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Abstract – The High Temperature Reactor (HTR), one of the 4th generation 
reactors, utilizes helium as the primary coolant. A Steam Generator Subsystem (SGS) 
is installed to transfer heat from the primary coolant to feed water and subsequently 
produce steam so that it supplies electricity as well as process heat over a wide 
range. The SGS is composed of a helical heat exchanger, shrouds directing the flow 
of the shell side helium and support systems, which are located within the steam 
generator vessel. In this study, helium flow characteristics in the SGS were 
investigated at various operating conditions using Computational Fluid Dynamics 
(CFD). A full-scale 3-D model of the SGS was developed and the reynolds stress 
model with standard wall treatment was used as a turbulence model. The CFD result 
was compared to that of the concept design of the steam cycle modular helium 
reactor for the design verification of the SGS. From the CFD analysis, it was found 
that the primary coolant flow had non-uniform distribution while it passed the inlet 
in the helical heat exchanger. In order to make the uniform primary coolant flow 
uniform, a special type of screen was suggested in front of the helical heat exchanger. 
As a result, the overall design adequacy of the SGS has been evaluated. 

 
 

I. INTRODUCTION 
 
In the High Temperature Reactor (HTR), a Steam 

Generator Subsystem (SGS) is installed to generate 
steam for energy conversion.  As shown in Fig. 1, it 
is vertically oriented, located within a separate 
pressure vessel to the side and below the reactor 
vessel and connected with the main circulator to 
provide the pressure rise necessary for forced 
circulation of helium in HTR system.   

The SGS includes a helically wound, shell and 
tube, once-through, counter-flow heat exchanger as 
well as guidance structures to facilitate transfer of 
heat from helium to feed water and support systems 
as shown in Fig. 2.  

The heat exchanger is composed of economizer/ 
evaporator/superheater regions in single helical coil 
configuration. The tubes are continuous from end-to 
end with no internal sub-headers. The tube bundle 

 

Fig.1 Steam generator subsystem in the HTR 
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consist of about 450 tubes arranged in helical coils 
and rows wound on an angle of 3.5°. The heat 
exchanger operates to convert the feed water to 
steam at the desired conditions of 585°C and 16.5 
MPa. The configuration of the heat exchanger 
section was shown in Fig. 3. 

Although many studies were performed for the 
SGS, design verification for the helium flow at the 
operating condition is necessary for effective and 
safe design of the HTR. The SGS should be properly 
designed to provide sufficient flow path to the 
primary coolant, helium, and the pressure drop of the 
helium in the SGS should be less than the designed 
value because excessive pressure drop in SGS could 
result in overloading of the main circulator.   

In this study, the helium flow characteristics in 
the SGS were investigated using Computational 
Fluid Dynamics (CFD). The full-scale 3-D model of 
the SGS was developed and applied to the analyses. 
At normal operating condition, the result was 
compared to that of the concept design report for the 
HTR by General Atomics (GA) [1]. 

 
II. NUMERICAL ANALYSIS 

 
II.A. Steam Generator Subsystem Model 

 
A SGS model was developed as shown in Fig. 4.  

During operation, helium flows downward on the 
shell side, countercurrent to feed water in upflow. 
Upon exiting the heat transfer bundle, the helium 
flows in reverse direction and then it flows further 
between the outer fixed shroud of the steam 
generator bundle and steam generator vessel to the 

top of the vessel, where it is directed to the circulator 
inlet. Steam is discharged from a header inside the 
steam generator vessel while feed water is 
introduced to a header at the bottom, as shown Fig.3 
[2].  

The heat exchanger was modeled as a porous 
media in the SGS model. Momentum equation in the 
porous media was shown in (eq. 1). The equation 
contains an additional body force term, F. 

 

 
 

 
 

(a) Support Plates                                                                              (b) Outer Shroud  
 Fig.2 The helically wounded heat exchanger surrounded by structures in the SGS 

 

Fig.3 The components of the heat exchanger section  
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Where, 

fρ , U were density and velocity of the fluid, 
respectively. γ  was porosity which is defined as the 
ratio of the void volume to total volume.  

The body force term is composed of two parts: a 
viscous loss term (Darcy, the first term on the right-
hand side of eq. 2), and the inertial loss term (the 
second term on the right-hand side of eq. 2).  
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Where, D and C are matrices related to viscous and 
inertia resistance of the fluid for the ith (x,y,z) 
direction in porous media, respectively. μ is the 
viscosity and v is the velocity of the fluid.  

These momentum terms contribute to the 
pressure gradient in the porous media, creating a 
pressure drop in proportional to the square of fluid 
velocity in the cell. 

