣��� + 𝑽𝑽𝑽𝑽�

⋅ ��⃗�𝑣� − �⃗�𝑣���� = 𝑄𝑄� + 𝑄𝑄�(𝛤𝛤�) + 𝑄𝑄�(ℎ, 𝑎𝑎, 𝑎𝑎𝑎𝑎) , 

(2-3)

where the terms on the right-hand side of the equation denote the specific energy sources due to nuclear 
heating, mass transfer, and heat transfer to the energy component M. The detailed explanation of these 
equations is described in the SIMMER-III/SIMMER-IV manual.1) 

The most complex portion of the fluid dynamics is the model for intra-cell heat and mass transfer model, 
which describes the physical phenomena associated with multi-component, multiphase flows. Interactions 
between different components having different energies take place locally at places where two components 
come into contact. In the former SIMMER-II, the heat and mass exchange rates were determined at the 
beginning of time step, and updates at the end-of-time-step due to convection were calculated assuming that 
these exchange rates stayed constant during the time step. The approach taken by SIMMER-II is merited 
when relatively large time steps sizes can be used for quasi-steady-state problems. However, for highly 
transient cases with rapid phase transitions, non-linear phenomena such as vaporization and condensation 
cannot be treated accurately and consistently. In the past, this limitation of the code has caused serious 
stability and accuracy problems.  

 

MXF modeling are summarized in Chapter 7. Additional detailed information with respect to the MXF 
modeling is available in Appendices. 
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The fundamental fluid-dynamics solution algorithm employed in SIMMER-III is the time-factorization, 
four-step method, first developed for the AFDM code, in which intra-cell transfer is decoupled from fluid 
convection. The complexity associated with modeling the various interrelated phenomena of heat and mass 
transfer is the main reason for choosing this approach. Based on the successful implementation of the 
algorithm in AFDM, the same solution procedure is adopted in SIMMER-III/SIMMER-IV with an extension 
to multi-component systems with full reactor materials and structure configuration. In the four-step algorithm, 
local phenomena or interactions are treated as intra-cell transfer processes in Step 1, which is decoupled from 
the fluid inter-cell convection treated in Steps 2-4. Step 1 solves the mass and energy equations without 
convection terms, and updates the mesh cell variables at the end of the time step resulted from intra-cell heat 
and mass transfer. Also evaluated in Step 1 are momentum exchange functions to be used in fluid-convection 
calculations. The individual models of Step 1 are programmed in a modular way such that future 
improvement or replacement with new models can be implemented easily.  

2.2. SIMMER-III/SIMMER-IV Components 

All materials are represented by components: density components are used to calculate the mass 
conservation equations; and energy components the energy conservation equations. The complete lists of the 
structure-, liquid- and vapor-field components are shown in Tables 1 through 3. In these tables, the lower-
case subscripts denote density components while the upper-case subscripts denote energy components. The 
fuel components are divided into fertile and fissile in their mass (density components) to represent different 
fuel enrichment zones in the core. However, the two fuel components are assumed to be intimately mixed, 
and therefore assigned a single temperature (energy components). It is noted that the only difference between 
SIMMER-III and SIMMER-IV is the number of can walls; i.e. the front and back can walls are modeled in 
a three-dimensional code in addition to the left and right can walls. 

With respect to the velocity fields, the three-velocity-field fluid dynamics was initially developed. There 
are seven liquid-field energy components and one vapor mixture in SIMMER-III. The assignment of the 
eight fluid energy components to the three velocity fields (q1, q2 and q3) is shown in Tables 2 and 3. Of the 
two liquid-field velocity fields, q1 represents heavier components and q2 lighter components.  

The limitation of three velocity fields was relaxed in the later model enhancement to flexibly assign the 
fluid energy components to different velocity fields. This means the maximum number of the velocity fields 
is eight (seven liquid components and one vapor mixture), although the standard and default number of 
velocity fields is still three. The recommended 6-velocity-field assignment for an LMFR simulation is also 
shown in Tables 2 and 3 as well. An increase of the velocity fields required significant model enhancement 
effort to solve up to 8 momentum equations and to increase the fluid-to-fluid drag terms from 1 for SIMMER-
II8) or 3 for AFDM10) to up to 28.  

2.3. Purposes and Summary of Momentum Exchange Function Model 

The SIMMER-III/SIMMER-IV fluid dynamics solves the mass, momentum and energy equations in 
multi-component, multi-velocity-field systems. The MXFs appearing in the momentum equation model a 
drag force between a pair of velocity fields and a friction force between a structure and a velocity field. 
Although the modeling concept is similar to the two-velocity SIMMER-II and three-velocity AFDM, the 
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treatment in SIMMER-III/SIMMER-IV has become much more complex, because up to eight velocity fields 
can be used with allowing flexible assignment of liquid components to any velocity fields and the channel 
flow regimes are modeled in addition to the pool flow regimes in the previous codes. Hence, the MXF model 
can adequately simulate the relative motions of fluid components of different densities, taking into account 
the local multiphase flow topology. 
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pool and channel flow maps. Based on the structure configuration and component volume fractions, a flow 
regime is determined in each mesh cell. Binary contact areas are determined between pairs of energy 
components for fluid-fluid and fluid-structure interfaces. Binary contact areas are then summed over each 
velocity field to evaluate MXFs between a velocity field (momentum component) and other velocity fields 
or structure. 

There are several specific features in the SIMMER-III/SIMMER-IV MXF model. First, virtual mass 
terms are included based on the previous AFDM code. Second, the effects of solid particles on flow resistance 
are modeled by defining effective viscosity for particles. Depending on a geometrical limitation, blockage 
formation of a flow channel can be simulated as well. Third, a special empirical model has been implemented 
to simulate the effect of turbulence enhancement at the liquid-gas interface on pressure drop.  
  

 

The fundamental fluid-dynamics solution algorithm employed in SIMMER-III is the time-factorization, 
four-step method, first developed for the AFDM code, in which intra-cell transfer is decoupled from fluid 
convection. The complexity associated with modeling the various interrelated phenomena of heat and mass 
transfer is the main reason for choosing this approach. Based on the successful implementation of the 
algorithm in AFDM, the same solution procedure is adopted in SIMMER-III/SIMMER-IV with an extension 
to multi-component systems with full reactor materials and structure configuration. In the four-step algorithm, 
local phenomena or interactions are treated as intra-cell transfer processes in Step 1, which is decoupled from 
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calculations. The individual models of Step 1 are programmed in a modular way such that future 
improvement or replacement with new models can be implemented easily.  

2.2. SIMMER-III/SIMMER-IV Components 

All materials are represented by components: density components are used to calculate the mass 
conservation equations; and energy components the energy conservation equations. The complete lists of the 
structure-, liquid- and vapor-field components are shown in Tables 1 through 3. In these tables, the lower-
case subscripts denote density components while the upper-case subscripts denote energy components. The 
fuel components are divided into fertile and fissile in their mass (density components) to represent different 
fuel enrichment zones in the core. However, the two fuel components are assumed to be intimately mixed, 
and therefore assigned a single temperature (energy components). It is noted that the only difference between 
SIMMER-III and SIMMER-IV is the number of can walls; i.e. the front and back can walls are modeled in 
a three-dimensional code in addition to the left and right can walls. 

With respect to the velocity fields, the three-velocity-field fluid dynamics was initially developed. There 
are seven liquid-field energy components and one vapor mixture in SIMMER-III. The assignment of the 
eight fluid energy components to the three velocity fields (q1, q2 and q3) is shown in Tables 2 and 3. Of the 
two liquid-field velocity fields, q1 represents heavier components and q2 lighter components.  

The limitation of three velocity fields was relaxed in the later model enhancement to flexibly assign the 
fluid energy components to different velocity fields. This means the maximum number of the velocity fields 
is eight (seven liquid components and one vapor mixture), although the standard and default number of 
velocity fields is still three. The recommended 6-velocity-field assignment for an LMFR simulation is also 
shown in Tables 2 and 3 as well. An increase of the velocity fields required significant model enhancement 
effort to solve up to 8 momentum equations and to increase the fluid-to-fluid drag terms from 1 for SIMMER-
II8) or 3 for AFDM10) to up to 28.  

2.3. Purposes and Summary of Momentum Exchange Function Model 

The SIMMER-III/SIMMER-IV fluid dynamics solves the mass, momentum and energy equations in 
multi-component, multi-velocity-field systems. The MXFs appearing in the momentum equation model a 
drag force between a pair of velocity fields and a friction force between a structure and a velocity field. 
Although the modeling concept is similar to the two-velocity SIMMER-II and three-velocity AFDM, the 
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3. Momentum Field Quantities 

3.1. Momentum Equation 

The momentum equation presented in Eq. (2-2) includes the momentum coupling terms called 
momentum exchange functions (MXFs). The MXF between velocity fields q and q’, which appears as 𝐾𝐾���, 
describes the rate of momentum exchange per unit volume after being multiplied by the velocity difference 
between the two velocity fields. The MXF between the velocity field q and structure, 𝐾𝐾��,which is multiplied 
by velocity, gives the frictional loss by the structure. The MXF is a function of the drag coefficient and the 
interfacial areas and consists of laminar and turbulent terms, 

𝐾𝐾��� = 𝐴𝐴��� + 𝐵𝐵�����⃗�𝑣�� − �⃗�𝑣�� . (3-1)

for the MXF between velocity fields. The first term 𝐴𝐴��� is described by Stoke’s law, and the turbulent term 
𝐵𝐵�����⃗�𝑣�� − �⃗�𝑣�� is proportional to the inter-phase velocity difference with the drag coefficient. Similarly, the 
MXF between velocity field q and structure S consists of the laminar and turbulent terms, 

𝐾𝐾�� = 𝐴𝐴�� + 𝐵𝐵����⃗�𝑣�� . (3-2)

3.2. Geometrical Variables 

To formulate the MXFs between two velocity fields, it is necessary to calculate the geometric variables 
such as the interfacial area and volume fractions of each momentum component. The volume fractions of 
each momentum component are calculated simply by summing the volume fractions of the energy 
components belonging to the momentum field as follows: 

𝛼𝛼�� = � 𝛼𝛼��
�����

 , 
(3-3)

𝛼𝛼��,�� = � 𝛼𝛼��,��
�����

 , 
(3-4)

𝛼𝛼��,�� = � 𝛼𝛼��,��
�����

 , and 
(3-5)

𝛼𝛼��,� = � 𝛼𝛼��,�
�����

, 
(3-6)

where B1, B2 and D denotes the quantities in the first bubbly flow region, the second bubbly flow region and 
dispersed flow region. 

Since the MXFs are calculated for each energy component, the binary contact areas in each flow region 
are not summed to the binary contact areas between the momentum components except for the binary contact 
areas at the interface of the bubbly flow region and the dispersed flow region, 
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𝑎𝑎��,��,� = � 𝑎𝑎��,��,�
�����,�����

 . 
(3-7)

3.3. Viscosity 

The viscosity of each momentum component is not currently used to evaluate MXFs, but is calculated 
as a part of MXF modeling, because it is used in the later part of the SIMMER-III code. 

𝜇𝜇��= � 𝛼𝛼��
�����

� 𝛼𝛼��
𝜇𝜇�������

�    ���  Lm=1, 2, 3 .
(3-8)

The viscosity of a mixture of liquid and solid particles becomes larger than the viscosity of the pure liquid 
component due to the momentum dissipation caused by the collision and friction between the solid particles. 
In order to simulate this increase of effective mixture viscosity, 𝜇𝜇�� is multiplied by a factor: 

𝑆𝑆�= � 𝛼𝛼��
�����

� � 𝛼𝛼��
�����

� � 𝛼𝛼��
�����

�� � 

𝐶𝐶���� 𝛼𝛼�� � 𝛼𝛼��
�����

�𝛼𝛼�� � � 𝛼𝛼��
�����

� � 𝛼𝛼��
�����

� � � 𝛼𝛼��
�����

��  , 
(3-9)

for Lm=1, 2, 3 and Ln=4, 5, 6, 7 
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4. MXFs between Fluid Components 

4.1. MXFs between Continuous and Discontinuous Fluids 

The MXFs between continuous liquid component and discontinuous component such as bubbles, 
droplets and particles are modeled based on Ishii’s drag-similarity hypothesis11), which assumes that the drag 
in a multiparticle system follows the same Reynolds number function as isolated spherical bubbles or droplets 
using a modified viscosity. The existence of other droplets or particles in the continuous liquid component is 
accounted for by calculating the effective viscosity (particle viscosity) of the continuous mixture surrounding 
the droplet or particle component. The current model uses the following formulation, 

𝜇𝜇�= �𝛼𝛼� � 𝛼𝛼��
𝜇𝜇��

�

����,����
� � � 𝛼𝛼�

𝛼𝛼� + 𝛼𝛼�
+ 𝐶𝐶����

𝛼𝛼��𝛼𝛼�
𝛼𝛼��(𝛼𝛼� + 𝛼𝛼�) − 𝛼𝛼�

� , (4-1)

where 𝐶𝐶���� is the adjusting parameter in the particle viscosity formulation, and  

𝛼𝛼�= � 𝛼𝛼��

�

����,����
  and   𝛼𝛼�= � Ψ(𝑟𝑟��/𝑟𝑟��)𝛼𝛼��

�

����,����
,

The index D denotes the discontinuous droplet or particle component that exchanges momentum with the 
continuous mixture. In summing the volume fractions of solid particle components (Ln=4, 5, 6 and 7), the 
volume fractions of each component are multiplied by a weighing function:  

Ψ(𝑟𝑟��/𝑟𝑟��)=�a� �0,  ��n �1,  𝑟𝑟��/𝑟𝑟�� − 𝐶𝐶����
𝐶𝐶���� − 𝐶𝐶����

��  ���  𝐶𝐶���� < 𝐶𝐶���� , (4-2)

The particle viscosity model assumes that the solid particles are small enough for the mixture to be regarded 
as a continuum. When the size of solid particles becomes larger than a certain characteristic length, these 
solid particles are no longer considered to form a continuum and should be excluded from the summation in 
the particle viscosity model. This function is used to optionally model this 
effect. The parameter 𝑟𝑟��  is the characteristic particle radius (default value 
2.5 × 10��), and 𝐶𝐶����  and 𝐶𝐶����  are the threshold values in the graph of 
Ψ(𝑟𝑟��/𝑟𝑟��)  shown right.  With the default values of 𝐶𝐶����  and 𝐶𝐶����  of 
0.5 × 10��  and 1.0 × 10��, respectively, this function has no effect on the 
summation. 

