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Helium (He) tracer method is one of the common methods used to detect tube bundle 

leakage in the condenser. To improve the detection accuracy, sulfur hexafluoride (SF6) is 

considered a tracer gas instead of He. This paper combines the N-S equation, porous 

medium model, flow diffusion model and steam heat transfer model to develop the 

numerical model of tube bundle leakage in the condenser. The simulation results show 

that the transport of leaked gases (He and SF6) consists of flow and diffusion patterns. 

The existence of the diffusion process is confirmed further through theoretical analysis. 

The two gases have the same transport behavior in the pure flow process. When it 

involves the diffusion process, the flow rate of He is 6.67 times that of SF6. In other 

words, the time required for He to reach the same concentration difference is 1/6.67 times 

that of SF6. In addition, the influence of leakage intensity and gas species on the transport 

is analyzed. The study results provide a theoretical basis for SF6 to replace He as a tracer 

gas to detect tube bundle leakage. 
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1 Introduction 

Condenser is a common equipment used in nuclear power plants, which plays a vital role in 

providing hot wells and vacuum for steam turbine exhaust and other extraction [1, 2]. And there are 

thousands of tube bundles in the condenser. Once the condenser tube bundle develops a leak, it will 

directly impact the quality of the circulating water, thereby affecting the service life of the steam 

generator and jeopardizing the safe production of the nuclear power plant [3]. Consequently, it is 

essential to detect the tube bundle leakage in the condenser regularly. The traditional methods for 

leakage detection in condensers often require shutting down the systems. These methods have 

limitations such as long detection time and a lot of resource consumption, which directly impair the 

economic benefits of the power plant. 

A tracer gas detection method has emerged as a high-precision online non-destructive testing 

technique. This method has significant advantages, such as short testing time, high precision, and low 

cost. It is widely used in various industries. In the coal industry, tracer gas is used to analyze the 

ventilation rate for underground mines [4]. In the medical field, tracer gas explores the airborne 

transmission of respiratory infectious diseases [5]. In the aerospace field, tracer gas is used for 

optimization research on engine performance [6]. 

Moreover, the tracer gas detection method can be applied to detect the leakage in the tube bundle 

of the condenser during operation [7]. Introducing tracer gas into the condenser tube bundle and then 

inspecting the extraction port’s parameters like concentration and flow rate can determine whether 

there is a leak in the tube bundle. The different physical and chemical properties of tracer gases will 

result in variations in sensitivity and efficiency for leak detection [8]. Helium (He) is usually used as 

the detection gas [9-12], which has the characteristics of being highly stable [13] and pollution-free 

[14]. However, there are trace amounts of He in the air, meaning that the condenser's non-condensable 

gases contain He [12, 15]. This may lead to leakage detection errors and decreased sensitivity. Sulfur 

hexafluoride (SF6) is a non-toxic, non-flammable inert gas whose pressure-temperature relationship 

follows the ideal gas state equation, similar to He [16, 17], and SF6 does not exist in the air [18], 

making it less prone to errors. Therefore, SF6 is considered as a tracer gas instead of He to improve the 

detection accuracy. 

In addition, many scholars are using various software and hardware to analyze and locate leakage 

source information [19]. For example, Liang et al. [20] studied the leakage characteristics of natural 

gas pipelines using a data-driven digital twin method. Zhang et al. [21] analyzed leakage source 

information based on acoustic emission characteristics. Idachaba et al. [22] inferred leakage source 

information by installing pressure sensors. However, the flow inside the condenser is complex, and it 

is challenging to deduce leakage information through low-cost artificial intelligence. Furthermore, 

according to the condenser's structural characteristics and internal operating conditions, it is difficult to 

install many hardware devices to detect leakage information. Therefore, it is necessary to analyze 

leakage information from the flow perspective. 

In summary, this paper will investigate the transport characteristics of two gases during leakage in 

a condenser through flow simulation, thus providing a theoretical basis for using SF6 as a replacement 

detection gas for He. According to the actual power plant, the physical model of the condenser is 

established. The gas leakage process within the condenser is described using the N-S equation, porous 
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media model, and gas convection-diffusion equation. By employing these mathematical models, this 

research studies the transport characteristics and behavior of He and SF6. 

