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ABSTRACT 
 

A generic coupled CFD—system-code thermal hydraulic simulation approach was developed 
based on FLUENT and RELAP-3D, and applied to LWRs. The flexibility of the coupling 
methodology enables its application to advanced nuclear energy systems. Gas Turbine – Modular 
Helium Reactor (GT-MHR) is a Gen IV reactor design which can benefit from this innovative 
coupled simulation approach. Mixing in the lower plenum of the GT-MHR is investigated here 
using the CFD—system-code coupled simulation tool. Results of  coupled simulations are 
presented and discussed. The potential of the coupled CFD—system-code approach for next 
generation of nuclear power plants is demonstrated. 
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1. INTRODUCTION 
 

Computational Fluid Dynamics (CFD) is increasingly being used to simulate fluid flow in 
different parts of nuclear power systems. However, current status of CFD and computing power 
do not permit routine simulations over, for example, the entire primary loop.  Hence, integral 
analyses of entire NPPs can currently be carried out using simplified system codes or by a 
combination of CFD and system codes. Work had been reported earlier on combining 
capabilities of large scale system codes like RELAP and CFD [1-5]. Advanced modeling and 
simulation tools that will assist in the design of next generation research and test reactors are 
being developed, tested and explored at the Department of Nuclear, Plasma and Radiological 
Engineering at the University of Illinois. An innovative coupled CFD—system-code approach 
was recently proposed by Yan and Rizwan-uddin [6], and applied to a LWR. The flexibility of 
the coupled approach allows it to be used to investigate the thermal hydraulic challenges in other 
reactor designs. The coupled simulation tool is here applied to simulate the primary coolant 
system in the gas cooled Gas Turbine - Modular Helium Reactor (GT-MHR).   

                                                 
∗ This author is a Shaw Group employee. Research work reported in this paper was performed while he was at the University of 

Illinois. 
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1.1. GT-MHR 
 
A brief review of the GT-MHR based on Ref. [7, 8] is given as a part of the introduction. It 
provides the design information relevant to the model developed later in Section 2.  
 
GT-MHR is a Gen IV very high temperature reactor (VHTR) under development by a 
consortium of General Atomics and several other organizations. It combines a modular helium-
cooled reactor vessel with a gas turbine cycle as shown in Figure 1 [8]. MHR has a prismatic 
core composed of graphite modular blocks. Compared to the metalic structural material in a 
water reactor core, graphite modular blocks in GT-MHR core may stand higher temperature. 
Helium, flowing as the coolant through the GT-MHR core, can be heated to very high 
temperature, thus making it possible for hydrogen production. High operating temperature and 
advanced gas turbine technology improves the thermal efficiency of the GT-MHR power plant to 
as high as 48%. 

 
Figure  1. Gas turbine modular helium reactor thermal hydraulic system [8] 

  
From safety point of view, GT-MHR significantly reduces the possibility of core melt which is a 
key requirement for next generation nuclear reactors. GT-MHR safety is achieved through a 
combination of inherent safety designs that take advantage of the gas cooled thermal hydraulic 
characteristics, high density carbon coated particle fuel, helium coolant, and graphite reactor 
core. Due to the passive safety features, GT-MHR is capable of remaining at safe temperatures 
after an accident even without operator intervention. Triso fuel particle is a robust nuclear fuel 
which contains the fission products within the high density carbon coating. The reactor vessel 
and power conversion unit are located in an underground concrete containment. All of these 
innovative safety features provide GT-MHR large safety margin.  
 
The reactor vessel of the prismatic graphite core of the GT-MHR is 8.4 m in diameter and 31.2 m 
in height. GT-MHR supplies helium coolant from power conversion unit to the reactor vessel. 
Helium is driven from the upper plenum into the prismatic reactor core. Helium coolant flows 
downward through the coolant channels in the graphite core modules without significant cross 
flow, and mixes in the lower plenum. The hot helium returns from the reactor vessel through the 
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hot gas duct, as shown in Figure 1, to the power conversion unit. GT-MHR plants can use air 
cooling and soil conduction as ultimate heat sink, which allows more flexible plant siting 
options. It reduces the heat discharged to the hydro surroundings. 