The MXF between the droplet or particle and the continuous liquid component is defined using Ishii’s 
drag-similarity hypothesis11) as follows: 

𝜇𝜇�= 𝜇𝜇� + 0.4𝜇𝜇�
𝜇𝜇� + 𝜇𝜇�

 , (4-3)

𝜇𝜇�=𝜇𝜇� ��a� �1 − 𝛼𝛼�,��
𝛼𝛼��𝑓𝑓��𝛼𝛼�,�

 ,  1.0×10�����
��.������

, (4-4)
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Re= 2𝑟𝑟�,��𝜌𝜌�|𝑣𝑣� − 𝑣𝑣�|
𝜇𝜇�

 , (4-5)

𝑟𝑟�∗=𝑟𝑟�,�� �𝜎𝜎�g(𝜌𝜌� − 𝜌𝜌�)
𝜇𝜇�� �

���
 , (4-6)

𝜇𝜇∗= 𝜇𝜇�

�𝜌𝜌�|𝜎𝜎� − 𝜎𝜎�|� 𝜎𝜎� − 𝜎𝜎�
g(𝜌𝜌� − 𝜌𝜌�)

 , 
(4-7)

Ψ=0.55�(1 + 0.08(𝑟𝑟�∗)�)��� − 1��.�� , (4-8)

𝐹𝐹= 𝜇𝜇�
𝜇𝜇�

� 𝛼𝛼�,��
𝑓𝑓��𝛼𝛼�,�

 , (4-9)

𝐶𝐶�
∗=

⎩
⎪
⎨
⎪
⎧4

3 𝑟𝑟�,����g(𝜌𝜌� − 𝜌𝜌�)
𝜎𝜎� − 𝜎𝜎�

� �1 + 17.67𝐹𝐹���

18.67𝐹𝐹 �
�

for  𝜇𝜇∗ ≥ 0.11 1 + Ψ
Ψ���

0.45 �1 + 17.67𝐹𝐹���

18.67𝐹𝐹 �
�

for 𝜇𝜇∗ < 0.11 1 + Ψ
Ψ���

 , (4-10)

𝐶𝐶�
�=2.4Re�.�� , (4-11)

𝐶𝐶�=𝐶𝐶��max�𝐶𝐶�
� ,  𝐶𝐶�

∗� , (4-12)

𝐴𝐴�,�,��= 3
2 𝑎𝑎�,�,��

𝜇𝜇�
𝑟𝑟�,��

 , and (4-13)

𝐵𝐵��,��,��= 𝑎𝑎��,��,��
2

𝐶𝐶�
4 𝜌𝜌�� . (4-14)

The MXF between bubble and continuous liquid, or the MXF between droplet and continuous vapor is 
defined by expressions similar to Eqs. (4-13) and (4-14), where the physical values of corresponding 
component are replaced by those of the vapor. 

4.2. MXFs between Discontinuous Components 

The two discontinuous components are assumed to slide against each other during the time they are in 
contact, exchanging momentum by friction. An average density is used to refer to a single boundary layer 
between the discontinuous phases. The MXFs between discontinuous components assume a constant drag 
coefficient and are given by 

𝐴𝐴��,��,��=0 , and (4-15)
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𝐵𝐵��,��,��=0.01𝐶𝐶��𝑎𝑎��,��,��
�̅�𝜌��,�� + �̅�𝜌��,��
𝛼𝛼��,�� + 𝛼𝛼��,��

. (4-16)

Here, the default drag coefficient is 0.01 recommended by Bohl8) and the user-defined constant 𝐶𝐶�� is used 
to represent the large uncertainty associated with the definition of this MXF.  

4.3. MXFs between Continuous Components 

The MXFs between continuous components (continuous liquid and vapor) assume a constant drag 
coefficient and are given by 

𝐴𝐴��,�=0 , and (4-17)

𝐵𝐵��,�=𝐶𝐶��𝑎𝑎��,�
𝜌𝜌�
2  , (4-18)

where 𝑎𝑎��,�  is the interfacial area between continuous phases and  𝐶𝐶�� = 0.005   is recommended for 
SIMMER-III.   

4.4. Film Boiling around Hot Droplet or Particle 

When a hot droplet or particle (“particle” is used throughout this section) moves in coolant, it is 
surrounded by thin vapor film if the temperature is higher than the minimum film boiling temperature, which 
depends on the thermophysical properties and ambient pressure. The hot particle does not come into direct 
contact with the coolant liquid, since the particle surface is covered by vapor, which is continuously generated 
from the coolant liquid-vapor interface and flows inside the film from the bottom to the top around the particle. 
It is the vapor flowing inside the film that gives a resistance to the moving particle. The usual drag correlation 
cannot account for such a configuration.  

The drag coefficient between a particle and coolant liquid under the film boiling condition was 
developed by Cao and Tobita12) and is given by 

𝐶𝐶�=𝑎𝑎��1 − 𝑎𝑎���� + 𝑎𝑎�
Ev𝜇𝜇�
Re𝜌𝜌�

�1 − 𝑎𝑎���� + 𝑎𝑎� �Ev𝜇𝜇��

𝑔𝑔�𝜌𝜌�
�

���
�1 − 𝑎𝑎���� + 𝑎𝑎�

𝑔𝑔�
Re�

+ 1
Ev �1 − a���� , 

(4-19)

for Re < 2000, and  

𝐶𝐶�=𝑤𝑤��1 − 𝑎𝑎���� + 𝑤𝑤�
Ev𝜇𝜇�
Re𝜌𝜌�

�1 − 𝑎𝑎���� + 𝑤𝑤� �Ev𝜇𝜇��

𝑔𝑔�𝜌𝜌�
�

���
�1 − 𝑎𝑎���� + 𝑤𝑤�

𝑔𝑔�
Re� , (4-20)

for Re ≥ 2000, where the dimensionless numbers are 

𝑔𝑔�= 𝐷𝐷�
�𝜌𝜌��𝑔𝑔
𝜇𝜇��  ,    𝜇𝜇�= 𝜇𝜇�����

𝜇𝜇�
  ,   𝜌𝜌�= 𝜌𝜌�����

𝜌𝜌�
,

and evaporation number Ev is defined by 
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Ev= Γ𝐷𝐷�
𝜇𝜇�����

 , 

where Γ is the evaporation mass flux at the surface of particle. The coefficients in Eq. (4-19) are determined 
so that the equation fits well with the theoretical formulation as, 𝑎𝑎� = 0.849, 𝑎𝑎� = 2.05 × 10��, 𝑎𝑎� = 3.47, 
𝑎𝑎� = 4.24 × 10�� , 𝑤𝑤� = 6.5 × 10�� , 𝑤𝑤� = 6.89 × 10�� , 𝑤𝑤� = 1.1 × 10��  and 𝑤𝑤� = 5.11 . This 
correlation was applied to an analysis of the QUEOS experiment13) and showed good agreement with 
experimental results by improving the drag correlation under the film-boiling condition using Eqs. (4-19) 
and (4-20). 

4.5. Effect of Bubble Shape on Drag Coefficient 

In the two-phase bubble column experiments with high liquid-gas density ratio flows, deformed 
ellipsoidal bubbles were identified at lower gas velocities, but at higher gas velocities the spherical cap 
bubbles were observed14). The analysis of this experiment showed that the original momentum exchange model 
is appropriate for ellipsoidal bubbly flows with lower void fraction, and that the accuracy of SIMMER-III for 
cap bubbly flows with higher void fraction is significantly improved with Kataoka-Ishii’s correlation15), 16), 17). 
In addition, a new procedure was developed to automatically select an appropriate drag coefficient depending 
on the bubble shape.  

To take the bubble shape into account, the following equation proposed by Ishii and Chawla18) was used 
to calculate the drag coefficient of spherical cap bubbles: 

𝐶𝐶�= 8
3

𝑟𝑟�𝑔𝑔𝑔𝑔𝑔�1 − 𝛼𝛼��
𝑔𝑔�𝑣𝑣���  ,    where  𝑣𝑣��= 𝑣𝑣��

1 − 𝐶𝐶�𝛼𝛼 , (4-21)

and 𝑣𝑣��  and 𝐶𝐶�  are the drift velocity and the distribution parameter, respectively. Kataoka and Ishii15) 
proposed to evaluate these parameters based on various experimental data with ordinary flows containing 
cap bubbles in a pool. Thus 𝑣𝑣�� is given by 

𝑣𝑣��=0.0019𝐷𝐷�∗
�.��� �𝑔𝑔�

𝑔𝑔�
�

��.���
𝑁𝑁��

��.��� �𝜎𝜎𝑔𝑔𝑔𝑔𝑔
𝑔𝑔�

�
�.��

, (4-22)

for 𝐷𝐷�∗ ≤ 30 and 𝑁𝑁�� ≤ 2.2 × 10��, or  

𝑣𝑣��=0.030𝐷𝐷�∗
���� �𝑔𝑔�

𝑔𝑔�
�

��.���
𝑁𝑁��

��.��� �𝜎𝜎𝑔𝑔𝑔𝑔𝑔
𝑔𝑔�

�
�.��

, (4-23)

for 𝐷𝐷�∗ > 30 and 𝑁𝑁�� ≤ 2.2 × 10��, and 𝐶𝐶� is given by 

𝐶𝐶�=1.35 − 0.35�
𝑔𝑔�
𝑔𝑔�

,    for a rectangular channel, and (4-24)

𝐶𝐶�=1.2 − 0.2�
𝑔𝑔�
𝑔𝑔�

 ,    for a round tube. (4-25)

 

𝐵𝐵��,��,��=0.01𝐶𝐶��𝑎𝑎��,��,��
�̅�𝜌��,�� + �̅�𝜌��,��
𝛼𝛼��,�� + 𝛼𝛼��,��

. (4-16)

Here, the default drag coefficient is 0.01 recommended by Bohl8) and the user-defined constant 𝐶𝐶�� is used 
to represent the large uncertainty associated with the definition of this MXF.  

4.3. MXFs between Continuous Components 

The MXFs between continuous components (continuous liquid and vapor) assume a constant drag 
coefficient and are given by 

𝐴𝐴��,�=0 , and (4-17)

𝐵𝐵��,�=𝐶𝐶��𝑎𝑎��,�
𝜌𝜌�
2  , (4-18)

where 𝑎𝑎��,�  is the interfacial area between continuous phases and  𝐶𝐶�� = 0.005   is recommended for 
SIMMER-III.   

4.4. Film Boiling around Hot Droplet or Particle 

When a hot droplet or particle (“particle” is used throughout this section) moves in coolant, it is 
surrounded by thin vapor film if the temperature is higher than the minimum film boiling temperature, which 
depends on the thermophysical properties and ambient pressure. The hot particle does not come into direct 
contact with the coolant liquid, since the particle surface is covered by vapor, which is continuously generated 
from the coolant liquid-vapor interface and flows inside the film from the bottom to the top around the particle. 
It is the vapor flowing inside the film that gives a resistance to the moving particle. The usual drag correlation 
cannot account for such a configuration.  

The drag coefficient between a particle and coolant liquid under the film boiling condition was 
developed by Cao and Tobita12) and is given by 

𝐶𝐶�=𝑎𝑎��1 − 𝑎𝑎���� + 𝑎𝑎�
Ev𝜇𝜇�
Re𝜌𝜌�

�1 − 𝑎𝑎���� + 𝑎𝑎� �Ev𝜇𝜇��

𝑔𝑔�𝜌𝜌�
�

���
�1 − 𝑎𝑎���� + 𝑎𝑎�

𝑔𝑔�
Re�

+ 1
Ev �1 − a���� , 

(4-19)

for Re < 2000, and  

𝐶𝐶�=𝑤𝑤��1 − 𝑎𝑎���� + 𝑤𝑤�
Ev𝜇𝜇�
Re𝜌𝜌�

�1 − 𝑎𝑎���� + 𝑤𝑤� �Ev𝜇𝜇��

𝑔𝑔�𝜌𝜌�
�

���
�1 − 𝑎𝑎���� + 𝑤𝑤�

𝑔𝑔�
Re� , (4-20)

for Re ≥ 2000, where the dimensionless numbers are 

𝑔𝑔�= 𝐷𝐷�
�𝜌𝜌��𝑔𝑔
𝜇𝜇��  ,    𝜇𝜇�= 𝜇𝜇�����

𝜇𝜇�
  ,   𝜌𝜌�= 𝜌𝜌�����

𝜌𝜌�
,

and evaporation number Ev is defined by 
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In Eqs. (4-22) and (4-23), 𝐷𝐷�∗  and 𝑁𝑁�� are the dimensionless hydraulic diameter and the viscosity number, 
respectively, and defined as 

𝐷𝐷�∗ = 𝐷𝐷�
�𝜎𝜎 𝜎𝜎𝜎𝜎𝜎⁄  , and (4-26)

𝑁𝑁��= 𝜇𝜇�

�𝜎𝜎�𝜎𝜎�𝜎𝜎 𝜎𝜎𝜎𝜎𝜎⁄ ����  . 
(4-27)

In the implementation of this formulation in SIMMER-III, it is important to select the appropriate drag 
coefficient according to the bubble shape in the bubbly flow regime. For lower gas velocities or lower void 
fractions, the 𝐶𝐶� expressed by Eq. (4-12) should be used for ellipsoidal bubbly flow. For higher gas velocities 
or higher void fractions, 𝐶𝐶� given by Eq. (4-21) for cap bubble flow would greatly improve the accuracy of 
SIMMER-III with respect to cap bubbly flows. To adequately represent this situation, a revised pool flow 
regime map is proposed as shown in Fig. 3, instead of Fig. 2. In the bubbly flow regime, the volume fraction 
of a cap bubbly flow region increases with increasing void fraction. In the transition flow regime, the flow is 
regarded as a mixture of cap bubbly flow and droplet flow. To simplify the procedure, the drag coefficient in 
a mixture of ellipsoidal bubbly flow and cap bubbly flow is interpolated using a simple exponential function 
as 

𝐶𝐶�=𝐶𝐶�,������������exp(𝐹𝐹𝐹𝐹)� + 𝐶𝐶�,����1 − exp(𝐹𝐹𝐹𝐹)� , (4-28)

where 𝐶𝐶�,����������� is the drag coefficient of an ellipsoidal bubble given by Eq. (4-12), and 𝐶𝐶�,��� is that of 
a cap bubble given by Eq. (4-21). The parameter F is assumed to be expressed as a function of dimensionless 
group: 

𝐹𝐹=𝐹𝐹(Re,  Eo,  M) , (4-29)

where Re, Eo and M are Reynolds, Eötvös and Morton numbers, respectively, which are often used to 
describe the property of a bubble. 

A bubble-shape map proposed by Grace19), 20) and Crif21) and is shown in Fig. 4. The bubble shapes are 
roughly divided into three types according to the dimensionless numbers. The boundary between the 
ellipsoidal bubble and the cap bubble is simply defined by Eo = 40 for comparatively large Reynolds 
number. This means that the deformed ellipsoidal bubble can be seen in the case with Eo < 40, and the 
spherical cap bubble appears where Eo > 40. Therefore, Eq. (4-29) can be rewritten as: 

𝐹𝐹=𝐹𝐹(Eo) . (4-30)

Furthermore, in order to generalize the effect of the flow property, the following conditions should be 
satisfied: 𝐶𝐶�  approaches 𝐶𝐶�,�����������  for suitably small Eo, i. e. low-liquid-density or ordinary flows 
including ellipsoidal bubbles; and 𝐶𝐶� approaches 𝐶𝐶�,��� for suitably large Eo, i. e. high-liquid-density flows 
including only cap bubbles. Comparing these conditions with Eq. (4-29), one can obtain 

�
𝐹𝐹 𝐹 0 𝐹o𝐹 𝐹𝐹a𝐹𝐹 Eo 𝐹 𝐶𝐶� 𝐹 𝐶𝐶�,�����������
𝐹𝐹 𝐹 𝐹 𝐹o𝐹 𝐹a𝐹𝐹e Eo 𝐹 𝐶𝐶� 𝐹 𝐶𝐶�,���

, (4-31)
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and the following correlation is proposed for 𝐹𝐹: 

𝐹𝐹𝐹𝐹 𝐹 𝐹𝐹𝐹(0.084Eo) , (4-32)

such that the volume fraction of cap bubbly flow is 0.5 at Eo=40. 