2 Physical model 

This article takes the condenser of the power plant as the research object. It mainly consists of a 

throat, heat exchange module (tube bundle zone), hot well, collection tank, flash tank, water chamber, 

double low-pressure heater, deaerator/pressure reducer, condensate filtration device, condenser 

extraction steam device, etc. There are four tube bundle zones, each consisting of 14643 titanium tubes 

with an outer diameter of 25 mm and a length of 16471 mm. To decrease the complexity of the model, 

we define the four tube bundle zones as a porous medium, labelled as Zone 1, 2, 3, and 4 in fig. 1a. 

Zones 1 and 2 are located in one steam chamber, while Zones 3 and 4 are in another. Each tube bundle zone 

is equipped with a steam extraction port and a circulating water pump. The circulating water pump 

operates in three different states, as illustrated in tab. 1. In this table, the operating condition of "100% 

TMCR" denotes the turbine's maximum continuous rate, with an inlet flow rate of 371.78 kg/s, cooling 

water temperature of 24 °C, and condenser back pressure of 5600 Pa. 

Tab. 1 Circulating water pump operating condition table. 

Operating condition 
1, 3- circulating water 

pump state 

2, 4- circulating water 

pump state 

1 and 3 are in operation open close 

2 and 4 are in operation close open 

100% TMCR open open 

Fig. 1a also shows steam and tracer gas's inlet and outlet distribution. The green area in the figure 

represents the steam inlet, and the red area represents the fluid outlet. The physical model of the 

condenser has a total of two inlets and four outlets, marked as Inlet 1, Inlet 2, Outlet 1, Outlet 2, Outlet 

3, and Outlet 4 in order along the positive X-axis. 

Although the position of the leakage point significantly impacts the phenomenon of leakage 

transport, this study only focused on researching the leakage position in a typical zone to reduce 

computational complexity and analysis time. This leakage position is located directly above the steam 

impingement side of the tube bundle, allowing for a better analysis of the tracer gas transport. As 

depicted in fig. 1a, the blue portion enclosed by the pink dashed line represents the location of the 

leakage point. For a specific illustration of the leakage point location, it can be referred to fig. 1b, 

where the blue color represents the leakage position, with a corresponding volume of 0.00894 m
3
. 
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Inlet 1

Inlet 2

  
(a)  (b) 

Fig. 1 The physical model and boundary definition of condenser. (a) The inlet and outlet 

location. (b) Schematic diagram of leakage point location. 

3 Mathematical model 

3.1 Model assumption 

The condenser system is highly complicated, so it needs to be reasonably simplified to establish 

the governing equation. The following assumptions are made: 

(1) The cooling water flow rate on the tube side is uniformly distributed. 

(2) The leaked gas and steam form a uniformly mixed ideal gas, and the steam is saturated. 

(3) The volume occupied by the condensate and its interaction with the mixed gas is neglected. 

(4) The inlet steam pressure is the same for each steam chamber, and there is an equal pressure 

drop from the steam inlet to the extraction port. 

3.2 Governing equations 

For the convenience of program writing, the main governing equations are written in a unified 

form (eq. (1)). The specific equations are obtained based on tab. 2. In eq. (1), 𝜙, 𝛤𝜙, and 𝑆𝜙 are the 

substituted variables. 𝛽 denotes the porosity [23], which is equal to the volume of fluid within the 

control body divided by the volume of the control body, determined by the dimensions and distribution 

of the tube bundle. The value of 𝛽 is zero outside the porous medium tube bundle zone. 𝜌 is the steam 

density. 𝑢, 𝑣, and 𝑤 represent the flow velocities in the x, y, and z directions, respectively. 𝑥𝑎 is the 

mass concentration of the leaked gas. �̇� is the condensation rate of vapor per unit volume at the local 

level. 𝑐𝑎 is the diffusion coefficient of the leaked gas [24]. 𝑀𝑎 is the mass sink of the leaked gas, 

which is zero everywhere except at the leak point. 
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Tab. 2 Specific governing equations table. 

