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Abstract –This paper introduces the design of a measuring device (Deposition Test 
Section), based on the structure, operating and environment parameters of SG 
primary loop of 10MW High Temperature Gas-cooled reactor-test Module (HTR-10). 
The device is mainly used for measuring the deposition of Cs-134, Cs-137, Sr-89, 
Sr-90, Ag-110m and I-131 in different metal surfaces, to predict their deposition in 
different sections of SG primary loop. The dividing wall-type heat exchanger design 
principle is adopted and the tube of the device is divided into four sections for 
thermal calculation. Each section has different tube length which ensures the 
consistent helium temperature drop in these sections. In this paper, heat transfer 
process and thermal calculation method are discussed, and the key points of 
structural design are described. 

 
I. INTRODUCTION 

 
Deposition Test Section is an analog device of 

the Steam Generator primary loop of HTR-10, was 
designed based on the structure, size, and operating 
and environment parameters of Steam Generator. It 
is used for measuring the deposition law of Cs-134, 
Cs-137, Sr-89, and Sr-90, Ag-110m and I-131 in 
different metal surfaces, to predict their deposition in 
different sections of SG primary loop. 

 

 
Fig. 1: Schematic of Deposition Test Section. 
 
Shown in Figure 1, the Deposition Test Section is 

designed to be triple tube heat exchanger: the first 
layer is a core tube Inserting a core rod, the chamber 
between the core tube and core rod is for walking 
helium (radioactive); then the second layer is the 

chamber between the inner jacket tube and the core 
tube, filled with thermal conductive powders; and the 
third layer is a chamber between the outer jacket 
tube and the inner jacket tube, within walking 
cooling water (tap water). The purpose of the design 
is to simulate the helium heat transfer process in the 
steam generator: The helium temperature was 
decreased from 500℃ to 250℃ through the core 
tube, and those radioactive microelements within 
helium will deposit on the core rod surface and the 
inner wall of the core tube. The core tube is as the 
same size and material(Incoloy 800H) as The steam 
generator primary tubes , the core rod material is 
another material (2 1/4 Cr1Mo) of steam generator 
primary tubes, for analyzing the microelements 
deposition law on the surface of two kinds of pipes. 
Set five measuring points on this device, as the 
sampling points for plotting the deposition 
temperature curve. Inlet and outlet of the Deposition 
Test Section are installed filters, coarse filter at the 
entrance, designed to prevent large particles from 
entering the Deposition Test Section which may 
cause blockage, fine filter at the outlet side, filter out 
remaining fission products, to maintain subsequent 
lines of helium low radioactivity. 
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Iterms Tube side Shell side 

Operating medium Helium 
( radioactive ) tap water 

Medium Flow 
(kg/h) 8 248.3 

Inlet temperature 
(℃) 500 20 

Outlet temperature 
(℃) 250 30 

Operating Pressure 
(MPa) 3 0.3 

Design temperature 
(℃) 550 100 

Design Pressure 
(MPa) 4 0.5 

Table 1: Main technical parameters 
 

II. THERMAL ANALYSIS 
 
In thermal design, the Deposition Test Section is 

considered to be divided into four sections for 
meeting the performance requirements. The 
individual calculation for the main purpose of 
determining the size of the heat transfer tube is 
performed for each section with the consistent 
helium temperature drop 62.5℃. The heat transfer 
process is broken down into the following 
subsections: 
 (1) Convective heat transfer between helium gas 
and inner wall of core tube (tube side). 
 (2) Heat conduction of filling chamber and tube 
walls. 
 (3) Convective heat transfer between cooling 
water and outer wall of inner jacket tube (shell side). 

  Detail of the heat transfer process is discussed 
in the following and the tube size for thermal 
calculation is shown in Table 2. 