Figure 5 shows the result of the code improvement using Eq. (4-24) with Eq. (4-28). Open circles and 
squares in this figure show the calculated results with drag coefficients for ellipsoidal bubble and cap bubble, 
respectively. Closed diamonds show the results of the improved SIMMER-III, which are in reasonable 
agreement with the experimental results given by open diamonds. It is seen that the calculated results with 
Eq. (4-24) is shifted smoothly from those of the ellipsoidal bubble to the cap bubble with increasing 
superficial gas velocity.  

4.6. Evaluation of Virtual Mass Term 

The basic concept of a virtual mass force can be understood by considering the change in kinetic energy 
of the fluid surrounding an accelerating sphere. The classical solution for a realistic fluid without viscosity 
is that the acceleration of the sphere induces a resisting force on the sphere equal to one-half the mass of the 
displaced fluid times the acceleration of the sphere. Bohl gave an extensive literature survey on the effect of 
a virtual mass and derived the functional form in AFDM in order to improve the numerical stability. The 
physical background and the purpose of the implementation of the model are discussed in Appendix A of the 
AFDM manual Vol. V22). The same model as AFDM is implemented in SIMMER-III/SIMMER-IV. The 
virtual mass coefficients are evaluated in Step 1 and are actually used in Steps 2 and 4. 

The virtual mass term in each momentum field is given by 

𝑽𝑽𝑽𝑽��� 𝐹 𝐹α�,��� , and (4-33)

𝑽𝑽𝑽𝑽� 𝐹 𝐹 α��̅�𝜌���𝐶𝐶�
α�

α� + α�
�𝜕𝜕𝜕𝜕�

𝜕𝜕𝜕𝜕 𝐹 � α�,���
���

𝜕𝜕𝜕𝜕�
𝜕𝜕𝜕𝜕 � , (4-34)

where the virtual mass coefficient 𝐶𝐶�  is defined as, 

𝐶𝐶� 𝐹

⎩
⎪
⎨
⎪
⎧𝐹

2 �𝐹 + 2𝛼𝛼�,���
𝐹 𝐹 𝛼𝛼�,���

� for  𝛼𝛼�,��� ≤ 𝐹
2

2 �𝛼𝛼� 𝐹 𝛼𝛼�,���
𝛼𝛼� 𝐹 𝐹 2⁄ �

�
for  𝐹

2 < 𝛼𝛼�,��� ≤ 𝛼𝛼�

0 for  𝛼𝛼� < 𝛼𝛼�,���

 . (4-35)

 

In Eqs. (4-22) and (4-23), 𝐷𝐷�∗  and 𝑁𝑁�� are the dimensionless hydraulic diameter and the viscosity number, 
respectively, and defined as 

𝐷𝐷�∗ = 𝐷𝐷�
�𝜎𝜎 𝜎𝜎𝜎𝜎𝜎⁄  , and (4-26)

𝑁𝑁��= 𝜇𝜇�

�𝜎𝜎�𝜎𝜎�𝜎𝜎 𝜎𝜎𝜎𝜎𝜎⁄ ����  . 
(4-27)

In the implementation of this formulation in SIMMER-III, it is important to select the appropriate drag 
coefficient according to the bubble shape in the bubbly flow regime. For lower gas velocities or lower void 
fractions, the 𝐶𝐶� expressed by Eq. (4-12) should be used for ellipsoidal bubbly flow. For higher gas velocities 
or higher void fractions, 𝐶𝐶� given by Eq. (4-21) for cap bubble flow would greatly improve the accuracy of 
SIMMER-III with respect to cap bubbly flows. To adequately represent this situation, a revised pool flow 
regime map is proposed as shown in Fig. 3, instead of Fig. 2. In the bubbly flow regime, the volume fraction 
of a cap bubbly flow region increases with increasing void fraction. In the transition flow regime, the flow is 
regarded as a mixture of cap bubbly flow and droplet flow. To simplify the procedure, the drag coefficient in 
a mixture of ellipsoidal bubbly flow and cap bubbly flow is interpolated using a simple exponential function 
as 

𝐶𝐶�=𝐶𝐶�,������������exp(𝐹𝐹𝐹𝐹)� + 𝐶𝐶�,����1 − exp(𝐹𝐹𝐹𝐹)� , (4-28)

where 𝐶𝐶�,����������� is the drag coefficient of an ellipsoidal bubble given by Eq. (4-12), and 𝐶𝐶�,��� is that of 
a cap bubble given by Eq. (4-21). The parameter F is assumed to be expressed as a function of dimensionless 
group: 

𝐹𝐹=𝐹𝐹(Re,  Eo,  M) , (4-29)

where Re, Eo and M are Reynolds, Eötvös and Morton numbers, respectively, which are often used to 
describe the property of a bubble. 

A bubble-shape map proposed by Grace19), 20) and Crif21) and is shown in Fig. 4. The bubble shapes are 
roughly divided into three types according to the dimensionless numbers. The boundary between the 
ellipsoidal bubble and the cap bubble is simply defined by Eo = 40 for comparatively large Reynolds 
number. This means that the deformed ellipsoidal bubble can be seen in the case with Eo < 40, and the 
spherical cap bubble appears where Eo > 40. Therefore, Eq. (4-29) can be rewritten as: 

𝐹𝐹=𝐹𝐹(Eo) . (4-30)

Furthermore, in order to generalize the effect of the flow property, the following conditions should be 
satisfied: 𝐶𝐶�  approaches 𝐶𝐶�,�����������  for suitably small Eo, i. e. low-liquid-density or ordinary flows 
including ellipsoidal bubbles; and 𝐶𝐶� approaches 𝐶𝐶�,��� for suitably large Eo, i. e. high-liquid-density flows 
including only cap bubbles. Comparing these conditions with Eq. (4-29), one can obtain 

�
𝐹𝐹 𝐹 0 𝐹o𝐹 𝐹𝐹a𝐹𝐹 Eo 𝐹 𝐶𝐶� 𝐹 𝐶𝐶�,�����������
𝐹𝐹 𝐹 𝐹 𝐹o𝐹 𝐹a𝐹𝐹e Eo 𝐹 𝐶𝐶� 𝐹 𝐶𝐶�,���

, (4-31)

JAEA-Research 2024-011

- 13 -



 

5. MXFs between Fluid Components and Structure  

Since the experimental knowledge of the frictional loss in multi-phase flow is limited, the MXFs 
between continuous liquid component and structure are defined by the analogy to the correlations for the 
ordinary two-phase flows. The basic idea to define the MXF between a component in a multi-component 
multi-phase flow and a structure surface is to regard the flow as a combination of single-phase flow in a 
separate pipe. The hydraulic diameter of each pipe is calculated from the volumetric fraction and binary 
contact area of each component,  

𝐷𝐷ℎ = 4𝛼𝛼��
𝑎𝑎��,�

 . (5-1)

5.1. Effective Particle Viscosity 

There are two models in the particle viscosity model for the MXFs between fluid components and 
structure surfaces and these models are selected by specifying the input flag MXFOPT(7). The first model 
(MXFOPT(7)=0) is similar to the particle viscosity model in the previous chapter and the multiplication 
factor for the molecular viscosity coefficient of the continuous liquid component is given by 

𝑆𝑆� = 𝛼𝛼�
𝛼𝛼� + 𝛼𝛼�

+ 𝐶𝐶����
𝛼𝛼��𝛼𝛼�

𝛼𝛼��(𝛼𝛼� + 𝛼𝛼�) − 𝛼𝛼�
, (5-2)

where  

𝛼𝛼� = � 𝛼𝛼��

�

����
  and  𝛼𝛼� = � Ψ(𝑟𝑟��/𝑟𝑟��)𝛼𝛼��

�

����
,

and the volume fractions of solid particles (Ln=4, 5, 6, 7) are multiplied by weighing function Ψ(𝑟𝑟��/𝑟𝑟��) 
defined in Eq. (4-2). This formulation represents the physical consideration that the effective viscosity of 
multi-phase mixture should increase as the volume fraction of solid particles in it increases. Since it is 
assumed that the solid particles are dispersed in the continuous liquid, this equation is applied only to the 
continuous liquid component and does not change the effective viscosity of dispersed droplets. For the solid 
particle components, the multiplication factor is given as follows, 

𝑆𝑆� = 1 + 𝐶𝐶����
𝛼𝛼��𝛼𝛼�

𝛼𝛼��(1 − 𝛼𝛼�) − 𝛼𝛼�
 , (5-3)

where 𝛼𝛼� is the sum of volume fractions of structure components. This formula implies that the mixture of 
liquid and solid particle may form a blockage if the volume fraction of particles in the flow area approaches 
the maximum packing fraction. 

The second model (MXFOPT(7)=1) was introduced to SIMMER-III so as to better represent the 
freezing and blockage formation of core materials flowing into flow channels such as a pin bundle, inter-
wrapper gap and control rod guide tube. This model considers two mechanisms which cause the blockage 
formation at the front of penetrating molten materials. The first mechanism is the increase of solid particle 
components in a multi-component flow area and Eq. (5-3) is used to define the multiplication factor. The 
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second mechanism is the loss of fluidity due to the decrease of specific internal energy in each material 
component and is considered only for fuel and steel. The viscosity multiplication factor for the fuel 
component is given by 

𝑆𝑆�� = 1 + 𝐶𝐶����
𝛼𝛼���𝛼𝛼��

𝛼𝛼���(𝛼𝛼�� + 𝛼𝛼��) − 𝛼𝛼��
, (5-4)

and the viscosity multiplication factor for steel component is given by 

𝑆𝑆�� = 1 + 𝐶𝐶����
𝛼𝛼���𝛼𝛼��

𝛼𝛼���(𝛼𝛼�� + 𝛼𝛼��) − 𝛼𝛼��
, (5-5)

where the maximum packing fraction 𝛼𝛼��� is an input parameter with the default value 0.9. The second 
mechanism compensates the deficiency of the first model, where the particle components in the leading edge 
of the penetrating molten material cannot be stopped if the volume fraction of the particle in a finite-
differencing mesh is small. If this second model is not activated (MXFOPT(7)=0), the viscosity 
multiplication factor 𝑆𝑆��is set to unity. 

5.2. MXFs between Continuous Fluid and Structure Components 

For channel flows, the MXFs between continuous liquid components and structure surface are modeled 
based on Blasius formula which gives the friction factor for a turbulent flow in a smooth pipe when the 
Reynolds number of flow is larger than Re� = 3000, 

𝑓𝑓 = 0.0791
Re���  . (5-6)

For a laminar flow, in which Reynolds number is less than Re� = 3000, the Hagen-Poiseuille law is used as 
a fiction factor such as, 

𝑓𝑓 = 16
Re . (5-7)

Using these formulae, the momentum exchange function in SIMMER-III could be formulated as follows, 

𝐴𝐴��,�� = 2𝑎𝑎��,��𝜇𝜇�
𝛼𝛼��

 , and (5-8)

𝐵𝐵��,�� = 1
2 𝑎𝑎��,�𝜌𝜌��𝐶𝐶�� �4𝛼𝛼��𝜌𝜌��𝑣𝑣�(��)

𝑎𝑎��,�𝜇𝜇�
�

���
, (5-9)

where the default values of the parameters are: 𝐶𝐶�� = 0.0791 and 𝐶𝐶�� = −0.25. 

The viscosity in these equations is simply obtained by multiplying the weighted harmonic mean of the 
viscosity of existing liquid components with the multiplication factor of particle viscosity model as follows, 

𝜇𝜇� = � � 𝛼𝛼��
����,�,�

� 𝛼𝛼��
𝜇𝜇������,�,�

� � max�𝑆𝑆�, 𝑆𝑆��� . (5-10)

 

5. MXFs between Fluid Components and Structure  

Since the experimental knowledge of the frictional loss in multi-phase flow is limited, the MXFs 
between continuous liquid component and structure are defined by the analogy to the correlations for the 
ordinary two-phase flows. The basic idea to define the MXF between a component in a multi-component 
multi-phase flow and a structure surface is to regard the flow as a combination of single-phase flow in a 
separate pipe. The hydraulic diameter of each pipe is calculated from the volumetric fraction and binary 
contact area of each component,  

𝐷𝐷ℎ = 4𝛼𝛼��
𝑎𝑎��,�

 . (5-1)

5.1. Effective Particle Viscosity 

There are two models in the particle viscosity model for the MXFs between fluid components and 
structure surfaces and these models are selected by specifying the input flag MXFOPT(7). The first model 
(MXFOPT(7)=0) is similar to the particle viscosity model in the previous chapter and the multiplication 
factor for the molecular viscosity coefficient of the continuous liquid component is given by 

𝑆𝑆� = 𝛼𝛼�
𝛼𝛼� + 𝛼𝛼�

+ 𝐶𝐶����
𝛼𝛼��𝛼𝛼�

𝛼𝛼��(𝛼𝛼� + 𝛼𝛼�) − 𝛼𝛼�
, (5-2)

where  

𝛼𝛼� = � 𝛼𝛼��

�

����
  and  𝛼𝛼� = � Ψ(𝑟𝑟��/𝑟𝑟��)𝛼𝛼��

�

����
,

and the volume fractions of solid particles (Ln=4, 5, 6, 7) are multiplied by weighing function Ψ(𝑟𝑟��/𝑟𝑟��) 
defined in Eq. (4-2). This formulation represents the physical consideration that the effective viscosity of 
multi-phase mixture should increase as the volume fraction of solid particles in it increases. Since it is 
assumed that the solid particles are dispersed in the continuous liquid, this equation is applied only to the 
continuous liquid component and does not change the effective viscosity of dispersed droplets. For the solid 
particle components, the multiplication factor is given as follows, 

𝑆𝑆� = 1 + 𝐶𝐶����
𝛼𝛼��𝛼𝛼�

𝛼𝛼��(1 − 𝛼𝛼�) − 𝛼𝛼�
 , (5-3)

where 𝛼𝛼� is the sum of volume fractions of structure components. This formula implies that the mixture of 
liquid and solid particle may form a blockage if the volume fraction of particles in the flow area approaches 
the maximum packing fraction. 