Governing equations  𝜙 𝛤𝜙 𝑆𝜙 

Continuity equation 1 - −�̇� 

Momentum equation in the x direction 𝑢 𝜇 −𝛽
𝜕𝑝

𝜕𝑥
− 𝛽𝐹𝑥 − �̇�𝑢 

Momentum equation in the y direction 𝑣 𝜇 −𝛽
𝜕𝑝

𝜕𝑦
− 𝛽𝐹𝑦 − �̇�𝑣 

Momentum equation in the z direction 𝑤 𝜇 −𝛽
𝜕𝑝

𝜕𝑧
− 𝛽𝐹𝑧 − �̇�𝑤 

Convective diffusion equation of leaked gas [25] 𝑥𝑎 𝑐𝑎 −𝑀𝑎 

 

Other variables (�̇�, 𝐹𝑥 , 𝐹𝑦 , 𝐹𝑧) are determined by eqs. (2) ~ (5) [26]. Here, �̇� represents the 

condensation rate of steam per unit volume at the local level. ∆𝑡𝑚 is the logarithmic mean temperature 

difference. 𝑅𝑡𝑜𝑡 is the total thermal resistance from the steam side to the waterside. 𝛾 is the latent heat 

of steam condensation at the local level. 𝐶𝑉 and 𝐶𝐴 represent the thermal volume of the control body 

and the heat transfer area of the cooling pipe inside the control body, respectively. 𝜉 is a parameter 

related to the distribution of the tube bundle structure and the direction of the gas, referring to the 

literature [27] for specific calculation, and 𝑈 is the steam velocity. 

 �̇� =
∆𝑡𝑚𝐶𝐴

𝑅𝑡𝑜𝑡𝛾𝐶𝑉
 (2) 

 𝐹𝑥 = 𝜉𝜌𝑢𝑈 (3) 

 𝐹𝑦 = 𝜉𝜌𝑣𝑈 (4) 

 𝐹𝑧 = 𝜉𝜌𝑤𝑈 (5) 

There are another six unknown variables (𝜌, 𝑝, 𝑢 , 𝑣 , 𝑤 , 𝑥𝑎 ) in the above equations, and an 

additional ideal gas state equation is presented (eq. (6)) [28]. Here, 𝑝 represents the steam pressure, 𝑇 

represents the steam temperature, and 𝑅 represents the gas constant of steam. 

 𝜌 =
𝑝

𝑅𝑇
 (6) 

3.3 Boundary conditions 

The boundary conditions are set according to the actual operating conditions of the condenser in 

the LingAo Phase II Nuclear Power Plant. The mass flow rate of steam is selected as the velocity inlet. 

The pressure outlet is set to simulate the steam extraction from the condenser outlet. The specific 

operating conditions are as follows: steam flow rate at inlet is 241.855 kg/s, exhaust pressure is 6700 

Pa, working pressure is 6700 Pa, circulating water temperature is 24 ℃, circulating water velocity is 

2.38 m/s, and circulating water pumps 1 and 3 are in operation. 

In addition, the RNG 𝑘 − 𝜀 turbulence model [29] is adopted. The standard wall function is 

employed for near-wall treatment in steady-state simulation. After completing the steady-state 

simulation, the obtained results are utilized as initial conditions for the subsequent transient 
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simulation. The time step size is set to 0.015 s, and the maximum number of iterations per time step is 

50. 

4. Grids independence test and model validation 

4.1 Grids independence test 

To reduce grid complexity, this paper introduces a hybrid grid approach. Within the tube bundle 

zone, a two-dimensional quadrilateral grid forms a cross-section, which are then swept along the 

bundle direction. Outside the tube bundle zone, an unstructured grid is employed. Under 100 % 

TMCR operating condition, steady-state calculations were performed for four grid quantities: 473520, 

534633, 638228 and 721352. The results indicate that the steam extraction port's deviation in steam 

flow rate is less than 5 % for all grid configurations. To save computational resources, the simulation 

in this paper continues using the grid quantity of 638228. 