Heat transfer was calculated in the porous media, 
as shown in (eq. 3). Assuming isotropic condition in 
the porous media, effective conductivity could be 
estimated using porosity-weighted average of fluid 
and solid parts.  
 

( )pC ( )eff f
T U T k T S
t

ρ ∂ + ⋅∇ = ∇⋅ ∇ + ∂ 
   

(1 )eff f sk k kγ γ= + −                                          (eq. 3) 
 
Where, keff  was effective thermal conductivity and Sf 
 was energy source term. kf , ks were the thermal 
conductivity of the fluid and solid, respectively.  

The commercial code, Fluent was applied to the 
analysis and reynolds stress model with standard 
wall treatment was used. The prescribed parameters 
of the porous media were determined by preliminary 
CFD analyses based on the GA’s Report [2] for 
different operating conditions. All boundary 
conditions in the GA’s report were adopted in this 
study as shown in Table 1 [3]. The thermal 
conductivity and viscosity of the helium were 
calculated from Refprop 8.0 made by National 
Institute of Standards and Technology. The adiabatic 
boundary condition was applied to all walls. 

 
II.B. Screen Installation 

 
The velocity contour was represented at normal 

operating condition (100%) in Fig. 5. Non-uniform 
flow was found at the inlet of the heat exchanger on 
shell side in SGS because the hot gas duct is bended 
90° and the velocity of helium in the hot gas duct 
was excessively high. At this section, most of the 
feed water will be vaporized and changed into steam 
in tubes. Because the steam has low thermal 
conductivity compared to water, heat transfer 
degradation occurs, which causes localized 
overheating of the surface of the heat exchanger, 
resulting in excessive thermal stress applied to tube. 
Moreover, in case of most serious condition, heat 
applied to tube can pass the limit, the Critical Heat 
Flux (CHF) which is boiling limitation. The non-
uniform helium flow also had bad effects on thermal 
effectiveness of the heat exchanger [4]. 

Therefore, in order to keep the helium flow 
uniform, a screen was devised in this study. For 
conceptual design of the screen, opening ratio was 
defined as the area which helium can pass through 
on the surface of the screen divided by total surface 
area of the screen. In addition, the surface at the inlet 
of heat exchanger was divided as shown in Fig. 6 to 
compare the mass flow rates for each regions. 

First of all, the position of the screen was 
determined at fixed opening ratio, 0.6. Three 
candidates for the screen position were suggested as 
shown in Fig. 7. For case 1, the screen was installed 
at the space between distribution cone and the heat 
exchanger. At this point, the flow area was 
expanding before entering the heat exchanger. For 
case 2, the screen was allocated in the front of the 
heat exchanger. Lastly, the position of the screen was 
 
Table 1: Boundary conditions 
Operating Condition (%) 100 75 50 
Inlet mass flow rate (kg/s)  155 116 77 
Inlet Temperature(°C) 724 712 697 
Inlet Pressure (MPa) 6.94 6.93 6.93 

Fig.4 3-D full scale model of the SGS 
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at the outlet of the distribution cone at case 3. 
Among the three candidates, case 1 was selected 
because of the good effect of flow uniformity 
compared to other cases. For case 2, pressure drop 
was relatively low but the flow was not uniform. For 
case 3, the helium flow was bounced on the inner 
surface of the distribution cone and leaned to left 
side of the SGS as shown in Fig. 7(c). 

Numerical analysis was performed as reducing 
opening ratio from 0.8 to 0.2 for case 1 as shown Fig 
8. The calculated results were summarized in Table 2. 
When the value of opening ratio reached at 0.4, the 
mass flow rate became approximately uniform for all 
regions at the inlet of the heat exchanger. When the 
opening ratio was 0.2, there was too much pressure 
drop caused by the screen. Therefore, the opening 
ratio was provisionally determined as 0.4 in this 
study. More studies will be conducted in detailed 
design process in greater depth to develop the 
optimum design of the screen. 

 

 
 
 
Table 2: Calculated results  

Opening Ratio 0.8 0.6 0.4 0.2 
Mass Flow 
Rate (kg/s) 

A+C 74 76 77 77.3 
B+D 81 79 78 77.7 

Pressure drop (kPa) 0.5 1 4 20 

  
 
 

     
 
 

     
 

 
 

    
(a) Opening ratio 0.2          (b) Opening ratio 0.4 

 

   
 (c) Opening ratio 0.6           (b) Opening ratio 0.8 

 
 

II.C. Analysis Results at Various Operating 
Conditions 

 
After the screen was installed, the grid 

independence test was conducted for the entire SGS 
model with 3.4, 4.8, 6 million meshes as shown Fig 9. 
The mass flow rates of the helium at the inlet of the 
heat exchanger were almost same within 0.6% 
difference from its average value for both side. The 
total pressure drop slightly rose with the increase of 

(a) zx plane                 (b) yz plane 
Fig.5 Velocity contours for the SGS at normal 
operating conditions without screen applied (100%) 

(c) Case 3 
Fig.7 Screen positions and velocity contours 
 

(a)  Case 1 

(b) Case 2 

Fig.6 Surface divided at the inlet of heat exchanger 

Fig.8 Case studies for different opening ratio condition 
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meshes but the difference was very small especially 
between  two cases using 4.8 and 6 million meshes. 
Therefore 4.8 million meshes were used in this study.  