The second model (MXFOPT(7)=1) was introduced to SIMMER-III so as to better represent the 
freezing and blockage formation of core materials flowing into flow channels such as a pin bundle, inter-
wrapper gap and control rod guide tube. This model considers two mechanisms which cause the blockage 
formation at the front of penetrating molten materials. The first mechanism is the increase of solid particle 
components in a multi-component flow area and Eq. (5-3) is used to define the multiplication factor. The 
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When the flow is regarded as a pool flow, where the effect of structure surface on the flow is small, the MXFs 
between the continuous fluids and the structure surfaces are simplified as follows, 

𝐴𝐴��, � = 2𝑎𝑎��,�𝜇𝜇�
𝛼𝛼��

 , and (5-11)

𝐵𝐵��, � = 0.005
2 𝑎𝑎��,�𝜌𝜌�� . (5-12)

5.3. MXFs between Dispersed Fluid and Structure Components 

It is assumed that the time scale of the contact between the dispersed fluids and the structure surface is 
too small for laminar boundary layer to form at the contact interface, only the turbulence term with constant 
friction factor is used as follows,  

𝐴𝐴��,� = 0 and 𝐵𝐵��, � = 0.005
2 𝑎𝑎��,�𝜌𝜌�� . (5-13)

Since standard two-phase pressure drop correlations are not applicable in the three-field situations, the 
momentum exchange functions between continuous fluids and the structure are calculated separately by 
Reynolds number correlations. Here the effective hydraulic diameters are defined by the respective binary 
contact areas and the fluid volume fractions. 

5.4. Special models in Fluid-Structure MXF 

5.4.1. Introduction of Ueda’s model  

The pressure drop of two-phase flow in a pipe is one of the important phenomena in simulating the event 
progression in CDA. The general trend of the two-phase pressure drop is represented by Lockhart-Martinelli 
(L-M) correlation. However, experimental data showed a large discrepancy from this correlation depending 
on the flow situation, especially in the case of low liquid velocity23). One cause of this discrepancy is the 
effect of turbulence enhancement in the liquid phase by the presence of the gas phase. Because L-M 
correlation is based on the separated flow model, it does not consider the effect of gas-liquid interaction. In 
order to adopt this mechanism into the pressure drop prediction, some models and semi-empirical correlations 
were proposed in the literature. After a comparative evaluation of these correlations, a model proposed by 
Ueda24) is employed in SIMMER-III. A brief description of the model is given in Appendix B. 

5.4.2. Particle jamming model  

Consider a situation where solid particles flow into a cavity and accumulate from the bottom. The solid 
particles usually cannot occupy all the space in the cavity and their volume fraction has a certain maximum 
value. This phenomenon is usually referred to as “particle jamming”. In SIMMER-III, this is modeled by 
preventing the inflow of solid particles into a cell when the volume fraction of solid particles in the cell 
exceeds a maximum packing fraction by assigning a large value to the MXF at the cell interface. 

The concept of this model is to define a function of volume fraction of the particles, which increases 
exponentially with the increase of the volume fraction of the particles and to add this function to the MXFs 
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at the cell boundary, which has the incoming flow direction to the jamming cell. The following function is 
used in SIMMER-III,   

𝜑𝜑 = max �1 − max��𝛼𝛼� − 𝐴𝐴��𝐵𝐵���, 0�
𝐴𝐴���1 − 𝐵𝐵���

, 0.1�
���

− 1 , (5-14)

where the default value of each parameter is 𝐴𝐴�� = 0.7, 𝐵𝐵�� = 0.95 and 𝐶𝐶�� = −10.0. This function remains 
0.0 when 𝛼𝛼� ≤ 𝐴𝐴��𝐵𝐵��  holds and increases rapidly when 𝛼𝛼�  exceeds 𝐴𝐴��𝐵𝐵�� . In the implementation in 
SIMMER-III, the direction of the flow velocity at the cell interface determines the donor cell and the acceptor 
cell. Equation (5-14) is evaluated using the particle volume fraction in the acceptor cell and the resulting 𝜑𝜑 
is added to the MXF between the particle component and the structure, making this model effective even for 
the cells without structure component. This model has two options specified MXFOPT(10+n). If 
MXFOPT(10+n)=0, the volume fractions of all solid particle components are summed to calculate 𝛼𝛼� for the 
evaluation of 𝜑𝜑 for n-th velocity field. If MXFOPT(10+n)=1, this summation is performed only for the solid 
particle components belonging to the n-th velocity field.  

5.4.3. Particle chunk model  

The particle viscosity model treats the frictional force between the solid particle and the structure and 
the particle jamming model treats the geometric limitation in the sedimentation of solid particles. As the third 
model to control the motion of solid particles in SIMMER-III, a particle chunk model is implemented to 
consider the blockage formation of solid particles at the contraction point in a flow channel. This model uses 
the same algorithm as the SAS4A code and is described in detail in Appendix C. This model is applied only 
to the fuel chunks component when this fuel chunk model is activated (HMTOPT(69)=1); otherwise the 
model is applied to both fuel particles and fuel chunks.  

 

When the flow is regarded as a pool flow, where the effect of structure surface on the flow is small, the MXFs 
between the continuous fluids and the structure surfaces are simplified as follows, 
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 , and (5-11)
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5.3. MXFs between Dispersed Fluid and Structure Components 

It is assumed that the time scale of the contact between the dispersed fluids and the structure surface is 
too small for laminar boundary layer to form at the contact interface, only the turbulence term with constant 
friction factor is used as follows,  
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Since standard two-phase pressure drop correlations are not applicable in the three-field situations, the 
momentum exchange functions between continuous fluids and the structure are calculated separately by 
Reynolds number correlations. Here the effective hydraulic diameters are defined by the respective binary 
contact areas and the fluid volume fractions. 

5.4. Special models in Fluid-Structure MXF 

5.4.1. Introduction of Ueda’s model  

The pressure drop of two-phase flow in a pipe is one of the important phenomena in simulating the event 
progression in CDA. The general trend of the two-phase pressure drop is represented by Lockhart-Martinelli 
(L-M) correlation. However, experimental data showed a large discrepancy from this correlation depending 
on the flow situation, especially in the case of low liquid velocity23). One cause of this discrepancy is the 
effect of turbulence enhancement in the liquid phase by the presence of the gas phase. Because L-M 
correlation is based on the separated flow model, it does not consider the effect of gas-liquid interaction. In 
order to adopt this mechanism into the pressure drop prediction, some models and semi-empirical correlations 
were proposed in the literature. After a comparative evaluation of these correlations, a model proposed by 
Ueda24) is employed in SIMMER-III. A brief description of the model is given in Appendix B. 

5.4.2. Particle jamming model  

Consider a situation where solid particles flow into a cavity and accumulate from the bottom. The solid 
particles usually cannot occupy all the space in the cavity and their volume fraction has a certain maximum 
value. This phenomenon is usually referred to as “particle jamming”. In SIMMER-III, this is modeled by 
preventing the inflow of solid particles into a cell when the volume fraction of solid particles in the cell 
exceeds a maximum packing fraction by assigning a large value to the MXF at the cell interface. 

The concept of this model is to define a function of volume fraction of the particles, which increases 
exponentially with the increase of the volume fraction of the particles and to add this function to the MXFs 
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6. Averaging of Momentum Exchange Functions 

Elemental momentum exchange functions are defined for each energy component in each flow region, 
such as the bubbly flow region with the first continuous component (B1), the bubbly flow region with the 
second continuous component (B2) and the dispersed flow region (D). In order to obtain the overall MXFs 
between a pair of momentum fields in a finite-differenced cell, these elemental MXFs need to be averaged. 
This averaging procedure is performed in two steps. First, the elemental MXFs between the energy 
components are averaged to obtain the MXFs for momentum fields. Second, the MXFs between momentum 
fields are averaged to obtain the overall MXFs. Since the elemental MXFs can differ by more than an order 
of magnitude between bubbly and dispersed flow regime regions, this averaging procedure uses a logarithmic 
interpolation procedure, which is similar to the interpolation of heat-transfer coefficients between different 
flow regimes.  

The first averaging procedure to combine the energy-component-wise elemental MXFs to the MXFs 
between momentum fields uses the following equations, 

𝛼𝛼��, ��, � = 𝑚𝑚𝑚𝑚𝑚𝑚�𝛼𝛼��, �, 𝛼𝛼��, �� , (6-1)

𝐾𝐾��, ��, � = 𝐴𝐴��, ��, � + 𝐵𝐵��, ��, ���⃗�𝑣�(��) − �⃗�𝑣�(��)� , (6-2)

𝜉𝜉��, ��, � = 𝛼𝛼��,��, � � 𝛼𝛼��,��, �
�(��)���, �(��)���, �����

� , (6-3)

𝐾𝐾����, � = ��� � � 𝜉𝜉��, ��, � �𝑚𝑚 �𝐾𝐾��, ��, �
𝜉𝜉��, ��, �

�
�(��)���, �(��)���, �����

� , (6-4)

𝐾𝐾����ℎ, � = � 𝐾𝐾��, ��, �
�(��)���, �(��)���, �����

, (6-5)

𝐴𝐴��, ��, � = 𝐾𝐾����, �
𝐾𝐾����ℎ, �

� 𝐴𝐴��, ��, �
�(��)���, �(��)���, �����

, and (6-6)

𝐵𝐵��, ��, � = 𝐾𝐾����, �
𝐾𝐾����ℎ, �

� 𝐵𝐵��, ��, �
�(��)���, �(��)���, �����

, (6-7)

where the suffix R denotes the flow regime region area such as B1, B2 and D.  

The averaging procedure of the MXFs between fluid components and structure surfaces are performed 
using the same algorithm, except that the suffix “𝐿𝐿𝑚𝑚,  𝐿𝐿𝐿𝐿,  𝐿𝐿” in Eqs. (6-2) to (6-7) is replaced by “𝐿𝐿𝑚𝑚,  𝐿𝐿” 
and the summation is performed only for the fluid components satisfying the condition 𝑞𝑞(𝐿𝐿𝑚𝑚) = 𝑞𝑞𝑚𝑚.  

The second averaging procedure to combine the flow-regime-wise MXFs to the overall MXFs uses the 
same algorithm as shown in the following equations which describe the algorithm for fluid-fluid MXFs. The 
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averaging procedure of fluid-structure MXFs can be obtained by simply replacing the suffixes “𝑞𝑞𝑞𝑞𝑞 𝑞𝑞𝑞𝑞𝑞𝑞 𝑞𝑞𝑞” 
in these equations with “𝑞𝑞𝑞𝑞𝑞 𝑞𝑞𝑞𝑞 𝑞𝑞𝑞”. 

𝛼𝛼��𝑞𝑞��𝑞𝑞� = 𝑞𝑞𝑚𝑚𝑚𝑚�𝛼𝛼��𝑞𝑞�𝑞𝑞𝛼𝛼��𝑞𝑞�� 𝑞 (6-8)

𝐾𝐾��𝑞𝑞��𝑞𝑞� = 𝐴𝐴��𝑞𝑞��𝑞 � + 𝐵𝐵��𝑞𝑞��𝑞𝑞���⃗�𝑣�� − �⃗�𝑣��� 𝑞 (6-9)

𝜉𝜉��𝑞𝑞��𝑞𝑞� = 𝛼𝛼��𝑞𝑞��𝑞𝑞� � 𝛼𝛼��𝑞𝑞��𝑞𝑞�
����𝑞��𝑞�𝑞

� 𝑞 (6-10)

𝐾𝐾���� = ��� � � 𝜉𝜉��𝑞𝑞��𝑞𝑞� �n �𝐾𝐾��𝑞 ��𝑞 �
𝜉𝜉��𝑞 ��𝑞 �

�
����𝑞��𝑞�

� 𝑞 (6-11)

𝐾𝐾����ℎ𝑞 = � 𝐾𝐾��𝑞𝑞��𝑞𝑞�
����𝑞��𝑞�

 𝑞 (6-12)

𝐴𝐴��𝑞𝑞�� = 𝐾𝐾����
𝐾𝐾����ℎ

� 𝐴𝐴��𝑞𝑞��𝑞𝑞�
����𝑞��𝑞�

𝑞 and (6-13)

𝐵𝐵��𝑞𝑞�� = 𝐾𝐾����𝑞
𝐾𝐾����ℎ

� 𝐵𝐵��𝑞𝑞��𝑞𝑞�
����𝑞��𝑞�

. (6-14)

Since SIMMER-III employs an Eulerian staggered-mesh finite-differencing scheme, the MXFs must be 
defined at cell boundary, i.e. at the center of the momentum cell. This is done by interpolating the cell-
centered MXF using weighted averaging by mesh cell size. For the fluid-structure MXFs, there is another 
option to use the MXFs in the upwind cell (MXFOPT(7)=1). This option is recommended to be activated 
with the new particle viscosity model (MXFOPT(7)=1), since this alleviates the artificial blockage formation 
by small amounts of solid particle at the leading edge of the penetrating molten material. 

 

6. Averaging of Momentum Exchange Functions 

Elemental momentum exchange functions are defined for each energy component in each flow region, 
such as the bubbly flow region with the first continuous component (B1), the bubbly flow region with the 
second continuous component (B2) and the dispersed flow region (D). In order to obtain the overall MXFs 
between a pair of momentum fields in a finite-differenced cell, these elemental MXFs need to be averaged. 
This averaging procedure is performed in two steps. First, the elemental MXFs between the energy 
components are averaged to obtain the MXFs for momentum fields. Second, the MXFs between momentum 
fields are averaged to obtain the overall MXFs. Since the elemental MXFs can differ by more than an order 
of magnitude between bubbly and dispersed flow regime regions, this averaging procedure uses a logarithmic 
interpolation procedure, which is similar to the interpolation of heat-transfer coefficients between different 
flow regimes.  

The first averaging procedure to combine the energy-component-wise elemental MXFs to the MXFs 
between momentum fields uses the following equations, 

𝛼𝛼��, ��, � = 𝑚𝑚𝑚𝑚𝑚𝑚�𝛼𝛼��, �, 𝛼𝛼��, �� , (6-1)

𝐾𝐾��, ��, � = 𝐴𝐴��, ��, � + 𝐵𝐵��, ��, ���⃗�𝑣�(��) − �⃗�𝑣�(��)� , (6-2)

𝜉𝜉��, ��, � = 𝛼𝛼��,��, � � 𝛼𝛼��,��, �
�(��)���, �(��)���, �����

� , (6-3)

𝐾𝐾����, � = ��� � � 𝜉𝜉��, ��, � �𝑚𝑚 �𝐾𝐾��, ��, �
𝜉𝜉��, ��, �

�
�(��)���, �(��)���, �����

� , (6-4)

𝐾𝐾����ℎ, � = � 𝐾𝐾��, ��, �
�(��)���, �(��)���, �����

, (6-5)

𝐴𝐴��, ��, � = 𝐾𝐾����, �
𝐾𝐾����ℎ, �

� 𝐴𝐴��, ��, �
�(��)���, �(��)���, �����

, and (6-6)

𝐵𝐵��, ��, � = 𝐾𝐾����, �
𝐾𝐾����ℎ, �

� 𝐵𝐵��, ��, �
�(��)���, �(��)���, �����

, (6-7)

where the suffix R denotes the flow regime region area such as B1, B2 and D.  