 
Figure  2. GT-MHR graphite core section [8] 

  
Figure 2 is the top view of the GT-MHR prismatic core. The cylindrical reactor core is composed 
of closely packed hexagonal graphite fuel blocks and reflector elements, called block modules.  
The 600 MWt GT-MHR has 10 levels of graphite block modules. GT-MHR core can be divided 
into several regions. The active core region has an  annular shape ( red region in Figure 2). It has 
102 fuel modules at each level. The region inside and outside of the active region are the graphite 
reflectors. The inner and outer reflectors at each level are made of 61 and 156 columns 
respectively. Additional layers of graphite block modules above and below the active core 
function as reflector. Coolant channels and fuel channels penetrate the graphite block vertically. 
Each hexagonal block module contains 108 coolant channels and 216 fuel channels. 
 
The whole GT-MHR prismatic core is supported by a matrix of graphite cylindrical structure at 
the lower plenum. Hot gas duct connects the lower plenum of GT-MHR vessel and the power 
conversion unit. The returning cold helium annulus duct is concentric with hot helium circular 
duct. The helium coolant flows through the annulus duct outside the hot gas duct.  

1.2. Thermal Hydraulic Challenges 
 
Several thermal hydraulic chanllenges could be identified in the GT-MHR design. During 
normal operation, significant local variations in power density may be observed in radial 
direction due to the non-uniform arrangement of the reflectors, control rods, burnable poison 
assemblies, and fuel loading. Temperature offset from power variations in the hot channels is 
amplified due to the helium thermal expansion and buoyancy resistance. The peak coolant 
temperature can therefore be 200 ºC higher than the average coolant temperature. The flow 
velocites also display a significant variation in different coolant channels. 
 
Efficiency of a modern gas turbine is very sensitive to the thermal equilibrium and the swirl  in 
the incoming flow to the gas turbine. Unfortunately, the helium has 200 ºC temperature variation 
when it leaves the reactor core. The lower plenum and hot gas duct mixing is hence crucial since 
the flow should be fully mixed before it reaches the gas turbine inlet nozzle.  
 
Helium jets at different temperatures (exiting from different coolant channels) mix in lower 
plenum. Adverse thermal stresses can be expected in these areas. The effectiveness of flow 
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mixing in lower plenum and the quality of the hot helium flow quality to power conversion unit 
need to be investigated. Three dimensional capability  is required to evaluate the level of  mixing 
in the lower plenum.  
 
Post-accident residual decay heat is removed by natural air circulation and thermal radiation 
from the reactor pressure vessel outer wall to the passive reactor cavity cooling system. During 
the loss of coolant accident (LOCA), up flow in the hot channels and down flow in the cooler 
channels is supposed to build up an inner circulation within the prismatic graphite core and will 
result in hot plumes in the upper plenum. The hot and cold channel flow distributions and the 
upper plenum mixing are uncertain. Low Reynolds number flow with turbulent, transitional, 
and/or laminar flow, buoyancy effects, and gas property variations should be modeled to 
investigate this kind of thermal hydraulic scenario in GT-MHR. The methodology of the lumped-
parameter coolant channels used in nuclear system has very limited applicability in modelling 
this phenomena. The performance of the reactor cavity cooling system should be studied using 
advanced tools such as CFD. 
 
All of these challenges suggest that the nuclear thermal hydraulic simulations be raised to a new 
level. Traditional nuclear system codes alone are not appropriate tools for these thermal 
hydraulic challenges. CFD is an indispensiable technology for design calculation and safety 
analysis of GT-MHR.  
 
However, the detailed helium coolant system of GT-MHR is too complicated to be modeled by a 
CFD code alone. Moreover, helium flow through the graphite module coolant channels is mostly 
one dimensional channel flow, without significant cross flow or mixing. The helium flow and 
heat generation in GT-MHR core can therefore be adequately modeled by nuclear system codes 
alone. Therefore, the lower plenum portion of the integral helium coolant system can be 
simulated using CFD, while the reactor core portion of the system can be modeled using the 
nuclear system code. The coupled CFD—system-code is an ideal approach for the integral GT-
MHR helium coolant system. 
 