The characteristics of primary coolant flow in 
SGS were investigated at normal operating condition 
as shown Fig. 10. There were no stagnant points in 
the SGS despite complex structures. The magnitude 
of helium flow velocity had maximum value at 
bending pipe in hot gas duct. The flow was not 
uniform in hot gas duct and distribution cone but it 
was evenly balanced after the screen. At the main 
circulator diffuser, there was a large pressure drop 
because of the narrow section. The pressure drop in 
the SGS could be calculated by subtracting the value 
of the pressure drop caused by the main circulator 
diffuser from total pressure drop in the analysis 
domain. The screen contributed little to the total 
pressure drop in the SGS. The pressure drop caused 
by the screen was only 4 kPa. In porous media, the 
pressure decreased along the stream.  

The variation of the helium viscosity played an 
important role in the pressure drop calculation. If the 
viscosity was constant, the calculated pressure drop 
was 32% higher than expected as shown in Fig. 11 
because the helium viscosity tends to be increased 
with temperature rising as shown in Fig. 12. That 
means if the temperature of the helium at the outlet 
of the heat exchanger was not sufficiently low, the 
pressure drop in the SGS could be larger than 
expected. It could result in overloading of the main 
circulator and degrade the stability of the HTR. 
Therefore, the heat exchanger should be designed to 
make the helium temperature sufficiently low 
considering the viscosity variation effect. 

The helium flow at various operating conditions 
was also investigated in this study as shown in Fig 
13. The flow rates are well balanced at the inlet of 
the heat exchanger at all cases. The results were 
summarized at Table 3. 

 

 
 

 

 
 

Fig.9 Grid independence test results 

(a) Velocity                                 (b) Pressure                                        (c) Temperature   
Fig.10 Analysis results at normal operating condition with screen installation   
 
 

(a) Constant viscosity case   (b) Viscosity variation case 
Fig.11 Comparison of pressure contour in the SGS 
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Table 3: Analysis results 
Operating Condition (%) 100 75 50 
Pressure Drop for the model without screen (kPa) 

- Total 37 29 15 
Pressure Drop for the model with screen (kPa) 

- Heat Exchanger 22 20 12 
- Screen 4 2 1 
- Other Structures 15 9 3 
- Total  41 31 17 

Outlet Temperature (°C) 287 275 261 
Mass flow rates (kg/s) 

- A+C 77 58 38.5 
- B+D 78 58 38.5 

 
II.D. Verification 

 
The analysis result was compared with that of 

GA’s Report at normal operating condition for the 
model without the screen. According to GA’s report [1-

3], the pressure drop in the SGS was 35 kPa at normal 
operating condition while 37 kPa in CFD analysis. 
Therefore, it was concluded that the CFD result 
agreed well with the GA’s result.  

When the screen was applied to the SGS, the total 
pressure drop increased to 41 kPa, which could be 
regarded within the design criteria of the main 
circulator because the circulator designed by GA had 
sufficient margins [5,6]. 

 
III.  Conclusions 

 
CFD analyses of the SGS were conducted for 

various operating conditions. There were three 
conclusions in this study. 

 
(a) Non-uniform flow was found on shell side at 

the inlet of the heat exchanger. A screen 
model was proposed in order to keep the 
helium flow uniform. The location of the 
screen was determined at the space between 
distribution cone and the heat exchanger. 
The opening ratio was determined as 0.4, 
provisionally. The screen made the helium 
flow approximately uniform at the inlet of 
the heat exchanger. 

(b) The viscosity variation of helium with 
temperature played an important role on the 
pressure drop in the SGS. The helium 
viscosity tends to be increased with 
temperature rising. If the temperature of the 
helium at the outlet of the heat exchanger 
was not sufficiently low, the pressure drop in 
the SGS could be increased. Therefore, it 
was concluded that sufficient margin of heat 
transfer area should be required for heat 
exchanger design. 

(c) The calculated pressure drop in the SGS  
agreed with that of the GA’s report at normal 
operating condition when the screen was not 
applied. The installed screen had an little 
effect on the total pressure drop in the SGS.  
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