The averaging procedure of the MXFs between fluid components and structure surfaces are performed 
using the same algorithm, except that the suffix “𝐿𝐿𝑚𝑚,  𝐿𝐿𝐿𝐿,  𝐿𝐿” in Eqs. (6-2) to (6-7) is replaced by “𝐿𝐿𝑚𝑚,  𝐿𝐿” 
and the summation is performed only for the fluid components satisfying the condition 𝑞𝑞(𝐿𝐿𝑚𝑚) = 𝑞𝑞𝑚𝑚.  

The second averaging procedure to combine the flow-regime-wise MXFs to the overall MXFs uses the 
same algorithm as shown in the following equations which describe the algorithm for fluid-fluid MXFs. The 
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7. Verification and Validation 

7.1. SIMMER-III Assessment Program 

A verification and validation (V&V) program for SIMMER-III has been discussed since the beginning 
of the code development program. Furthermore so-called “developmental assessment” has been conducted 
as new models were proposed and developed. A good example is the IFA model development, where a simple 
test code was first developed and extensively tested for single-cell (zero-th dimension) problems before the 
models were actually programmed in SIMMER-III. The fluid convection algorithm and boundary conditions 
were also thoroughly tested in an early adiabatic version of the code without models for heat and mass transfer.  

The SIMMER-III V&V program, called the “code assessment program”, was conducted in two steps, 
Phase 1 and Phase 2.25), 26) The Phase 1 assessment is intended to verify individual fluid-dynamics models of 
the code, whilst Phase 2 is intended to provide comprehensive validation for integral and inter-related 
accident phenomena, such as transient fuel motion during the transition phase and high-pressure CDA bubble 
expansion in the post-disassembly expansion phase. Direct application of the code to complex accident 
phenomena involves many inter-related processes to be solved simultaneously and is not always productive. 
Thus, the present step-by-step approach is advantageous, since in Phase 1 the coding is largely debugged and 
verified, and each major model is validated separately.  

7.2. Results of Phase 1 Assessment 

In Phase 1 assessment, SIMMER-III is applied to a variety of fluid-dynamics test problems with the 
objective of validating individual models separately as far as possible. The test problems are therefore 
categorized as follows: fluid convection algorithm, interfacial areas and momentum exchange functions, heat 
transfer coefficients, melting and freezing, and vaporization and condensation. In the Phase 1 report, the 
results of assessment on the MXF modeling were summarized as follows. 

The MXFs are based on quasi-steady state engineering correlations for well-defined topologies. They 
are modeled separately for each velocity field and for each flow regime. An assessment of MXFs in pool 
flow is obtained from the zero-th order calculations of pool flow and the bubble column problem. The MXFs 
in the bubbly and dispersed flow regimes are found to be satisfactory, and the interpolation procedure is 
believed to provide a sufficiently smooth and valid means of treating the transition flow regime. However, 
the need to model the drag between vapor-continuous and liquid-continuous regions of transition flow was 
also identified. The pressure drop in pipe flow was underestimated by the original model due to the lack of a 
proper treatment of turbulent enhancement in the liquid phase by the relative motion of vapor. A later 
improvement to the liquid-structure MXF to account for this effect enabled SIMMER-III to reproduce well 
the pressure drop characteristics in pipe flow. 

The MXFs between gas and liquid in annular dispersed flow need to be improved to compensate for the 
large difference between droplet and film velocities. It was also found that SIMMER-III underestimates the 
vapor-liquid film momentum coupling in pure annular flow. This is probably because the formation of ripples 
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on the surface of liquid films enhances the momentum coupling, and this effect is not currently modeled by 
the code. 

Not all of the test problems studied in Phase 1 were satisfactory; problem areas were identified and the 
areas for model improvement were recommended. Model improvements were continued and some of the test 
problems were re-calculated in Phase 2. 

7.3. Results of Phase 2 Assessment 

In Phase 2 assessment, SIMMER-III is applied to test problems relevant to key accident phenomena in 
LMFR such as: boiling pool dynamics, fuel relocation and freezing, material expansion, fuel-coolant 
interactions (FCIs), structure disintegration and disrupted core neutronics. In the synthesis compiled in the 
Phase 2 report, the results on the assessment of the flow regime and momentum exchange models are 
evaluated and summarized as follows.  

The multiple flow regime treatment in SIMMER-III is based on simple flow regime maps to describe 
both the pool and channel flows as a function of vapor volume fraction. This simple treatment can still 
adequately represent a multi-component system. The Phase 1 and Phase 2 assessment programs have 
demonstrated that the flow regime model is mostly appropriate for describing various multi-flow topology 
over whole range of void fractions with smooth transition between flow regimes. The models for IFA, MXF 
and HTC are designed to be consistent with the flow-regime modeling framework. The model improvement 
for the bubbly flow regime has been made to consider cap-shape bubbles observed in a higher vapor velocity 
and thereby improving the vapor-liquid momentum coupling. 

Although the MXFs, which are basically based on engineering correlations for the individual flow 
regimes, are mostly validated, there remain fundamental difficulties in describing the interpolated flow 
regime in the intermediate void fraction range. This is partly due to the lack of detailed experimental evidence 
on multi-phase flow topology sufficient to develop a more mechanistic model. There is also a difficulty in 
representing an annular-dispersed flow where the SIMMER-III framework cannot distinguish droplets from 
liquid film (of a same liquid material) on the structure surface. 

In some of the test problems studied in Phase 1, where various small-scale single- and two-phase flow 
experiments were analyzed, the neglect of radial inter-cell momentum coupling in early versions of 
SIMMER-III was criticized and considered as one of the reasons for the poor re-producibility. Later during 
the Phase 2 study, a viscous drag term (momentum diffusion model) was developed for SIMMER-III and 
applied to some of the test problems, showing obvious improvements especially in simulating laminar or low 
velocity flow experiments. It is noted, however, that in the multi-component, multi-velocity fluid dynamics 
system, with different flow regimes, the implementation of the model requires a complex procedure to judge 
whether the momentum diffusion is to be treated. A turbulence model has long been desired for SIMMER-
III, and indeed a simple model applicable only to specific situations was also attempted in Phase 2. However, 
a more fundamental study is needed. 

The flows containing particles need to be addressed further in the future and possible model refinement. 
The main interest is its relevance to fuel freezing and relocation. The fundamental difficulty of distinguishing 

 

7. Verification and Validation 

7.1. SIMMER-III Assessment Program 

A verification and validation (V&V) program for SIMMER-III has been discussed since the beginning 
of the code development program. Furthermore so-called “developmental assessment” has been conducted 
as new models were proposed and developed. A good example is the IFA model development, where a simple 
test code was first developed and extensively tested for single-cell (zero-th dimension) problems before the 
models were actually programmed in SIMMER-III. The fluid convection algorithm and boundary conditions 
were also thoroughly tested in an early adiabatic version of the code without models for heat and mass transfer.  

The SIMMER-III V&V program, called the “code assessment program”, was conducted in two steps, 
Phase 1 and Phase 2.25), 26) The Phase 1 assessment is intended to verify individual fluid-dynamics models of 
the code, whilst Phase 2 is intended to provide comprehensive validation for integral and inter-related 
accident phenomena, such as transient fuel motion during the transition phase and high-pressure CDA bubble 
expansion in the post-disassembly expansion phase. Direct application of the code to complex accident 
phenomena involves many inter-related processes to be solved simultaneously and is not always productive. 
Thus, the present step-by-step approach is advantageous, since in Phase 1 the coding is largely debugged and 
verified, and each major model is validated separately.  

7.2. Results of Phase 1 Assessment 

In Phase 1 assessment, SIMMER-III is applied to a variety of fluid-dynamics test problems with the 
objective of validating individual models separately as far as possible. The test problems are therefore 
categorized as follows: fluid convection algorithm, interfacial areas and momentum exchange functions, heat 
transfer coefficients, melting and freezing, and vaporization and condensation. In the Phase 1 report, the 
results of assessment on the MXF modeling were summarized as follows. 

The MXFs are based on quasi-steady state engineering correlations for well-defined topologies. They 
are modeled separately for each velocity field and for each flow regime. An assessment of MXFs in pool 
flow is obtained from the zero-th order calculations of pool flow and the bubble column problem. The MXFs 
in the bubbly and dispersed flow regimes are found to be satisfactory, and the interpolation procedure is 
believed to provide a sufficiently smooth and valid means of treating the transition flow regime. However, 
the need to model the drag between vapor-continuous and liquid-continuous regions of transition flow was 
also identified. The pressure drop in pipe flow was underestimated by the original model due to the lack of a 
proper treatment of turbulent enhancement in the liquid phase by the relative motion of vapor. A later 
improvement to the liquid-structure MXF to account for this effect enabled SIMMER-III to reproduce well 
the pressure drop characteristics in pipe flow. 

The MXFs between gas and liquid in annular dispersed flow need to be improved to compensate for the 
large difference between droplet and film velocities. It was also found that SIMMER-III underestimates the 
vapor-liquid film momentum coupling in pure annular flow. This is probably because the formation of ripples 
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between frozen particles and broken-up pin fuel chunks may have to be addressed to some extent. This 
difficulty has been later improved by adding a “fuel chunks” component that has different density and energy 
from fuel particles.  
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8. Conclusion 

In this study, a closed set of formulations of the momentum exchange functions (MXFs) was developed 
for SIMMER-III and SIMMER-IV. The MXF model consistently covers the multiphase flow regimes which 
are commonly used in the interfacial area and the heat transfer coefficient models. These constitutive models 
are applicable to various multi-component multi-phase flow situations over a whole range of void fraction 
with smooth transition. The fluid-fluid MXF model was formulated based on the ordinary correlations for 
two-phase flows. The fluid-structure MXF in multi-phase multi-component flow was developed by analogy 
to the separated flow model for two-phase flows, whilst the interactions among the components are 
considered by fluid-fluid MXFs. The particle viscosity model, particle jamming model and particle chunk 
model were developed to adequately simulate the blockage formation in molten material penetration into 
structure channels. 

These frameworks made SIMMER-III/SIMMER-IV flexible and applicable to a wide range of complex 
multi-phase flow in a degraded core of LMFR. 
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difficulty has been later improved by adding a “fuel chunks” component that has different density and energy 
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Table 1.  SIMMER-III/SIMMER-IV fluid-dynamics structure-field components. 

Density components (MCSR) Energy components (MCSRE) 
 S-III/S-IV* S-III/S-IV* 
 s1 Fertile pin fuel surface node S1 Pin fuel surface node 
 s2 Fissile pin fuel surface node 
 s3 Left fertile crust fuel S2 Left crust fuel  
 s4 Left fissile crust fuel  
 s5 Right fertile crust fuel S3 Right crust fuel  
 s6 Right fissile crust fuel  
 --/s7 Front fertile crust fuel* --/S4 Front crust fuel*  
 --/s8 Front fissile crust fuel*  
 --/s9 Back fertile crust fuel* --/S5 Back crust fuel*  
 --/s10 Back fissile crust fuel*  
 s7/s11 Cladding S4/S6 Cladding 
 s8/s12 Left can wall surface node S5/S7 Left can wall Surface node 
 s9/s13 Left can wall interior node S6/S8 Left can wall Interior node 
 s10/s14 Right can wall surface node S7/S9 Right can wall Surface node 
 s11/s15 Right can wall interior node S8/S10 Right can wall Interior node 
 --/s16 Front can wall surface node* --/S11 Front can wall surface node* 
 --/s17 Front can wall interior node* --/S12 Front can wall interior node* 
 --/s18 Back can wall surface node* --/S13 Back can wall surface node* 
 --/s19 Back can wall interior node* --/S14 Back can wall interior node* 
 s12/s20 Control S9/S15 Control 

* The front and back can walls are modeled in a three-dimensional code, SIMMER-IV, in 
addition to the left and right can walls. 
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Table 2.  SIMMER-III/SIMMER-IV fluid-dynamics liquid-field components. 

Density components “m” Energy components “M” Velocity fields “q” 

 (MCLR) (MCLRE)  default  recommended 

 l1 Liquid fertile fuel L1 Liquid fuel q1 q1 

 l2 Liquid fissile fuel   q1 q1 

 l3 Liquid steel L2 Liquid steel q2 q2 

 l4 Liquid sodium L3 Liquid sodium q2 q3 

 l5 Fertile fuel particles L4 Fuel particles q1 q1 

 l6 Fissile fuel particles   q1 q1 

 l7 Steel particles L5 Steel particles q1 q2 

 l8 Control particles L6 Control particles q2 q4 

 l9 Fertile fuel chunks L7 Fuel chunks q2 q5 

 l10 Fissile fuel chunks   q2 q5 

 l11 Fission gas in liquid fuel   q1 q1 

 l12 Fission gas in fuel particles   q1 q1 

 l13 Fission gas in fuel chunks   q2 q5 

 

Table 3.  SIMMER-III/SIMMER-IV fluid-dynamics vapor-field components. 

  Velocity fields “q” 

 (MCGR) (material component) *  default  recommended 

 g1 Fertile fuel vapor G1 Fuel vapor q3 q6 

 g2 Fissile fuel vapor   q3 q6 

 g3 Steel vapor G2 Steel vapor q3 q6 

 g4 Sodium vapor G3 Sodium vapor q3 q6 

 g5 Fission gas G4 Fission gas q3 q6 

* All vapor components, behaving as a vapor mixture and having the same temperature, are 
treated as a single energy component “G” and assigned to the same velocity field. 
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Fig. 1.  Roles of the MXF model in SIMMER-III/SIMMER-IV. 
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Fig. 2.  Pool flow regime map in SIMMER-III. 

 

Fig. 3.  Pool flow regime map with cap bubble flow regime in SIMMER-III. 

 

Fig. 4.  Bubble shape map. 
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Fig. 5.  Results of code improvement for cap bubble flow regime. 
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Appendix A  Formulation of Particle Viscosity 

1. Correlations for Effective Particle Viscosity 

It is well known that the apparent viscosity of a solid particle suspension in a liquid is greater than that 
of the liquid itself. Consideration of this apparent viscosity increase is important when simulating the 
penetration of molten material into the flow path of a cold structure and the formation of blockage. Since the 
increase of effective or apparent viscosity is caused by the interaction between the particles and the 
interaction of the liquid component with the solid particles, it is reasonable to relate the effective viscosity to 
the volume fraction of the particle component. Einstein27) deduced the following correlation for infinite dilute 
latex: 

𝜂𝜂� = 1 + 2.5𝛼𝛼� , (A-1)

where 𝜂𝜂� is the ratio of the effective viscosity of the mixture to the viscosity of liquid, and 𝛼𝛼� is the volume 
fraction of solid particles. Other correlations have been proposed by many researchers up to now. Some of 
them are the simple extensions of Einstein’s correlation by adding higher order terms and thus being 
applicable to smaller particle volume fractions: 

𝜂𝜂� = 1 + 2.5𝛼𝛼� + 𝐶𝐶𝛼𝛼�� + 𝑂𝑂�𝛼𝛼��� . (A-2)

The coefficient 𝐶𝐶 is given as 6.2 by Batchelor28) and 10.05 by Thomas29). Other correlations introduced 
the inverse of 1 − 𝛼𝛼� 𝛼𝛼���⁄  to simulate the steep increase of the effective viscosity near the closed packing 
fraction of solid particle 𝛼𝛼���. For example, Mooney30) proposed the following formulation: 

𝜂𝜂� = ��� � 2.5𝛼𝛼�
1 − 𝛼𝛼� 𝛼𝛼���⁄ � , (A-3)

where the coefficient 2.5 was determined by the requirement that the formulation should reduce to Einstein’s 
correlation at the infinite dilute suspension �𝛼𝛼� → 0�. If we take the first term of the series expansion of 
Mooney’s correlation, it will give: 

𝜂𝜂� = 1 + 2.5𝛼𝛼�
1 − 𝛼𝛼� 𝛼𝛼���⁄  . (A-4)

For the SIMMER-II and AFDM code, the following expression is used. 