2. COUPLED CFD—SYSTEM-CODE MODEL 
 
GT-MHR steady state operational conditions are simulated using the coupled CFD—system-
code which was developed and verified in Ref. [6]. In this coupled-code approach, a nuclear 
system code and a CFD code are used to model different regions of the flow loop. The CFD code 
is used to model the regions where 3D effects are important, while the system code is used to 
model all those regions where the flow is expected to remain largely 1D. The two code systems 
are used to solve for the flow in their respective regions, while the boundary conditions at the 
interface between regions modeled by the CFD code and system codes are transferred back and 
forth between the two code systems. Simulations are iterated at each time step until converged. 
The details are given in Ref. [6]. 
 
First large scale application of the coupled code system for a PWR was reported earlier [6]. The 
flexibility of the coupling approach enables the code to easily model and simulate the Gen IV 
nuclear reactor, GT-MHR. The CFD portion and system portion of the coupled model are 
described in the following two subsections, respectively. 
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2.1. CFD Model of the Lower Plenum 
 
To investigate the flow mixing phenomena identified in GT-MHR lower plenum, a three 
dimensional CFD model was developed  for the lower plenum and for the connecting duct. The 
CFD model is created and meshed  using GAMBIT [9]. Fluent [10] is the CFD code used 
through out this coupled-codes simulation work. The geometry and dimensions for the CFD 
model are from General Atomic GT-MHR conceptual design description report submitted to the 
U.S. Nuclear Regulatory Commission (NRC) in August 2002 [7]. There are 736 k  cells. It is a 
hybrid mesh with prism and tetrahedral cells. Majority of the cells are prism. A layer of 
tetrahedra cells are used along the transitional regions. 
 
Figure 3(a) is the isometric view of the CFD model for GT-MHR lower plenum. Since CFD 
model only retains flow domain, the graphite supporting cylinders are not included. 78 small 
circles are representing the space occupied by the solid (graphite) support structure and the flow 
is through the meshed region. Figures 3(b), 3(c) are the top view and side view of the CFD 
model respectively.  

 

                     (a)                                            (b)                                              (c) 

Figure  3. GT-MHR CFD mesh. (a) isometric view.  (b) top view. (c) side view.  

The upper surface in the CFD model is the surface through which hot helium flow is discharged 
from the core coolant channels. Helium jets of different temperatures mix in the lower plenum 
after leaving the prismatic reactor core. The hot helium then turns to the hot gas duct and enters 
the power conversion unit. In the CFD model of the mixing region, the upper surface is defined 
as the inlet boundary condition. The end of hot gas duct is set as the outlet (pressure) boundary 
condition. The sides of the holes are adiabatic since no substantial heat source or heat sink is 
located in the graphite supporting structure. Adiabatic surface boundary condition is also applied 
to the side walls and bottom of the lower plenum since heat lost to the environment is not 
significant. 
 
Standard k-ε turbulence model is used in the CFD portion of the GT-MHR model. It is realized 
that other more elaborate models available in the CFD code are more appropriate for turbulent 
flow. However, standard k-ε model is used here as it is more computationally efficient. Ideal gas 
model is used to calculate the density of the compressible helium coolant. 
 
The CFD model of the GT-MHR lower plenum is then coupled with the RELAP5-3D model for 
the reactor core and upper portion of the GT-MHR vessel. RELAP5-3D model is described in the 
next subsection. 
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2.2. RELAP Model 
 
RELAP5-3D model used in the coupled simulation was initially developed for the complete GT-
MHR thermal hydraulic systems by Idaho National Laboratory (INL) [11]. The geometry and the 
thermal hydraulic specifications used in the model are based on the 600 MWt GT-MHR design. 
The original RELAP5-3D model includes three coupled thermal hydraulic systems: the reactor 
cooling system (helium); the part of the containment cooled by air; and the reactor cavity cooling 
system (cooled by air). It was developed to investigate the thermal hydraulic behavior at the 
system level. The structural details inside the GT-MHR vessel are not explicitly modeled. The 
one dimensional flow path is a lumped-parameter flow path based on the total flow area and the 
hydraulic diameter of the coolant channels.  
 
Coupled CFD—system-code model only uses the RELAP5-3D nodalization for the helium part 
of the reactor coolant system. The nodalization is shown in Figure 4. The reactor core 
nodalization consists of nine lumped-parameter coolant channels and two bypass helium flow 
channels, which are grouped by the distance from the vessel center. Time dependent volumes and 
junctions of RELAP5-3D components provide the inlet and outlet conditions of the helium 
coolant system. 
 