4.2 Validation of the model 

To verify the model's accuracy, transient simulation was performed using the 100 % TMCR 

operating condition. The simulation yielded the steam outlet parameter values of 34.81 ℃ for 

temperature and 3434.7 Pa for pressure. The on-site operation at the nuclear power plant under the 

same conditions recorded temperature and pressure values of 35.01 ℃ and 3466 Pa, respectively. 

Comparatively, the deviations between the simulated and actual values for both parameters are less 

than 5 %. In this operating condition, the valve connecting the low-pressure heater to the condenser 

pipe was opened and the He cylinder was attached. The valve opening was kept as small as possible to 

ensure a very low flow rate. After a few minutes, the concentration of He at each extraction port was 

measured when it reached its peak. By comparing the concentration between the four outlets, it is 

found that the ratio value is 21:57:0:0 (Outlet1: Outlet2: Outlet3: Outlet4). Then, the valve opening 

was adjusted and a second measurement of the concentration was performed, obtaining the ratio value 

of 19:56:0:0. This indicates that the leakage strength does not impact the concentration ratio at the 

extraction port, which is consistent with the law reflected in the following fig. 2. 

These suggest that the numerical simulation results are consistent with the actual situation, thus 

confirming the validity of the numerical simulation results. 

5 Results and discussion 

5.1 Transport pattern analysis  

To investigate the transport characteristics of two tracer gases (He and SF6) during leakage, we 

simulated the leakage process in the condenser at leakage intensities of 0.77909310 and 0.07790931 

kg/(m
3‧s). Fig. 2 displays the leaked gas flow rate variation at four outlets for He and SF6 over time. 

Since the steam chambers on the left and right sides of the condenser are separated, the gas leaked 

from Zone 4 will not flow out through Outlets 1 and 2. Therefore, the flow rates at Outlets 1 and 2 

shown in fig. 2, always remain at zero. Fig. 2 also reveals that the flow rate distribution at four outlets 
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is roughly similar. Most leaked gas tends to flow towards Outlet 3, while a small portion flows 

towards Outlet 4. The value of the flow rate at Outlet 4 is approximately one-seventh of that at Outlet 

3. 

Through comparison in fig. 2, it can be seen that the Outlet 3 flow rate process reaching a stable 

level under two different leakage intensifies presents two forms. When the tracer gas is He, it takes a 

long time (more than 10 seconds) to reach a stable state (fig. 2b). The other is in the form of a large 

slope, which can be quickly stabilized with only a short time (less than 3 seconds in fig. 2a). When the 

tracer gas is SF6, the situation is similar. Under the two leakage intensities (figs. 2c and d), the time 

difference required for Outlet 3 flow rate to reach stability is also very large. In addition, it is noted 

that the time required for Outlet 4 flow rate to reach stability is almost the same, around 1.5 seconds. 

Based on these, it can be inferred that there are two distinct transport patterns in the leakage process. 
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(a) He (b) He (c) SF6 (d) SF6 

Fig. 2 Comparison of He and SF6 leakage under two leakage intensities. The leakage intensity of 

(a) and (c) is 0.77909310 kg/(m
3‧s), (b) and (d) is 0.07790931 kg/(m

3‧s) 

For analysis, the distribution of fluid pressure and velocity in Zones 3 and 4 are plotted in fig. 3 

when the leakage intensity is 0.77909310 kg/(m
3‧s) and the leaked gas is He. There is almost no 

pressure gradient near Outlet 3 in fig. 3a, which corresponds to the approximately no velocity near 

Outlet 3 in fig. 3b. And the pressure at the vicinity of Outlet 3 is almost at the lowest point. As a result, 

a small portion of the leaked gas will be able to flow out, while most of the leaked gas will stagnate 

near Outlet 3. To further analyze the subsequent flow of the leaked gas stagnating at Outlet 3, mass 

distribution diagrams of the leaked gas at intervals of 0.06 seconds are plotted in the figure of 

Appendix. It can be seen that the gas from the leakage position in Zone 4 continuously accumulates 

near Outlet 3. When the gas concentration reaches a sufficiently high level, it leaves Outlet 3 by 

diffusion. 