𝜂𝜂� = 1 − 𝛼𝛼� + 𝐶𝐶𝛼𝛼�
1 − 𝛼𝛼� 𝛼𝛼���⁄  , (A-5)

where the coefficient 𝐶𝐶 is an adjusting parameter. The derivative of this correlation becomes 𝐶𝐶 − 1 at the 
infinitely dilute suspension, which also reduces to Einstein’s correlation with 𝐶𝐶 = 𝐶.5. 

As a correlation of the effective viscosity for the volume fraction of solid particles near the closed 
packing fraction, Frankel and Acrivos31) proposed the following correlation by focusing on the energy 
dissipation in the small gap between particles: 
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𝜂𝜂� = 9
8

𝛼𝛼������𝛼𝛼����

𝛼𝛼������ − 𝛼𝛼���� . (A-6)

2. Experimental Data 

Thomas29) made an extensive survey of experimental data and organized them by considering colloid-
chemical forces and additional energy dissipation mechanism by inertial effects due to the restoration of 
particle rotation after collision. The experimental data reviewed covered the data measured with both 
rotational and capillary viscometers and represented a range of particle diameters from 0.099 to 435 microns, 
including the particle materials of polystyrene, rubber latex, glass, and methyl methacrylate. Krieger32) also 
made the same correction to his experimental data with polystyrene particles ranging in diameter from 0.2 to 
1.1 microns. 

3. Comparison of the Correlations with Experimental Data 

The correlations (A-2) to (A-6) are compared with the experimental data in Fig. A.1. In this 
comparison, the closed packing fraction is fixed to 0.62, following the suggestion by Ishii11) for solid particles 
in his similarity hypothesis law, which is the basis of the drag coefficient model in SIMMER-III and 
SIMMER-IV. The least-squares fit of the correlation (A-5) to the experimental data gives C=3.17, but 3.5 is 
used in this comparison, to account for the reduction to Einstein’s correlation (A-1) at the infinite dilute 
suspension. Both Eqs. (A-4) and (A-5) give reasonable fits to the experimental data, and Eq. (A-5) gives 
slightly better result. Mooney’s correlation overestimates the experimental data with closed packing fraction 
of 0.62. However, the least-squares fit of the closed packing fraction in Mooney’s correlation gives 0.92 and 
Mooney’s correlation results in the best fit to the experimental data with this value among the correlations. 
Both Thomas’ and Frankel’s correlations give reasonable agreement for lower volume fraction region and 
higher volume fraction region, respectively. 

4. Consideration 

From the comparison of the existing correlations and experimental data for the effective viscosity ratio 
of solid particle suspension in liquid, Eqs. (A-4) and (A-5) give fairly good agreement with the experimental 
data, and Eq. (A-5) is slightly closer to the experimental data than the other correlations. Mooney’s 
correlation (A-3) also gives good results, if 0.92 is used as the closed packing fraction. This value is higher 
than the theoretical maximum value of packing fraction of solid spheres, 0.74. Based on these results, Eq. 
(A-5), is used in SIMMER-III and IV, with the default parameter 𝐶𝐶 = 𝐶.𝐶.  
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latex: 

𝜂𝜂� = 1 + 2.5𝛼𝛼� , (A-1)

where 𝜂𝜂� is the ratio of the effective viscosity of the mixture to the viscosity of liquid, and 𝛼𝛼� is the volume 
fraction of solid particles. Other correlations have been proposed by many researchers up to now. Some of 
them are the simple extensions of Einstein’s correlation by adding higher order terms and thus being 
applicable to smaller particle volume fractions: 

𝜂𝜂� = 1 + 2.5𝛼𝛼� + 𝐶𝐶𝛼𝛼�� + 𝑂𝑂�𝛼𝛼��� . (A-2)

The coefficient 𝐶𝐶 is given as 6.2 by Batchelor28) and 10.05 by Thomas29). Other correlations introduced 
the inverse of 1 − 𝛼𝛼� 𝛼𝛼���⁄  to simulate the steep increase of the effective viscosity near the closed packing 
fraction of solid particle 𝛼𝛼���. For example, Mooney30) proposed the following formulation: 

𝜂𝜂� = ��� � 2.5𝛼𝛼�
1 − 𝛼𝛼� 𝛼𝛼���⁄ � , (A-3)

where the coefficient 2.5 was determined by the requirement that the formulation should reduce to Einstein’s 
correlation at the infinite dilute suspension �𝛼𝛼� → 0�. If we take the first term of the series expansion of 
Mooney’s correlation, it will give: 

𝜂𝜂� = 1 + 2.5𝛼𝛼�
1 − 𝛼𝛼� 𝛼𝛼���⁄  . (A-4)

For the SIMMER-II and AFDM code, the following expression is used. 

𝜂𝜂� = 1 − 𝛼𝛼� + 𝐶𝐶𝛼𝛼�
1 − 𝛼𝛼� 𝛼𝛼���⁄  , (A-5)

where the coefficient 𝐶𝐶 is an adjusting parameter. The derivative of this correlation becomes 𝐶𝐶 − 1 at the 
infinitely dilute suspension, which also reduces to Einstein’s correlation with 𝐶𝐶 = 𝐶.5. 

As a correlation of the effective viscosity for the volume fraction of solid particles near the closed 
packing fraction, Frankel and Acrivos31) proposed the following correlation by focusing on the energy 
dissipation in the small gap between particles: 
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Fig. A.1 Comparison of the correlations and experimental data of effective viscosity ratio of solid 
particle suspension in liquid 
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Fig. A.1 Comparison of the correlations and experimental data of effective viscosity ratio of solid 
particle suspension in liquid 

 

Appendix B  Ueda’s Model 

The relationship between the pressure drop and the shear stress at the wall is given by  

𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥 =

2
𝑟𝑟 𝜏𝜏𝜏𝜏𝜏

since 

𝜋𝜋𝑟𝑟�Δ𝛥𝛥 = 2𝜋𝜋𝑟𝑟𝜏𝜏�𝛥𝛥𝛥𝛥𝜏𝛥
The pressure balance in the vapor core in annular flow yields 

Δ𝛥𝛥
Δ𝛥𝛥 = 𝜌𝜌�𝑔𝑔 𝑔

2
𝑟𝑟� 𝜏𝜏�𝜏𝛥𝜏 (B-1)

If we define 𝜏𝜏� as the shear force at wall surface, the following equations hold: 

𝜏𝜏� =
𝑟𝑟�
2 �

Δ𝛥𝛥
Δ𝛥𝛥���𝜏𝜏𝜏

𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥 = 𝛼𝛼𝜌𝜌�𝑔𝑔 𝑔 (1 − 𝛼𝛼)𝜌𝜌ℓ𝑔𝑔 𝑔 �Δ𝛥𝛥

Δ𝛥𝛥��� 𝜏

and 

Δ𝛥𝛥
Δ𝛥𝛥 = �𝑟𝑟�𝑟𝑟��

�
𝜌𝜌�𝑔𝑔 𝑔 �1 − �𝑟𝑟�𝑟𝑟��

�
� 𝜌𝜌ℓ𝑔𝑔 𝑔

2
𝑟𝑟� 𝜏𝜏� 𝛥 (B-2)

Let 𝜏𝜏 the shear stress at arbitrary location, the force balance in the liquid film,  

Δ𝛥𝛥
Δ𝛥𝛥 = �𝑟𝑟�𝑟𝑟�

�
𝜌𝜌�𝑔𝑔 𝑔 �1 − �𝑟𝑟�𝑟𝑟�

�
� 𝜌𝜌ℓ𝑔𝑔 𝑔

2
𝑟𝑟 𝜏𝜏 𝜏

results in 

𝜏𝜏 = 𝑟𝑟
𝑟𝑟� 𝜏𝜏� 𝑔

𝑟𝑟
2 �𝜌𝜌ℓ − 𝜌𝜌��𝑔𝑔 ��

𝑟𝑟�
𝑟𝑟�

�
− �𝑟𝑟�𝑟𝑟��

�
� = 𝜏𝜏� 𝑔 𝜑𝜑𝜑𝜑 𝑔 ∆𝜌𝜌𝑔𝑔𝛼𝛼

2 �𝑟𝑟�
�

𝑟𝑟 − 2𝑟𝑟� 𝑔 𝑟𝑟�𝜏𝛥𝜏 (B-3)

The definition of the shear stress is expressed as 

𝜏𝜏 = 𝜌𝜌ℓ𝜈𝜈ℓ
𝑑𝑑𝑑𝑑
𝑑𝑑𝑟𝑟𝜏𝜏𝜏 (B-4)

where 𝑣𝑣ℓ is the kinematic viscosity in the laminar layer. The integration of Eq. (B-4) from the wall surface 
(𝜑𝜑 = 𝑦𝜏 𝑦𝑟𝑟 = 𝑟𝑟�) to the boundary of laminar layer (𝑟𝑟� ≤ 𝑟𝑟 ≤ 𝑟𝑟�) gives the velocity at the laminar boundary. 

𝑑𝑑� =
1
𝜌𝜌ℓ𝜈𝜈ℓ �𝜏𝜏�𝛿𝛿 𝑔

𝜑𝜑
2 𝛿𝛿

� − Δ𝜌𝜌𝑔𝑔𝛼𝛼
2 �𝑟𝑟�� log

𝑟𝑟� − 𝛿𝛿
𝑟𝑟� 𝑔 𝑟𝑟�𝛿𝛿 𝑔

1
2 𝛿𝛿

��� 𝜏 (B-5)

where 
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𝜑𝜑 𝜑 Δ𝜌𝜌𝜌𝜌𝜌𝜌 𝜌 𝜏𝜏�
𝑟𝑟�

 . 

Here we start from the single-phase flow. The wall shear stress is given by 

𝜏𝜏� 𝜑 1
2 𝐶𝐶�𝜌𝜌ℓ𝑢𝑢�� , (B-6)

where 𝑢𝑢� is the average velocity of liquids. In the single-phase flow, the void fraction is zero (𝜌𝜌 𝜑 𝛼) and 
Eq. (B-5) becomes 

𝑢𝑢� 𝜑 1
𝜌𝜌ℓ𝜈𝜈ℓ �𝜏𝜏�𝛿𝛿 𝜌 𝜏𝜏�

2𝑟𝑟�
𝛿𝛿�� . (B-7)

Neglecting the second term and substituting Eq. (B-6), we get 

𝑢𝑢� 𝜑 𝛿𝛿𝐶𝐶�𝑢𝑢��

2𝜈𝜈ℓ  . (B-8)

In the developed turbulent flow in single component flow, the thickness of the laminar boundary layer 
is given by the following non-dimensional length, 

𝛿𝛿� 𝜑 �𝜏𝜏�
𝜌𝜌

𝛿𝛿
𝜈𝜈 𝜑 𝐾𝐾 . (B-9)

The non-dimensional velocity at this thickness is defined as  

𝑢𝑢�� 𝜑 𝑢𝑢� �𝜏𝜏�
𝜌𝜌�  , (B-10)

then 𝑢𝑢�� 𝜑 𝛿𝛿�. 

𝑢𝑢��𝛿𝛿� 𝜑 𝑢𝑢�𝛿𝛿
𝜈𝜈 𝜑 𝐾𝐾� . (B-11)

The generalized flow distribution gives 𝐾𝐾 𝜑 𝐾, the assumption of two regimes gives 𝐾𝐾 𝜑 12. The flow 
situation in two-phase flow will be different from that in single phase flow, the value of K should be between 
5 and 12, and currently 𝐾𝐾 𝜑 𝐾 is assumed. Then, this equation becomes as follows: 

𝛿𝛿 𝜑 𝐾𝛼 𝜈𝜈ℓ
𝑢𝑢�

 . (B-12)

Substituting Eq. (B-12) into Eq. (B-8), the velocity at the laminar boundary layer is given as the function of 
the mean velocity 𝑢𝑢�, 

𝑢𝑢� 𝜑 �2𝐾𝐶𝐶� . (B-13)

In two-phase flow, the flow condition is different from single phase flow, and equation does not hold 
with its original form. However, the introduction of additional correction term is assumed to give the 
appropriate effective mean velocity for two-phase flow. In an upward annular flow, the gas velocity is greater 
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than the liquid velocity and this velocity difference will enhance the turbulence in the liquid film and hence 
increases. This effect is expressed by the term, 

Δ𝑢𝑢ℓ� = 𝐶𝐶�𝑅𝑅𝑅𝑅���𝑢𝑢� , (B-14)

where 𝑢𝑢� is the slip velocity, 𝑅𝑅𝑅𝑅� = 𝑢𝑢�2𝑦𝑦� 𝜈𝜈ℓ⁄ , and 𝑦𝑦� is the liquid film thickness. 

The velocity increase in the turbulence layer should be greater in two-phase flow than in single-phase 
flow. This mechanism reduces the effective mean velocity. Assuming that the eddy diffusivity is proportional 
to the distance from the wall and the characteristic velocity 𝑢𝑢�� which corresponds to the intensity of the 
turbulence, this effect is expressed by  

Δ𝑢𝑢ℓ� = 𝐶𝐶�𝐹𝐹𝐹𝐹��𝑢𝑢�� , (B-15)

where 

𝐹𝐹𝐹𝐹�� = 𝑔𝑔𝑔𝑔2𝑦𝑦�
𝑢𝑢��  , and

𝑢𝑢�� = 𝑗𝑗� + 𝑗𝑗ℓ . 
Eventually, the effective mean velocity is given as follow, 

𝑢𝑢�∗ = 𝑢𝑢ℓ + Δ𝑢𝑢ℓ� − 𝛥𝛥𝑢𝑢ℓ� . (B-16)

The experimental data gave the relation between 𝑢𝑢�∗  and 𝑢𝑢� as 

𝑢𝑢� = 1.10
𝑅𝑅𝑅𝑅�

��� 𝑢𝑢�∗  . (B-17)

In the case of bubbly flow, the relative motion of bubbles generates turbulence in liquid and then 
increases 𝑢𝑢�. This effect is expressed by the following correction term. 