The RELAP5-3D nodalization shown in Figure 4 models the helium coolant flow into the reactor 
vessel, upward to the upper plenum, down through the prismatic graphite core, and out of the 
vessel. The inlet temperature to reactor core is 490 ºC. The inlet flow rate is controlled to 
maintain the desired average outlet temperature at 1000 ºC. The inner and outer graphite core 
reflectors are modeled, as well as are the reactor vessel and containment wall. The inlet flow is 
assumed to occupy the entire region between the core barrel and the reactor vessel.  

 
Figure 4. RELAP5-3D nodalization for the GT-MHR reactor vessel [11] 

 
The flow through the active reactor core region is modeled as nine parallel lumped-parameter 
channels (Figure 4).  The active core region is divided into three zones of annular shape. Four 
channels in the nodalization are used to model the inner fuel zone. Four channels are for the 
outer fuel zone. The RELAP5-3D nodalization lumps the first two rows of the coolant flow paths 
from the reflectors as channel 151, the next four rows as channel 152, the next four rows as 
channel 153, the remaining 11 rows as channel 154 in the inner fuel zone. Another four channels 
(171, 172, and 173,174) use similar parametric configuration to model the outer fuel zone. The 
middle fuel zone is sandwiched between the inner fuel zone and outer fuel zone. It is lumped into 
channel 160 in the nodalization. Two core bypass channels (182, 185) represent the helium flow 
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paths through the reflectors. One represents the bypass coolant flow paths through the inner 
reflector, and the other represents the flow paths through the outer reflector. The nominal bypass 
flow rate is approximately 10% of total helium flow rate through reactor core. 
 
The reactor vessel structure outside the core region is simplified in the RELAP5-3D 
nodalization. The vessel below the core extends as a cylinder to half the depth of the 
hemispherical lower head. The entire upper head hemisphere is modeled, as is a hemisphere in 
the inlet plenum separating the upper plenum from the up-flow annulus. 
 
The coupled CFD—system-code simulation utilizes the reactor core and upper plenum 
nodalization in the RELAP5-3D model and the CFD model of the lower plenum to generate the 
complete GT-MHR vessel model. The flow path geometry and heat source specification of the 
original RELAP5-3D model are preserved in the coupled model.  

2.3. Coupled CFD—System-Code Model 
 
The approach used in this GT-MHR coupled CFD—system-code simulation was introduced in 
Ref. [6]. Figure 5 is the diagram of the model for the reactor coolant system in the GT-MHR 
vessel. The lower plenum is modeled using the CFD code, FLUENT, while the rest of the system 
is modeled using the system code, RELAP5-3D. A set of User Defined Functions (UDFs) are 
written to perform the interface data exchange during the coupled simulation. 

 
Figure 5. Coupled Model for the GT-MHR 

The lower plenum in the RELAP5-3D nodalization (volume 190 in Figure 5) is replaced by the 
3D, CFD mode1 (in the coupled model). The interface between the CFD portion and the 
RELAP5-3D portion is the upper surface of the lower plenum. The 11 helium coolant channels 
from the RELAP5-3D portion discharge hot helium jets through the upper surface into the lower 
plenum (the CFD portion). The inlet boundary of the lower plenum CFD model are divided into 
11 zones to recieve the 11 helium jets from RELAP5-3D nodelization. There are a total of nine 
coolant channels and two bypass channels in the RELAP5-3D portion which exchange the mass 
flow rates and temperature data to the corresponding zones on the CFD inlet boundary. 
Meanwhile, the 11 zones of the CFD inlet boundary feedback the pressure conditions to 
RELAP5-3D portion. The cross-sectionally averaged inlet pressure of the eleven boundary zones 
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from the CFD results are used since the GT-MHR RELAP5-3D model uses a single time 
dependent volume for the reactor core outlet boundary condition with the assumption that the 
pressure at the reactor core exit is uniform. The outlet boundary (on pressure) at the end of the 
hot gas duct is imposed on the CFD model (as shown in Figure 5).  The flow areas and diameters 
of the eleven channels in the RELAP5-3D model are listed in Table I. The dimensions used to 
divided the inlet boundary of the CFD model are also provided in Table I. 
 