However, such a phenomenon is not observed in Outlet 4. Due to the absence of cooling water in 

Zone 4, steam within that region is hardly condensed. The pressure gradient in Zone 4 is nearly small, 

as shown in fig. 3a. Additionally, the tube bundle has significant gas resistance, as indicated by the low 

and nearly uniform velocity within most areas in fig. 3b. Combining the two factors results in very 

little steam and leaked gas into Outlet 4. A noticeable pressure gradient is presented near the extraction 

port of Outlet 4 from fig. 3a. Thus, the little gas in Outlet 4 is all extracted instead of accumulating and 

diffusing out. 

According to the above, the transport patterns of leaked gas through Outlet 3 involve flow and 

diffusion processes, while the transport through Outlet 4 only undergoes flow. Therefore, the transport 

patterns of leaked gas encompass two processes: 1) flow process and 2) diffusion process. All leaked 

gas has a flow process, but not all experience a diffusion process. The diffusion process refers to the 
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phenomenon that when the leaked gas accumulates to a specific concentration, the diffusion transport 

effect surpasses the flow transport effect and then leaves the outlet by diffusion-based transport. 

  
(a) (b) 

Fig. 3 The distribution diagrams of (a) fluid pressure, and (b) fluid velocity in Zones 3 and 4. 

5.2 Confirmation of diffusion process 

Based on the research of section 5.1, it has been found that the transport pattern of leaked gas not 

only includes the flow process but also the diffusion process that occurs due to gas accumulation. This 

section will further confirm the diffusion process through theoretical analysis. According to the 

convective-diffusion equation for leaked gas [25], the leaked gas velocity is also almost zero when the 

steam velocity is zero. Therefore, both the source term and the convective term in the convective-

diffusion equation are zero except for the leakage region. At this point, the equation transforms into 

Fick's law, as shown in eqs. (7) and (8). 

 𝐽 = −𝐷∇𝑐 (7) 

 
𝜕𝑐

𝜕𝑡
= −∇‧𝐽 (8) 

where 𝐽 is the diffusion flux, representing the amount of substance diffusing through a unit area per 

unit time. 𝐷 is the diffusion coefficient, 𝑐 is the concentration, and 𝑡 is time. 

From the above equation, the diffusion rate (diffusion flux) of leaked gas is directly proportional 

to the diffusion coefficient under the same concentration difference. The time required to achieve the 

same concentration difference is inversely proportional to the diffusion coefficient. For estimating the 

diffusion coefficient of binary gases, Fuller proposed a general formula [30], as shown in eq. (9). 

 𝐷 =
0.0101𝑇1.75√

1

𝑀𝐴
+

1

𝑀𝐵

𝑃[(∑𝑣𝐴)1/3+(∑𝑣𝐵)1/3]
2 (9) 

where 𝑃 is the total pressure of the gas. 𝑇 is the temperature of the gas. MA and MB are the molar 

masses of components A and B, respectively. ∑𝑣𝐴 and ∑𝑣𝐵 are the molecular diffusion volumes of 

components A and B, respectively. The diffusion coefficient of A diffusing in B is consistent with the 

diffusion coefficient of B diffusing in A, so there is no longer a distinction between the form of 

diffusion coefficient. 
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Tab. 3 Gas property table. 

Gas type Molecular weight Molecular diffusion volume (m
3
) 

He 4 2.67 

SF6 146 713 

H2O 18 13.1 

 

According to eq. (9) and tab. 3, the diffusion coefficient of He in H2O divided by the diffusion 

coefficient of SF6 in H2O is calculated to 6.67. Namely, the diffusion coefficient of He in steam is 6.67 

times that of SF6. Therefore, under the same concentration difference, the flow rate (diffusion flux) of 

He is 6.67 times that of SF6. In other words, the time required for He to reach the same concentration 

difference is 1/6.67 times that of SF6. To control the consistent diffusion coefficient, the timeline for 

He at Outlet 3 in fig. 2b is enlarged to 6.67 times the original. It is compared with the SF6 flow rate 

curve at Outlet 3 in fig. 2d, as shown in fig. 4a.  
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(a) (b) (c) 

Fig. 4 The comparison of He and SF6. (a) diffusion process;The flow rate at Outlet 4 when 

leakage intensities is (b) 0.77909310 kg/(m
3‧s) and (c) 0.07790931 kg/(m

3‧s). 