Δ𝑢𝑢ℓ� = 𝐶𝐶�𝐹𝐹𝐹𝐹���𝑢𝑢��� , (B-18)

where 

𝐹𝐹𝐹𝐹� = 𝑔𝑔𝑔𝑔2𝑦𝑦�
𝑢𝑢��  , and 

𝑢𝑢�� = 𝑗𝑗� + 𝑗𝑗ℓ . 

At the limit of 𝑔𝑔 𝛼 0, the velocity at the laminar boundary layer should reduce to Eq. (B-13).  Therefore, 
the following equation is used for bubbly flow, 

 𝑢𝑢� = �25𝐶𝐶�𝑢𝑢�∗ . (B-19)

Substituting Eq. (B-12) into Eq. (B-5) and rearranging, we get  

 

𝜑𝜑 𝜑 Δ𝜌𝜌𝜌𝜌𝜌𝜌 𝜌 𝜏𝜏�
𝑟𝑟�

 . 

Here we start from the single-phase flow. The wall shear stress is given by 

𝜏𝜏� 𝜑 1
2 𝐶𝐶�𝜌𝜌ℓ𝑢𝑢�� , (B-6)

where 𝑢𝑢� is the average velocity of liquids. In the single-phase flow, the void fraction is zero (𝜌𝜌 𝜑 𝛼) and 
Eq. (B-5) becomes 

𝑢𝑢� 𝜑 1
𝜌𝜌ℓ𝜈𝜈ℓ �𝜏𝜏�𝛿𝛿 𝜌 𝜏𝜏�

2𝑟𝑟�
𝛿𝛿�� . (B-7)

Neglecting the second term and substituting Eq. (B-6), we get 

𝑢𝑢� 𝜑 𝛿𝛿𝐶𝐶�𝑢𝑢��

2𝜈𝜈ℓ  . (B-8)

In the developed turbulent flow in single component flow, the thickness of the laminar boundary layer 
is given by the following non-dimensional length, 

𝛿𝛿� 𝜑 �𝜏𝜏�
𝜌𝜌

𝛿𝛿
𝜈𝜈 𝜑 𝐾𝐾 . (B-9)

The non-dimensional velocity at this thickness is defined as  

𝑢𝑢�� 𝜑 𝑢𝑢� �𝜏𝜏�
𝜌𝜌�  , (B-10)

then 𝑢𝑢�� 𝜑 𝛿𝛿�. 

𝑢𝑢��𝛿𝛿� 𝜑 𝑢𝑢�𝛿𝛿
𝜈𝜈 𝜑 𝐾𝐾� . (B-11)

The generalized flow distribution gives 𝐾𝐾 𝜑 𝐾, the assumption of two regimes gives 𝐾𝐾 𝜑 12. The flow 
situation in two-phase flow will be different from that in single phase flow, the value of K should be between 
5 and 12, and currently 𝐾𝐾 𝜑 𝐾 is assumed. Then, this equation becomes as follows: 

𝛿𝛿 𝜑 𝐾𝛼 𝜈𝜈ℓ
𝑢𝑢�

 . (B-12)

Substituting Eq. (B-12) into Eq. (B-8), the velocity at the laminar boundary layer is given as the function of 
the mean velocity 𝑢𝑢�, 

𝑢𝑢� 𝜑 �2𝐾𝐶𝐶� . (B-13)

In two-phase flow, the flow condition is different from single phase flow, and equation does not hold 
with its original form. However, the introduction of additional correction term is assumed to give the 
appropriate effective mean velocity for two-phase flow. In an upward annular flow, the gas velocity is greater 
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𝜏𝜏�� =
�𝜌𝜌ℓ𝑢𝑢��

50 − 50𝜈𝜈ℓ2𝑢𝑢�
𝜌𝜌ℓ���

�1 − 50𝜈𝜈ℓ𝐷𝐷ℎ𝑢𝑢�
�

 . (B-20)

The ratio of 𝜏𝜏�� to 𝜏𝜏� gives the pressure drop multiplication factor R in two-phase flow.  

SIMMER-III explicitly represents the bubbly and annular flow regimes, while the intermediate regime 
(slug flow regime) is modeled by a transition flow where a mesh cell is treated as a combination of a bubbly 
and annular regions. The fraction of the bubble flow region that occupies the structure surface is modeled as 
the fraction of the contact area of the liquid slug 𝐹𝐹����  that is in contact with the structure surface. The 
multipliers in the bubbly flow region and annular flow region are then averaged logarithmically to obtain the 
overall multiplier as follows. 

𝑅𝑅 = 𝑅𝑅������
�����𝑅𝑅�������

������� . (B-21)

Finally, the coefficients in Eqs. (B-14), (B-15) and (B-18) are determined through a trial-and-error 
procedure to obtain best agreement with the experimental data as: 

𝐶𝐶� = 0.75 

𝐶𝐶� = −0.25 

𝐶𝐶� = −12.0 

𝐶𝐶� = 2.3 

𝐶𝐶� = 0.3 

𝐶𝐶� = 1.8 

(B-22)
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Appendix C  Particle Chunk Model 

When solid particles flow in a channel with contraction, the particles may jam depending on the size of 
particles and diameter of channel. There are mainly two mechanisms for the particles to jam, the jamming by 
large chunk and the jamming by bridge formation. These mechanisms are modeled in the SAS4A code based 
on the experimental study by Langmaid.33) The criteria for jamming are summarized in Table C-1. The same 
criteria are also implemented in SIMMER-III as a whole. 

 
Table C-1. Framework of jamming of particle chunk. 

 
Mode Illustration Criteria for jamming 

a big chunk 𝑑𝑑�� � > 0.71𝐷𝐷�ℎ� ��� 

In pin region, 𝐷𝐷�ℎ����� = 0.7𝐷𝐷ℎ�����. 

In disrupted region, 𝐷𝐷�ℎ� ��� = 𝐷𝐷ℎ����� 

contraction 

(𝛼𝛼��� > 0.05) 

If 𝐷𝐷�ℎ� ��� < 𝐷𝐷�ℎ� � − 𝑑𝑑����, 
pin region, 𝑑𝑑���� ≥ 0.17𝐷𝐷ℎ����� 

disrupted region, 𝑑𝑑�� � ≥ 0.24𝐷𝐷ℎ����� 

If 𝐷𝐷�ℎ� � − 𝑑𝑑�� � ≤ 𝐷𝐷�ℎ� ��� < 𝐷𝐷�ℎ��� − 0.5𝑑𝑑����, 
pin region, 𝑑𝑑���� ≥ 0.35𝐷𝐷ℎ����� 

disrupted region, 𝑑𝑑�� � ≥ 0.50𝐷𝐷ℎ����� 

 

 

𝜏𝜏�� =
�𝜌𝜌ℓ𝑢𝑢��

50 − 50𝜈𝜈ℓ2𝑢𝑢�
𝜌𝜌ℓ���

�1 − 50𝜈𝜈ℓ𝐷𝐷ℎ𝑢𝑢�
�

 . (B-20)

The ratio of 𝜏𝜏�� to 𝜏𝜏� gives the pressure drop multiplication factor R in two-phase flow.  

SIMMER-III explicitly represents the bubbly and annular flow regimes, while the intermediate regime 
(slug flow regime) is modeled by a transition flow where a mesh cell is treated as a combination of a bubbly 
and annular regions. The fraction of the bubble flow region that occupies the structure surface is modeled as 
the fraction of the contact area of the liquid slug 𝐹𝐹����  that is in contact with the structure surface. The 
multipliers in the bubbly flow region and annular flow region are then averaged logarithmically to obtain the 
overall multiplier as follows. 

𝑅𝑅 = 𝑅𝑅������
�����𝑅𝑅�������

������� . (B-21)

Finally, the coefficients in Eqs. (B-14), (B-15) and (B-18) are determined through a trial-and-error 
procedure to obtain best agreement with the experimental data as: 

𝐶𝐶� = 0.75 

𝐶𝐶� = −0.25 

𝐶𝐶� = −12.0 

𝐶𝐶� = 2.3 

𝐶𝐶� = 0.3 

𝐶𝐶� = 1.8 

(B-22)
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国際単位系（SI）

1024 ヨ タ Ｙ 10-1 デ シ d
1021 ゼ タ Ｚ 10-2 セ ン チ c
1018 エ ク サ Ｅ 10-3 ミ リ m
1015 ペ タ Ｐ 10-6 マイクロ µ
1012 テ ラ Ｔ 10-9 ナ ノ n
109 ギ ガ Ｇ 10-12 ピ コ p
106 メ ガ Ｍ 10-15 フェムト f
103 キ ロ ｋ 10-18 ア ト a
102 ヘ ク ト ｈ 10-21 ゼ プ ト z
101 デ カ da 10-24 ヨ ク ト y

表５．SI 接頭語

名称 記号 SI 単位による値

分 min 1 min=60 s
時 h 1 h =60 min=3600 s
日 d 1 d=24 h=86 400 s
度 ° 1°=(π/180) rad
分 ’ 1’=(1/60)°=(π/10 800) rad
秒 ” 1”=(1/60)’=(π/648 000) rad

ヘクタール ha 1 ha=1 hm2=104m2

リットル L，l 1 L=1 l=1 dm3=103cm3=10-3m3

トン t 1 t=103 kg

表６．SIに属さないが、SIと併用される単位

名称 記号 SI 単位で表される数値

電 子 ボ ル ト eV 1 eV=1.602 176 53(14)×10-19J
ダ ル ト ン Da 1 Da=1.660 538 86(28)×10-27kg
統一原子質量単位 u 1 u=1 Da
天 文 単 位 ua 1 ua=1.495 978 706 91(6)×1011m

表７．SIに属さないが、SIと併用される単位で、SI単位で
表される数値が実験的に得られるもの

名称 記号 SI 単位で表される数値

キ ュ リ ー Ci 1 Ci=3.7×1010Bq
レ ン ト ゲ ン R 1 R = 2.58×10-4C/kg
ラ ド rad 1 rad=1cGy=10-2Gy
レ ム rem 1 rem=1 cSv=10-2Sv
ガ ン マ γ 1γ=1 nT=10-9T
フ ェ ル ミ 1フェルミ=1 fm=10-15m
メートル系カラット 1 メートル系カラット = 0.2 g = 2×10-4kg
ト ル Torr 1 Torr = (101 325/760) Pa
標 準 大 気 圧 atm 1 atm = 101 325 Pa

1 cal=4.1858J（｢15℃｣カロリー），4.1868J
（｢IT｣カロリー），4.184J （｢熱化学｣カロリー）

ミ ク ロ ン µ  1 µ =1µm=10-6m

表10．SIに属さないその他の単位の例

カ ロ リ ー cal

(a)SI接頭語は固有の名称と記号を持つ組立単位と組み合わせても使用できる。しかし接頭語を付した単位はもはや
　コヒーレントではない。
(b)ラジアンとステラジアンは数字の１に対する単位の特別な名称で、量についての情報をつたえるために使われる。

　実際には、使用する時には記号rad及びsrが用いられるが、習慣として組立単位としての記号である数字の１は明
　示されない。
(c)測光学ではステラジアンという名称と記号srを単位の表し方の中に、そのまま維持している。

(d)ヘルツは周期現象についてのみ、ベクレルは放射性核種の統計的過程についてのみ使用される。

(e)セルシウス度はケルビンの特別な名称で、セルシウス温度を表すために使用される。セルシウス度とケルビンの

　 単位の大きさは同一である。したがって、温度差や温度間隔を表す数値はどちらの単位で表しても同じである。

(f)放射性核種の放射能（activity referred to a radionuclide）は、しばしば誤った用語で”radioactivity”と記される。

(g)単位シーベルト（PV,2002,70,205）についてはCIPM勧告2（CI-2002）を参照。

（a）量濃度（amount concentration）は臨床化学の分野では物質濃度

　　（substance concentration）ともよばれる。
（b）これらは無次元量あるいは次元１をもつ量であるが、そのこと
 　　を表す単位記号である数字の１は通常は表記しない。

名称 記号
SI 基本単位による

表し方

秒ルカスパ度粘 Pa s m-1 kg s-1

力 の モ ー メ ン ト ニュートンメートル N m m2 kg s-2

表 面 張 力 ニュートン毎メートル N/m kg s-2

角 速 度 ラジアン毎秒 rad/s m m-1 s-1=s-1

角 加 速 度 ラジアン毎秒毎秒 rad/s2 m m-1 s-2=s-2

熱 流 密 度 , 放 射 照 度 ワット毎平方メートル W/m2 kg s-3

熱 容 量 , エ ン ト ロ ピ ー ジュール毎ケルビン J/K m2 kg s-2 K-1

比熱容量，比エントロピー ジュール毎キログラム毎ケルビン J/(kg K) m2 s-2 K-1

比 エ ネ ル ギ ー ジュール毎キログラム J/kg m2 s-2

熱 伝 導 率 ワット毎メートル毎ケルビン W/(m K) m kg s-3 K-1

体 積 エ ネ ル ギ ー ジュール毎立方メートル J/m3 m-1 kg s-2

電 界 の 強 さ ボルト毎メートル V/m m kg s-3 A-1

電 荷 密 度 クーロン毎立方メートル C/m3 m-3 s A
表 面 電 荷 クーロン毎平方メートル C/m2 m-2 s A
電 束 密 度 ， 電 気 変 位 クーロン毎平方メートル C/m2 m-2 s A
誘 電 率 ファラド毎メートル F/m m-3 kg-1 s4 A2