 
 Symbol Unit Value 

Inside diameter of 
core tube d1 m 0.013 

Outside diameter 
of core tube d2 m 0.019 

Inside diameter of 
inner jacket tube d3 m 0.04094 

Outside diameter 
of inner jacket tube d4 m 0.0483 

Inside diameter of 
outer jacket tube d5 m 0.143 

Table 2 Tube size for thermal calculation 
 

II.A. Tube Side 
 
Due to the core rod settled in the core tube, the 

tube side heat transfer is not completely consistent 

with typical pipe or annulus. Therefore, a simple and 
conservative way to calculate the tube side heat 
transfer coefficient gh  is used as[1]: 

g0.79 0.42
g g g

1

0.025
k

h Re Pr
de

=                                          (eq.1) 

where gPr  is the Prandtl number of helium gas, gk  is 
the thermal conductivity of helium gas, 1de  is the 
equivalent diameter for tube side heat transfer, gRe  is 
the Reynolds number of helium gas which can be 
described as: 

g 1
g

g

V de
Re

ν
=                                                  (eq.2) 

where gν  is the kinematic viscosity of helium gas, gV  
is the helium gas velocity. 

 
II.B. Filling Chamber and Tube Walls 

 
Compared with other typical heat exchanger, the 

Deposition Test Section adds a filling chamber 
between the inner jacket tube and the core tube. This 
improvement of design can effectively avoid the high 
thermal stress due to the large temperature difference 
caused by the cooling water and helium gas. As is 
known to all, high thermal stress may lead to 
material failure. The other advantage for this 
improvement is that the potential of the local dryout 
due to the boiling water in the shell side is small. 

The powder is used in filling chamber. It is the 
most suitable material type to eliminate the thermal 
expansion effect on the device. For the same material, 
the thermal conductivity of powder is much smaller 
than crystal and is mainly depending on the grain 
size distribution, bulk density and environmental 
temperature. Therefore, a series of tests for thermal 
conductivity with different powder material under 
normal/high temperature have been carried out. The 
test data for available powder is listed in Table 3. 

 

Powder 
Temperature 

℃ 

Thermal 
conductivity 

W/(m·K) 

Bulk 
density 

（g/cm3） 

Graphite  

25.29 0.9012 

1.2174 

88.67 0.8917 

131.24 0.8726 

159.73 0.8756 

191.24 0.8919 

222.39 0.8357 

Alumina 

35.71 0.2384 1.9758 

35.50 0.4188 2.4160 

209.65 0.3438 2.4160 

Table 3 Test data for available powder 
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Due to the better thermal conductivity, the 
graphite powder is undoubtedly the best filling 
materials. However, the slow oxidation which results 
in heat transfer deterioration may occur on graphite 
powder while the environmental temperature 
exceeds 400℃. As a result, the alumina powder is 
used at the first two sections with higher helium gas 
temperature for the good thermal stability, and the 
graphite powder is used at the rest sections with 
lower helium gas temperature. 

The calculation for heat conduction of filling 
chamber and tube walls is based on hollow 
cylindrical conduction model and the thermal 
conductivity is listed in the following table 4. 

 
Core 
tube λ1 W/m·K 16.4[2] Incoloy 800H  

at 300℃ 

Powder λ2 W/m·K 

Interpolation 
calculation based on 

Table 3 
Graphite 

0.3* Alumina 

Shell 
side tube λ3 W/m·K 14.6[2] Stainless steel 

304L at 50℃ 

* The thermal conductivity of alumina powder is set equal to 0.3 
for conservative calculation. 

Table 4 Thermal conductivity used in heat transfer 
calculation 

 
II.C. Shell Side 

 
The inlet/outlet temperature is designed to be 

20/30℃ for the reason of low heat transfer rate, i.e. 
2.5℃ temperature rise for each section at shell side. 
The heat transfer calculation for shell side is based 
on the double-pipe heat exchanger model. For 
laminar flow, the shell side heat transfer coefficient 

fh  is used as[3]: 

f f

0.45 0.5 0.14 0.4 0.8 0.05 ff f w 2 2 1
2

=1.02( ) ( ) ( / ) ( / ) ( / ) ( ) ( )i
kh Re Pr de L d d Gr
de

µ µ

(eq.3) 
where fRe  is the Reynolds number of water, fPr  is 
the Prandtl number of water, fµ  is the dynamic 
viscosity of water, wµ  is the dynamic viscosity 
correspond to the shell side wall, 2de  is the 
equivalent diameter for shell side heat transfer, i.e. 