It can be observed that the two curves roughly coincide. This means that when the diffusion 

coefficients are the same, the two leaked gases' transport process will become identical. That is, the 

transport of leaked gas at Outlet 3 is related to the gas diffusion coefficient, thus proving that the 

transport process includes the diffusion. Therefore, when only the species of leaked gas is changed, the 

flow rate curves of leakage gas hold the relationship: 𝑓(𝐷1‧𝑡) = 𝑔(𝐷2‧𝑡), where the function of 𝑓(𝑥) 

and 𝑔(𝑥) is the flow rate curve of leaked gas in the diffusion coefficient of 𝐷1 and 𝐷2, repectively. 

To confirm whether the transport pattern at Outlet 4 includes diffusion, the flow rate curves of He 

and SF6 at Outlet 4 under two different leakage intensities in fig. 2 are plotted on the same graph for 

comparison, as shown in figs. 4b and c. The flow rate curves of the two gases with different properties 

exhibit consistent changes under both leakage intensities. This indicates that the leaked gas at Outlet 4 

has undergone almost no diffusion process, only a flow process. Thus, this section further 

demonstrates that the transport pattern at Outlet 3 consists of the flow and diffusion processes, while 

the transport pattern at Outlet 4 only involves the flow process. 

5.3 Effect of leakage intensity and gas species on transport 

According to the four scenarios in fig. 2, the flow rates and time required for flow rate at Outlets 

3 and 4 to reach a stable level are summarized in tab. 4. From tab. 4, the value of the flow rate for 
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stability is only directly proportional to the leakage intensity, regardless of the gas species. For 

example, under the leakage intensity of 0.77909310 kg/(m
3‧s), the Outlet 3 flow rates for He and SF6 

are all -6.5e-3 kg/s, while the Outlet 4 flow rates are -4.6e-4 and -4.3e-4 kg/s. Under the leakage 

intensity of 0.07790931 kg/(m
3‧s), the Outlet 3 flow rates for He and SF6 are -6.4e-4 and -6.1e-4 kg/s, 

while the Outlet 4 flow rates are -4.6e-5 and -4.2e-5 kg/s, respectively. Therefore, no matter the 

transport patterns, the larger the leakage intensity, the greater the outlet flow rate for stability. 

Additionally, the species of leaked gas has almost no impact on the final outlet flow rate in both 

transport patterns. 

From tab. 4, it also appears that the time required for the flow rate to reach a stable level is 

closely related to the transport pattern. In the case of the flow process (Outlet 4), the stabilization time 

for the flow rate is very short, completed within 2 seconds. However, the time will be much longer if 

there is a diffusion process (Outlet 3). According to tab. 4, when the leakage intensity is 0.77909310 

kg/(m
3‧s), it takes 10.7 seconds for the SF6 flow rate at Outlet 3 to reach a stable level, while it takes 

50 seconds when the leakage intensity is 0.07790931 kg/(m
3‧s). This suggests that when the leakage 

intensity decreases, and the transport pattern includes diffusion, the diffusion process becomes more 

prominent, resulting in a longer time required for the flow rate to reach stability. However, when the 

transport pattern does not involve diffusion, the stabilization time for the flow rate does not change 

with the leakage intensity and gas species, as seen from the tab. 4. 

Tab. 4 The flow rate of leaked gas at outlet reaching a stable value and the time required. 