透 磁 率 ヘンリー毎メートル H/m m kg s-2 A-2

モ ル エ ネ ル ギ ー ジュール毎モル J/mol m2 kg s-2 mol-1

モルエントロピー, モル熱容量ジュール毎モル毎ケルビン J/(mol K) m2 kg s-2 K-1 mol-1

照射線量（Ｘ線及びγ線） クーロン毎キログラム C/kg kg-1 s A
吸 収 線 量 率 グレイ毎秒 Gy/s m2 s-3

放 射 強 度 ワット毎ステラジアン W/sr m4 m-2 kg s-3=m2 kg s-3

放 射 輝 度 ワット毎平方メートル毎ステラジアン W/(m2 sr) m2 m-2 kg s-3=kg s-3

酵 素 活 性 濃 度 カタール毎立方メートル kat/m3 m-3 s-1 mol

表４．単位の中に固有の名称と記号を含むSI組立単位の例

組立量
SI 組立単位

名称 記号

面 積 平方メートル m2

体 積 立方メートル m3

速 さ ， 速 度 メートル毎秒 m/s
加 速 度 メートル毎秒毎秒 m/s2

波 数 毎メートル m-1

密 度 ， 質 量 密 度 キログラム毎立方メートル kg/m3

面 積 密 度 キログラム毎平方メートル kg/m2

比 体 積 立方メートル毎キログラム m3/kg
電 流 密 度 アンペア毎平方メートル A/m2

磁 界 の 強 さ アンペア毎メートル A/m
量 濃 度 (a) ， 濃 度 モル毎立方メートル mol/m3

質 量 濃 度 キログラム毎立方メートル kg/m3

輝 度 カンデラ毎平方メートル cd/m2

屈 折 率 (b) （数字の）　１ 1
比 透 磁 率 (b) （数字の）　１ 1

組立量
SI 組立単位

表２．基本単位を用いて表されるSI組立単位の例

名称 記号
他のSI単位による

表し方
SI基本単位による

表し方
平 面 角 ラジアン(ｂ) rad 1（ｂ） m/m
立 体 角 ステラジアン(ｂ) sr(c) 1（ｂ） m2/m2

周 波 数 ヘルツ（ｄ） Hz s-1

ントーュニ力 N m kg s-2

圧 力 , 応 力 パスカル Pa N/m2 m-1 kg s-2

エ ネ ル ギ ー , 仕 事 , 熱 量 ジュール J N m m2 kg s-2

仕 事 率 ， 工 率 ， 放 射 束 ワット W J/s m2 kg s-3

電 荷 , 電 気 量 クーロン A sC
電 位 差 （ 電 圧 ） , 起 電 力 ボルト V W/A m2 kg s-3 A-1

静 電 容 量 ファラド F C/V m-2 kg-1 s4 A2

電 気 抵 抗 オーム Ω V/A m2 kg s-3 A-2

コ ン ダ ク タ ン ス ジーメンス S A/V m-2 kg-1 s3 A2

バーエウ束磁 Wb Vs m2 kg s-2 A-1

磁 束 密 度 テスラ T Wb/m2 kg s-2 A-1

イ ン ダ ク タ ン ス ヘンリー H Wb/A m2 kg s-2 A-2

セ ル シ ウ ス 温 度 セルシウス度(ｅ) ℃ K
ンメール束光 lm cd sr(c) cd

スクル度照 lx lm/m2 m-2 cd
放射性核種の放射能（ ｆ ） ベクレル（ｄ） Bq s-1

吸収線量, 比エネルギー分与,
カーマ

グレイ Gy J/kg m2 s-2

線量当量, 周辺線量当量,
方向性線量当量, 個人線量当量

シーベルト（ｇ） Sv J/kg m2 s-2

酸 素 活 性 カタール kat s-1 mol

表３．固有の名称と記号で表されるSI組立単位
SI 組立単位

組立量

名称 記号 SI 単位で表される数値

バ ー ル bar １bar=0.1MPa=100 kPa=105Pa
水銀柱ミリメートル mmHg １mmHg≈133.322Pa
オングストローム Å １Å=0.1nm=100pm=10-10m
海 里 Ｍ １M=1852m
バ ー ン b １b=100fm2=(10-12cm)  =10-28m22

ノ ッ ト kn １kn=(1852/3600)m/s
ネ ー パ Np
ベ ル Ｂ

デ シ ベ ル dB       

表８．SIに属さないが、SIと併用されるその他の単位

SI単位との数値的な関係は、
　　　　対数量の定義に依存。

名称 記号

長 さ メ ー ト ル m
質 量 キログラム kg
時 間 秒 s
電 流 ア ン ペ ア A
熱力学温度 ケ ル ビ ン K
物 質 量 モ ル mol
光 度 カ ン デ ラ cd

基本量
SI 基本単位

表１．SI 基本単位

名称 記号 SI 単位で表される数値

エ ル グ erg 1 erg=10-7 J
ダ イ ン dyn 1 dyn=10-5N
ポ ア ズ P 1 P=1 dyn s cm-2=0.1Pa s
ス ト ー ク ス St 1 St =1cm2 s-1=10-4m2 s-1

ス チ ル ブ sb 1 sb =1cd cm-2=104cd m-2

フ ォ ト ph 1 ph=1cd sr cm-2 =104lx
ガ ル Gal 1 Gal =1cm s-2=10-2ms-2

マ ク ス ウ エ ル Mx 1 Mx = 1G cm2=10-8Wb
ガ ウ ス G 1 G =1Mx cm-2 =10-4T
エルステッド（ ａ ） Oe 1 Oe　  (103/4π)A m-1

表９．固有の名称をもつCGS組立単位

（a）３元系のCGS単位系とSIでは直接比較できないため、等号「　　 」

　　 は対応関係を示すものである。
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乗数 名称 名称記号 記号乗数



国際単位系（SI）

1024 ヨ タ Ｙ 10-1 デ シ d
1021 ゼ タ Ｚ 10-2 セ ン チ c
1018 エ ク サ Ｅ 10-3 ミ リ m
1015 ペ タ Ｐ 10-6 マイクロ µ
1012 テ ラ Ｔ 10-9 ナ ノ n
109 ギ ガ Ｇ 10-12 ピ コ p
106 メ ガ Ｍ 10-15 フェムト f
103 キ ロ ｋ 10-18 ア ト a
102 ヘ ク ト ｈ 10-21 ゼ プ ト z
101 デ カ da 10-24 ヨ ク ト y

表５．SI 接頭語

名称 記号 SI 単位による値

分 min 1 min=60 s
時 h 1 h =60 min=3600 s
日 d 1 d=24 h=86 400 s
度 ° 1°=(π/180) rad
分 ’ 1’=(1/60)°=(π/10 800) rad
秒 ” 1”=(1/60)’=(π/648 000) rad

ヘクタール ha 1 ha=1 hm2=104m2

リットル L，l 1 L=1 l=1 dm3=103cm3=10-3m3

トン t 1 t=103 kg

表６．SIに属さないが、SIと併用される単位

名称 記号 SI 単位で表される数値

電 子 ボ ル ト eV 1 eV=1.602 176 53(14)×10-19J
ダ ル ト ン Da 1 Da=1.660 538 86(28)×10-27kg
統一原子質量単位 u 1 u=1 Da
天 文 単 位 ua 1 ua=1.495 978 706 91(6)×1011m

表７．SIに属さないが、SIと併用される単位で、SI単位で
表される数値が実験的に得られるもの

名称 記号 SI 単位で表される数値

キ ュ リ ー Ci 1 Ci=3.7×1010Bq
レ ン ト ゲ ン R 1 R = 2.58×10-4C/kg
ラ ド rad 1 rad=1cGy=10-2Gy
レ ム rem 1 rem=1 cSv=10-2Sv
ガ ン マ γ 1γ=1 nT=10-9T
フ ェ ル ミ 1フェルミ=1 fm=10-15m
メートル系カラット 1 メートル系カラット = 0.2 g = 2×10-4kg
ト ル Torr 1 Torr = (101 325/760) Pa
標 準 大 気 圧 atm 1 atm = 101 325 Pa

1 cal=4.1858J（｢15℃｣カロリー），4.1868J
（｢IT｣カロリー），4.184J （｢熱化学｣カロリー）

ミ ク ロ ン µ  1 µ =1µm=10-6m

表10．SIに属さないその他の単位の例

カ ロ リ ー cal

(a)SI接頭語は固有の名称と記号を持つ組立単位と組み合わせても使用できる。しかし接頭語を付した単位はもはや
　コヒーレントではない。
(b)ラジアンとステラジアンは数字の１に対する単位の特別な名称で、量についての情報をつたえるために使われる。

　実際には、使用する時には記号rad及びsrが用いられるが、習慣として組立単位としての記号である数字の１は明
　示されない。
(c)測光学ではステラジアンという名称と記号srを単位の表し方の中に、そのまま維持している。

(d)ヘルツは周期現象についてのみ、ベクレルは放射性核種の統計的過程についてのみ使用される。

(e)セルシウス度はケルビンの特別な名称で、セルシウス温度を表すために使用される。セルシウス度とケルビンの

　 単位の大きさは同一である。したがって、温度差や温度間隔を表す数値はどちらの単位で表しても同じである。

(f)放射性核種の放射能（activity referred to a radionuclide）は、しばしば誤った用語で”radioactivity”と記される。

(g)単位シーベルト（PV,2002,70,205）についてはCIPM勧告2（CI-2002）を参照。

（a）量濃度（amount concentration）は臨床化学の分野では物質濃度

　　（substance concentration）ともよばれる。
（b）これらは無次元量あるいは次元１をもつ量であるが、そのこと
 　　を表す単位記号である数字の１は通常は表記しない。

名称 記号
SI 基本単位による

表し方

秒ルカスパ度粘 Pa s m-1 kg s-1

力 の モ ー メ ン ト ニュートンメートル N m m2 kg s-2

表 面 張 力 ニュートン毎メートル N/m kg s-2

角 速 度 ラジアン毎秒 rad/s m m-1 s-1=s-1

角 加 速 度 ラジアン毎秒毎秒 rad/s2 m m-1 s-2=s-2

熱 流 密 度 , 放 射 照 度 ワット毎平方メートル W/m2 kg s-3

熱 容 量 , エ ン ト ロ ピ ー ジュール毎ケルビン J/K m2 kg s-2 K-1

比熱容量，比エントロピー ジュール毎キログラム毎ケルビン J/(kg K) m2 s-2 K-1

比 エ ネ ル ギ ー ジュール毎キログラム J/kg m2 s-2

熱 伝 導 率 ワット毎メートル毎ケルビン W/(m K) m kg s-3 K-1

体 積 エ ネ ル ギ ー ジュール毎立方メートル J/m3 m-1 kg s-2

電 界 の 強 さ ボルト毎メートル V/m m kg s-3 A-1

電 荷 密 度 クーロン毎立方メートル C/m3 m-3 s A
表 面 電 荷 クーロン毎平方メートル C/m2 m-2 s A
電 束 密 度 ， 電 気 変 位 クーロン毎平方メートル C/m2 m-2 s A
誘 電 率 ファラド毎メートル F/m m-3 kg-1 s4 A2

透 磁 率 ヘンリー毎メートル H/m m kg s-2 A-2

モ ル エ ネ ル ギ ー ジュール毎モル J/mol m2 kg s-2 mol-1

モルエントロピー, モル熱容量ジュール毎モル毎ケルビン J/(mol K) m2 kg s-2 K-1 mol-1

照射線量（Ｘ線及びγ線） クーロン毎キログラム C/kg kg-1 s A
吸 収 線 量 率 グレイ毎秒 Gy/s m2 s-3

放 射 強 度 ワット毎ステラジアン W/sr m4 m-2 kg s-3=m2 kg s-3

放 射 輝 度 ワット毎平方メートル毎ステラジアン W/(m2 sr) m2 m-2 kg s-3=kg s-3

酵 素 活 性 濃 度 カタール毎立方メートル kat/m3 m-3 s-1 mol

表４．単位の中に固有の名称と記号を含むSI組立単位の例

組立量
SI 組立単位

名称 記号

面 積 平方メートル m2

体 積 立方メートル m3

速 さ ， 速 度 メートル毎秒 m/s
加 速 度 メートル毎秒毎秒 m/s2

波 数 毎メートル m-1

密 度 ， 質 量 密 度 キログラム毎立方メートル kg/m3

面 積 密 度 キログラム毎平方メートル kg/m2

比 体 積 立方メートル毎キログラム m3/kg
電 流 密 度 アンペア毎平方メートル A/m2

磁 界 の 強 さ アンペア毎メートル A/m
量 濃 度 (a) ， 濃 度 モル毎立方メートル mol/m3

質 量 濃 度 キログラム毎立方メートル kg/m3

輝 度 カンデラ毎平方メートル cd/m2

屈 折 率 (b) （数字の）　１ 1
比 透 磁 率 (b) （数字の）　１ 1

組立量
SI 組立単位

表２．基本単位を用いて表されるSI組立単位の例

名称 記号
他のSI単位による

表し方
SI基本単位による

表し方
平 面 角 ラジアン(ｂ) rad 1（ｂ） m/m
立 体 角 ステラジアン(ｂ) sr(c) 1（ｂ） m2/m2

周 波 数 ヘルツ（ｄ） Hz s-1

ントーュニ力 N m kg s-2

圧 力 , 応 力 パスカル Pa N/m2 m-1 kg s-2

エ ネ ル ギ ー , 仕 事 , 熱 量 ジュール J N m m2 kg s-2

仕 事 率 ， 工 率 ， 放 射 束 ワット W J/s m2 kg s-3

電 荷 , 電 気 量 クーロン A sC
電 位 差 （ 電 圧 ） , 起 電 力 ボルト V W/A m2 kg s-3 A-1

静 電 容 量 ファラド F C/V m-2 kg-1 s4 A2

電 気 抵 抗 オーム Ω V/A m2 kg s-3 A-2

コ ン ダ ク タ ン ス ジーメンス S A/V m-2 kg-1 s3 A2

バーエウ束磁 Wb Vs m2 kg s-2 A-1

磁 束 密 度 テスラ T Wb/m2 kg s-2 A-1

イ ン ダ ク タ ン ス ヘンリー H Wb/A m2 kg s-2 A-2

セ ル シ ウ ス 温 度 セルシウス度(ｅ) ℃ K
ンメール束光 lm cd sr(c) cd

スクル度照 lx lm/m2 m-2 cd
放射性核種の放射能（ ｆ ） ベクレル（ｄ） Bq s-1

吸収線量, 比エネルギー分与,
カーマ

グレイ Gy J/kg m2 s-2

線量当量, 周辺線量当量,
方向性線量当量, 個人線量当量

シーベルト（ｇ） Sv J/kg m2 s-2

酸 素 活 性 カタール kat s-1 mol

表３．固有の名称と記号で表されるSI組立単位
SI 組立単位

組立量

名称 記号 SI 単位で表される数値

バ ー ル bar １bar=0.1MPa=100 kPa=105Pa
水銀柱ミリメートル mmHg １mmHg≈133.322Pa
オングストローム Å １Å=0.1nm=100pm=10-10m
海 里 Ｍ １M=1852m
バ ー ン b １b=100fm2=(10-12cm)  =10-28m22

ノ ッ ト kn １kn=(1852/3600)m/s
ネ ー パ Np
ベ ル Ｂ

デ シ ベ ル dB       

表８．SIに属さないが、SIと併用されるその他の単位

SI単位との数値的な関係は、
　　　　対数量の定義に依存。

名称 記号

長 さ メ ー ト ル m
質 量 キログラム kg
時 間 秒 s
電 流 ア ン ペ ア A
熱力学温度 ケ ル ビ ン K
物 質 量 モ ル mol
光 度 カ ン デ ラ cd

基本量
SI 基本単位

表１．SI 基本単位

名称 記号 SI 単位で表される数値

エ ル グ erg 1 erg=10-7 J
ダ イ ン dyn 1 dyn=10-5N
ポ ア ズ P 1 P=1 dyn s cm-2=0.1Pa s
ス ト ー ク ス St 1 St =1cm2 s-1=10-4m2 s-1

ス チ ル ブ sb 1 sb =1cd cm-2=104cd m-2

フ ォ ト ph 1 ph=1cd sr cm-2 =104lx
ガ ル Gal 1 Gal =1cm s-2=10-2ms-2

マ ク ス ウ エ ル Mx 1 Mx = 1G cm2=10-8Wb
ガ ウ ス G 1 G =1Mx cm-2 =10-4T
エルステッド（ ａ ） Oe 1 Oe　  (103/4π)A m-1

表９．固有の名称をもつCGS組立単位

（a）３元系のCGS単位系とSIでは直接比較できないため、等号「　　 」

　　 は対応関係を示すものである。
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