Table  I:  Coupling interface boundary specifications 

  RELAP 
Model ID  

Region  
 in GT-MHR  

Flow Area  
 (m2)  

 Outer Radius  
(m) 

 182   inner reflector bypass   0.0667   1.580  
151   inner fuel rows 1-2   0.0697   1.624  
152   inner fuel rows 3-6   0.140   1.709  
153   inner fuel rows 7-10   0.126   1.782  
154   inner fuel rows 11-21   0.261   1.925  
160   middle core ring   0.738   2.281  
171   outer fuel rows 1-2   0.0930   2.322  
172   outer fuel rows 3-6   0.190   2.404  
173   outer fuel rows 7-10   0.174   2.476  
174   outer fuel rows 11-21   0.266   2.583  
185   outer reflector bypass   0.161   3.613  

 
The turbulence intensity is not explicitly calculated in the system code. Therefore, turbulence 
intensity and turbulence kinetic energy dissipation rate boundary conditions required by the CFD 
k-ε turbulence model are not provided by RELAP5-3D portion. CFD portion uses constant 
estimated values for the inlet boundary conditions for turbulence intensity and dissipation rate. 
 
The velocity and pressure data are exchanged at  the interfaces between the CFD region and the 
system code region  at the end of each time step during the coupled CFD—system-code 
execution.  
 

3. STEADY STATE SIMULATION AND RESULTS 

3.1 GT-MHR Steady-State Conditions 
 
The thermal hydraulic design specifications of the 600 MWt GT-MHR are listed in Table II. The 
coupled model incorporates these core thermal hydraulic inputs. Helium temperature and mass 
flow rate are imposed in RELAP5-3D portion as inlet boundary conditions. The reactor vessel 
outlet pressure is specified as 7.0238 MPa (7.0238 MPa = 7.07 MPa - 46.2 kPa) in the CFD 
portion. 
 
Coupled CFD—system-code model is used to simulate the steady state of GT-MHR normal 
operation. Since the coupled CFD—system-code simulation is time-dependent, hence the steady-
state is determined by simply marching in time. CFD portion and system portion exchange the 
conditions across the interface at the end of each time step during the transient execution. 
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Simulation time matches using identical time step size in both component codes during a coupled 
simulation. No inner iteration between the CFD code and the system code is performed within a 
time step. When the variables in one time step change by less than a pre-specified level, the 
solution is assumed to have reached the steady-state. For the GT-MHR model, it takes 6 seconds 
of the problem marching time to reach the steady state. The results presented in the next section 
are those at the end of 6 second of simulation time.  
 

Table  II: Steady state conditions in a GT-MHR [7] 

Helium Coolant System 

GT-MHR Core Power 600 MWt 
Reactor Inlet Temperature 491 ºC 

Reactor Outlet Temperature 1000 ºC 
Mass Flow Rate 226 kg/s 

Bypass flow 10%  
Reactor Inlet Pressure 7.07 MPa 

Reactor Core Pressure Drop 46.2 kPa 

3.2.  Results 
 
The interface condition on the surface between the CFD and system code regions are described 
in Sec. 3.2.1. The results of the coupled simulations of GT-MHR helium coolant system in the 
reactor vessel are presented and discussed in the following subsections.  
 
3.2.1. Coupling Interface Conditions 
 
The flow velocities and temperatures at the interface for  the CFD model are provided by 
RELAP5-3D results. Figure 6 is the temperature contour on the interface  between the core and 
the lower plenum (it is the upper surface of the lower plenum CFD model). The high temperature 
region in the contour plot is ring-shaped because the active core of GT-MHR is annular-shaped 
between the inner graphite reflector and the outer graphite reflector. The helium flowing through 
the central coolant channels of the annular  core is heated up to more than 400 ºC above  than the 
average coolant temperature, which is about 1000 ºC. 

     

Figure  6. Temperature contour at the lower plenum’s upper surface  in the CFD 
portion of the model. Highest temperature is in the annular shaped region right below the 

annular core.  

1660 K 

908 K 
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Figure 7 shows  the  velocity  contour on the upper surface of the CFD model of the lower 
plenum. Figure in the inset on the lower right  indicates the contour location in the CFD model. 
The velocity magnitude on the interface  is provided by RELAP5-3D portion. The RELAP5-3D 
mass flow rates result is mapped to the RELAP-CFD  interface with mass conservation. Since, 
the flow areas in RELAP5-3D and CFD are not identical,  the mass conservation is maintained 
across the interface by sacrificing the momentum conservation at the  interface. 
 