Leakage intensity 

(kg·m
-3‧s

-1
) 

Position 
He SF6 

Flow rate (kg·s
-1

) Time (s) Flow rate (kg·s
-1

) Time (s) 

0.77909310 
Outlet 3 -6.5e-3 3.0 -6.5e-3 10.7 

Outlet 4 -4.6e-4 1.5 -4.3e-4 1.7 

0.07790931 
Outlet 3 -6.4e-4 11 -6.1e-4 50 

Outlet 4 -4.6e-5 1.5 -4.2e-5 1.9 

 

The effect of gas species on the diffusion process is further analyzed. Comparing the time 

required for Outlet 3 flow rate to reach stability at 0.77909310 kg/(m
3‧s), it takes 10.7 seconds for SF6 

and 3 seconds for He, respectively. Considering that it is challenging to calculate the time for the flow 

process from the leakage point to Outlet 3, the time consumed at Outlet 4 (1.5 s) is used as a 

substitute. By calculation, the ratio of (10.7 s-1.5 s) to (3 s-1.5 s) is 6.13. This indicates that it requires 

6.13 times longer for SF6 than for He to achieve a flow rate stable in the pure diffusion process. 

According to section 5.2, the time consumed for SF6 diffusion is 6.67 times that of He. By 

comparison, the difference between 6.67 and 6.13 is 8 %. The 8 % error is caused by inaccurate 

replacement for the time consumed during the flow process at Outlet 3 by Outlet 4. Therefore, it can 

be considered that the time required for the flow rate of the diffusion process to reach stability is 

inversely proportional to the gas diffusion coefficient. 

In addition, notice many burrs on the flow rate curve at Outlet 3 in fig. 2d. These burrs are 

attributed to the combination of two factors: 1) the accumulation of leaked gas near the extraction port 

and 2) the disturbance from steam flow. When the gas's leakage intensity and diffusion rate (diffusion 

coefficient) are relatively small during diffusion, the leaked gas accumulates near the outlet, gradually 

reaching a specific concentration over time. This accumulation causes the gas to cover and almost 
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overflow the tube bundle in Zone 3, exposing it to the influence of steam flow. The presence of 

unstable flow factors, such as vortices in the condense, interferes with the leaked gas, resulting in 

disturbance. Due to the disturbance caused by the unstable steam flow, the flow curve displays 

continuous and significant oscillations. However, it is worth noting that when the gas leakage intensity 

or diffusion coefficient is large, the impact of these disturbances becomes less significant. 

6 Conclusions 

This paper investigates the leakage phenomenon and transport laws of two gases (He, SF6) in the 

condenser tube bundle. The study indicates that the leaked gas includes two transport patterns: flow (in 

all gas transport processes) and diffusion (in parts of the gas transport process). In addition, the effects 

of leakage intensity and gas species on the leaked gas transport were also studied. The analysis are as 

follows: 

(1) The gas flow process refers to the leaked gas being transported along with the steam flow. The 

outlet flow rate of leaked gas will rapidly decrease and quickly reach a stable level. The time required 

for stability is only related to the steam flow field. Gas diffusion refers to the process in which the 

leaked gas stagnates and accumulates in the extraction port under the combination of the small 

pressure gradient and large resistance, then diffuses out by concentration difference. Since the effect of 

gas transport through diffusion is much weaker than flow, the time required for the transport process, 

including diffusion, to reach stability is much longer than the pure flow process. 

(2) The larger the leakage intensity for both transport patterns, the greater the outlet flow rate 

when reaching stability. However, the time required for outlet flow rate when reaching stability is 

closely related to the transport pattern. When the diffusion process is not included, the required time 

for stability will not change with the leakage intensity and gas species and is very short. When the 

diffusion process is included, the transport becomes complicated. The smaller the leakage intensity, the 

longer the required time. The required time for stability has a relation with gas species and is inversely 

proportional to the gas diffusion coefficient, which follows 𝑓(𝐷1‧𝑡) = 𝑔(𝐷2‧𝑡). 

(3) When using SF6, the time required for the outlet flow rate to reach stability is 6-7 times longer 

than He. When the leakage intensity is low, the outlet flow rate of SF6 will be more prone to high-

frequency fluctuations or oscillations.  

According to the above comparative study, SF6 can be used instead of He as the tracer gas. 

Slightly different from the operation method when He is used, SF6 may require 6-7 times the waiting 

time for stabilization than He. 
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