2 2 1de d d= − , ( 1, 2,3, 4)iL i =  is the effective tube 
length of the four sections. The Grashof number of 
water is defined as[4]: 

3 2
1 f f/ ( )Gr d g tβ ν= ∆                               (eq.4) 

where fβ  is the thermal expansion coefficient of 
water, t∆  is the temperature difference between tube 
side wall and water, fν  is the kinematic viscosity of 
water, fk  is the thermal conductivity of water. 

 

II.D. Thermal Calculation Result 
 
For thermal calculation, the dividing wall-type 

heat exchanger design principle is adopted[4]. The 
complete heat transfer process is described as[4]: 

g f

32 4

g 1 1 1 2 2 3 3 f 4

( )= 1 1 1 1 1ln ln ln
2 2 2

iL T tФ dd d
h d d d d h d

π

l l l

−

+ + + +   (eq.5) 

where gT  is the average temperature of helium gas 
and ft  is the average temperature of water. This 
correlation can be used to determine the length of the 
tube by uniting the other four equations (1)-(4). 
Through several iterations, the final hand calculation 
result is gained and is shown in Table 5. 
 

 Section1 
(L1) 

Section2 
(L2) 

Section3 
(L3) 

Section4 
(L4) 

Tube side inlet 
temperature ℃ 500 437.5 375 312.5 

Tube side outlet 
temperature ℃ 437.5 406.25 312.5 250 

Tube side 
average 

temperature ℃ 
468.75 406.25 343.75 281.25 

Tube side heat 
transfer 

coefficient 
W/(m2·K) 

902.2 891 879 865.9 

Shell side inlet 
temperature ℃ 27.5 25 22.5 20 

Shell side outlet 
temperature ℃ 30 27.5 25 22.5 

Shell side 
averaget 

temperature ℃ 
28.75 26.25 23.75 21.25 

Shell side 
average wall 

temperature ℃ 
39 35.77 38.26 34.22 

Shell side heat 
transfer 

coefficient 
W/(m2·K) 

627.8 582.7 804.5 722.4 

Thermal 
conductivity in 
filling chamber 

W/(m·K) 

0.3 0.3 0.8782 0.8731 

Effective heat 
transfer areas 

(based on 
outside surface 
of core tube) m2 

0.044 0.051 0.024 0.030 

Table 5 Summary of the final calculation result for 
heat transfer 

 
Ⅲ. STRUCTUAL DESIGN 

 
The structure of Deposition Test Section is based 

on the conclusions of the previous thermal 
calculation, as shown in Figure 2. In order to 
facilitate five Armored thermocouple  at the same 
temperature drop position of core tube outside wall 
on-site,  The second and the third chamber is divided 
into four sections(jacket1-jacket4), then clip three 

http://fanyi.baidu.com/#en/zh/thermal%20expansion%20coefficient
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Armored thermocouples in heat stable region 
between two jackets to achieve accurate 
measurements, another two are clipped in the inlet 
and the outlet region. Furthermore, without changing 
the flow of helium, four jackets are disposed in a 
straight line, and vertically placed in the steam 
generator plant. 

The tube side is consist of Φ19 × 3mm core tube, 
inserting Φ10mm core rod to form analog helium 
flow channel(Equivalent size =1.5mm);  and the 
shell side are four jackets which are Welded to the 
wall of the core tube, connected by three stainless 
steel corrugated hoses. Each jacket is composed of 
the outer jacket tube (Φ159 × 8mm), the inner jacket 
tube (Φ48.3 × 3.68mm), an inner cover, an outer 
cover and a bezel. 

 

 
Fig. 2: Structure of Deposition Test Section. 
 
Ⅲ.A.  Important difficulties on structural design 
 
1. Large difference in thermal expansion of 

different components caused by high operating 
temperature and its slender structure;  

2. Slender structure, weak stiffness. 

To solve the above difficulties, take the following 
solutions. 