Velocity contour plot is similar to the temperature contour plot which has a ring-shaped high 
temperature region. The high velocity region in Figure 7 is also ring-shaped due to the helium 
flow acceleration due to the thermal expansion. The  inlet temperature is uniform for every 
coolant channel from the upper plenum of the reactor vessel. Therefore, the coolant channels 
which have the highest  coolant temperature, have the highest coolant  velocity. 

   

   Figure  7. Velocity contour plot on the coupling interface between  
the core and the lower plenum.  

 
3.2.2.  Mixing in the Lower Plenum  
 
The coupled GT-MHR simulation is intented to evaluate the thermal mixing in the lower plenum. 
The effectiveness of the mixing in the lower plenum has significant impact on the thermal 
performance of downstream components. The connecting duct between the lower plenum and 
the power conversion unit delivers the high temperature helium to drive the gas turbine. The 
temperature variation of the helium flow through the reactor core is as high as 600 ºC (as shown 
in Figure 6).  To minimize the thermal stress and optimize the gas turbine thermal performance, 
the helium temperature contour on the cross sectional plane at the connecting duct exit should be 
as uniform as possible.  
 
The flow mixing in the lower plenum and in the hot gas duct helps  in achieving thermal 
uniformity in helium. However, the coolant flow swirl is created through the intensive three 
dimensional mixing in the lower plenum. Swirling enhances the thermal mixing. On the other 
hand, because modern gas turbines have very strict requirement on the level of swirl at the inlet,  
the swirling must be also minimized before the flow reaches the  turbine inlet. A balance between 
the temperature uniformity and flow swirling should be maintained. 
 

24.0 m/s 

0.0 m/s 



Coupled CFD—System-Code Simulation of a Gas Cooled Reactor 

 

2011 International Conference on Mathematics and Computational Methods Applied to  
Nuclear Science and Engineering (M&C 2011), Rio de Janeiro, RJ, Brazil, 2011 

11/15 

 

CFD portion of the coupled simulation provides the three dimensional solutions for the flow field 
and temperature field in the GT-MHR lower plenum during normal operation. The 3D graphical 
representation of the  CFD results may be used by  the nuclear engineers to understand the three 
dimensional structure of the flow  in the GT-MHR lower plenum, and to help design better 
optimized structures to strike the balance between thermal mixing and the level of swirl that can 
be introduced. 

     

Figure  8. Temperature contour plot on a vertical cross sectional plane  

    

Figure  9. Velocity magnitude contour on a vertical sectional plane  
 

Figure 8 shows the temperature contour plot on a vertical cross section plane (shown in the inset 
at lower right) including a segment of the connecting duct. The contour plot shows that the 
temperature is not uniform after the gas enters the connecting duct. Figure 9 is the velocity 
contour plot when  a segment of the duct is included in the model. The flow is not fully 
developed along the segment shown in Figure 9. 

    
 

Figure  10. Temperature contour on a honrizontal cross sectional plane 
 

1660 K 

908 K 

24.0 m/s 

0.0 m/s 

1570 K 
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Figure  11. Velocity magnitude contour on a honrizontal cross sectional plane 
 

Figure 10 shows the temperature contour plot on the central horizontal plane including a segment 
of the connecting duct. The contour plot shows that the temperature variation is high in the lower 
plenum. Figure 11 is the velocity magnitude contour plot when  a segment of the duct is included 
in the model and the boundary condition is specified at the end of this piece of the duct. The flow 
is not fully developed at the end of  the conneting duct, as shown in Figure 11. 
   

 

                               (a)                                                                       (b) 
Figure  12. Streamlines in the GT-MHR lower plenum and the connecting duct.      

(a) colored by temperature. (b) colored by velocity magnitude. 
 

Figures 12(a) and 12(b) depict the flow stream lines in the GT-MHR lower plenum. The stream 
lines in Figure 12(a) are colored by temperature. It is clear that the temperature is far from 
uniform after the mixing in the lower plenum.The temperature varies by as much as 200 ºC on 
the plane at the end of the duct, as shown in the next section. The stream lines in Figure 12(b) are 
colored by velocity magnitude. Swirling could be observed in the steam lines figure. Quantitative 
level of swirl can be deduced from the streamlines and their color.  

 

3.2.3.  Flow Quality in the Connecting Duct 
 

Path lines in the GT-MHR lower plenum displays swirling flow in the connecting duct between 
the reactor vessel and the energy conversion unit. The swirling enhances the thermal mixing of 
the  coolant to achieve thermal equilibrium. However, it may have adverse effect on the turbine 
performance in the power conversion unit. 
 

21.0 m/s 

0.0 m/s 

1660 K 

908 K 

24.0 m/s 

0.0 m/s 
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Figure 13 shows the velocity contour plot on the plane at the end of the duct. The pattern of the 
velocity magnitude contour indicates that the flow is not fully developed. 

 

 

Figure  13: Velocity magnitude contour plot on the plane at the end of the duct in the 3D 
CFD model, where the flow then continues in the simple RELAP model. 

  
To quantitatively evaluate the flow swirling intensity in the connecting duct, a dimensionless 
parameter, swirl number, S, is defined as   

 
axialaxial

radialtangential

vv

vv
S

⋅
⋅

=  (1) 

Swirl number is a measure of the velocity component perpendicular  to the axial velocity 
component (which is along  the axis of the connecting duct).   

 

 

Figure  14. Swirl number contours on planes in the connecting duct and outlet plane. The 
five contour planes from left to right on the top are from vessel to the connecting duct 

outlet plane as lower figure shows. 
 

The contours of the swirl number on several cross sectional planes along the connecting duct are 
shown in Figure 14. The planes in Figure 14 are numbered 1 through 5 from left to right, with 
plane 1 identified as the plane where the duct intersects with the lower plenum. Plane 5 at the 
end of the duct is called the outlet plane. Area average swirl number for planes 1-5 are calculated 
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and listed in Table III. As expected, swirl intensity reduces along the connecting duct from 
0.0829 at plane 1 to about 0.0069 at the outlet (second column in Table III). 
 
Figure 15 shows the temperature contour on the cross sectional planes along the connecting duct. 
Near 200 ºC temperature variations can be observed in the gas  at the connecting duct outlet. 

 

 

Figure  15: Temperature contours on internal sectional planes in connecting duct and the 
outlet plane.  The five contour planes from left to right on the top are from vessel to 

conneting duct outlet plane as the lower figure shows. 
 

Temperature uniformity on the planes is measured quantitatively by area averaged temperature 
variation ,β  , which is defined as   

 
total

aveA

A

dATT
total

)(
=

−∫
β  (2) 

Averaged temperature variation  is calculated on different cross sectional planes along the duct. 
The values of β  are listed in the third column of Table III. The coolant temperature variation 
shows gradual reduction of β  along the connecting duct. But even at the outlet of the duct, the 
hot helium flow still has a β  of  56.1 ºC. 

Table III. Swirling intensity and temperature unifo rmity in connecting duct 

Plane ID Average Swirling Number Temperature Variation  

Plane 1 0.0829 77.3 ºC 

Plane 2 0.0358 68.7 ºC 

Plane 3 0.0091 64.0 ºC 

Plane 4 0.0075 59.4 ºC 

Outlet Plane 5  0.0069 56.1 ºC 

1170 K 

1460 K 



Coupled CFD—System-Code Simulation of a Gas Cooled Reactor 

 

2011 International Conference on Mathematics and Computational Methods Applied to  
Nuclear Science and Engineering (M&C 2011), Rio de Janeiro, RJ, Brazil, 2011 

15/15 

 

 
Based on the trend of average values along the flow direction, additional pipe length will further 
reduce the swirl intensity and improve the thermal uniformity of the flow. But extra pipe will 
also incur the extra pressure loss which is not desirable.  
 

4. CONCLUSION 
 

Coupled CFD—system-code simulations of reactor coolant system in the GT-MHR vessel have 
been carried out, thus demonstrating the potential of the coupled CFD-system approach [8] to 
Gen IV reactor design and optimization.  The coupling methodology, based on UDFs, is very 
flexible, thus allowing for easy implementation for new reactor designs. Valuable design and 
optimization related information can be obtained by coupled simulations for the designers of 
next generation of nuclear reactors.  The results obtained and presented in this paper could be 
used to further optimize the GT-MHR thermal hydraulic design.  Simple extension of this 
specific application will include the complete model of the helium loop using RELAP-3D and 
possible inclusion of neutronics feedback.   
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