 
Ⅲ.B. Connections 

 
The differences in thermal expansion of different 

components main occurs in the connecting region. 
Because of different thermal expansion properties of 
the two materials and the differences in shape and 
size, inconsistencies occur in the amount of thermal 
expansion of the two materials, so that the relative 
displacement occurs at the connection. If the relative 
displacement was constrained, it might cause internal 
stress which exceeds the limits of the material or 
connection, then cause connection failures or 
equipment damage. The connections which have 
thermal expansion displacement are: core tube and 
core rod connection, core tube and the inner jacket 
tube connection, and the connections of the four 
jackets. 

1) Design of core tube and core rod connection 
Using an integral rod material as core rod, clad 

three circumferentially bosses at the axially upper 
and a middle position (away from temperature 
measuring points), clearance fit exist between the 
bosses and the core tube inside wall to achieve a 
radial limit, at the same time ensuring its freely 
upward thermal expansion. At the lower end position, 
core rod is spot welded to the core tube to achieve 
the axial limit,  see Figure 3. 

 

 
Fig. 3: Core tube and core rod connection. 
 
2) Design of core tube and the inner jacket tube 

connection 
Core tube is also an integral tube. There is a big 

difference between the temperature of the helium in 
the core tube and the temperature of cooling water in 
jackets, in order to reduce the thermal stress, only 
the inner covers (welded to the inner jacket tube, at 
the bottom of each jacket) are welded to the core 
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tube (see Figure 2, detail I), and the connection 
between the core tube and the bezel(at the top of 
each jacket, welded to the inner jacket tube) is 
clearance fit (see Figure 2, detail II), to achieve the 
free expansion of the core tube relative to four 
jackets. 

3) Design of the connections of the four jackets 
Four jackets are connected by stainless steel 

corrugated hose (flexible), for the elimination of 
their differential thermal expansion. 

 
Ⅲ.C. Supporting and fixing 

 
Considering the slender structure, high flexible 

features, and other factors, then taking into account 
that the Deposition Test Section is a seismic class Ⅱ 
device and vertical layout in the field, and in order to 
avoid the deformation during transportation and 
installation, adopt U-bolts to fix the outer jacket 
tubes of Deposition Test Section to a Channel Steel, 
for enhancing the overall rigidity of the device. Use 
slide connection prescribed in HG-T21629-1999[5] to 
joint the U-bolts with the core tube, for insuring the 
free thermal expansion, as shown in Figure 4.  

 

 
Fig. 4: Supporting and fixing. 

 

Two bearing angles are welded to the Channel 
Steel below the outer cover of jacket 4 (see Figure 
6.2), then this outer cover is placed on the angle, to 
achieve vertical limit of Deposition Test Section; 
adopt expansion bolts (user-supplied) to fix the 
Channel Steel to the site floor, thus the vertical loads 
are transmitted to the floor. Horizontal supports are 
installed in about 2/3 installation height position 
(user-supplied), to transmit horizontal load (such as 
seismic load and/or other conditional loads) to the 
site wall or other site supporting structure. 

 
Ⅳ. CONCLUSIONS 

 
This paper presents the thermal analysis and 

structural design of an advanced deposition 
simulation device (Deposition Test Section) of SG 
primary loop of 10MW High Temperature Gas-
cooled reactor-test Module (HTR-10).  

For thermal design, the dividing wall-type heat 
exchanger design principle is adopted and this 
calculating method is proved to be appropriate to 
confirm the effective heat transfer areas. Moreover, 
it is a unique and novel way to use the powder to fill 
the chamber between the inner jacket tube and the 
core tube, which can effectively avoid the high 
thermal stress and eliminate the thermal expansion 
on the device.  

The main dimensions of Deposition Test Section 
are based on the results of strength calculation, in 
addition to this, a verification analysis using ANSYS 
program is performed for verifying the safety 
performance of this Design. Now the device has 
completed the majority of the manufacturing cycle. 
After reviewing the analysis results and 
manufacturing process, it leads to the conclusion that 
the structural design of the device meets the 
functional, safety, and manufacturing requirements. 
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