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Exploring the transport characteristics of leakage gas in the condenser can 

facilitate quicker identification of leak points when using Helium tracer gas 

method for detection. We construct a three-dimensional physical model of 

the condenser to simulate the Helium gas leakage process within the tube 

bundle. On the steam side, we adopt RNG    , porous media, steam 

condensation, and convective diffusion models to describe steam and 

leakage gas flow. On the waterside, we use the tube bundle thermal 

resistance model to describe the steam-water heat transfer. The research 

concludes with three key points. When the centripetal pressure gradient is 

insufficient, there will be leakage gas enrichment, resulting in flowing out in 

the form of diffusion. When there is no centripetal pressure gradient in the 

tube bundle region, it will extract only a small amount of upstream leakage 

gas along with steam through the flow. When reaching a stable level for 

leakage gas, the leakage intensity is proportional to the outlets' flow rate but 

is independent of the transport form. The deviation of the mass flow rate 

decreases with the mesh quantity increasing, which is less than 2% when the 

mesh quantity is over 638228. The deviation between simulated and actual 

values of the two parameters is less than 5%, which reveals the good 

agreement between numerical calculation and actual work conditions. These 

conclusions can assist employees and researchers in evaluating data on leak 

points and enhancing detection techniques. 

Key words: Steam condenser, Tube bundle leakage, Porous media, Tracer 

gas transport, Flow simulation 
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1 Introduction 

The steam condenser is an essential component of the turbine system in power plants [1, 2]. It 

cools the turbine and steam by circulating water within the tube bundle to form and maintain a specific 

vacuum level at the turbine exhaust outlet. The performance of this equipment directly affects the 

economic efficiency and reliability of the turbine generator [3, 4]. The condenser consists of the 

steam-side vacuum system and the water-side. The gas tightness is crucial for operation safety and 

generator efficiency [5, 6]. When the condenser water side has poor gas tightness, coupled with the 

close vacuum inside the condenser, it will cause the circulating water to leak because of the 

significantly higher pressure exerted by the circulating water compared to that inside the condenser. It 

will also affect feedwater quality, scale the boiler's heating surface, and potentially cause severe 

accidents, such as tube bursting [7, 8]. Therefore, it is essential to research the condenser's leakage 

detection techniques and prevention methods. 

There are many available methods for leakage detection in tube bundles, such as ultrasonic 

detection [9], eddy-current testing [10], hydrostatic testing [11], and so on. Traditional condenser 

leakage detection methods require the machine shutdown, which is time-consuming and 

resource-consuming, and directly affects the economic efficiency of power plants [12, 13]. Now, there 

is a condenser tube bundle detection method based on Helium tracer gas that can avoid these issues 

[14, 15]. The detection method involves closing the circulating water in the tube bundle and injecting 

Helium tracer gas into the predetermined tube bundle. In case of any leaks, Helium would migrate to 

the steam side of the condenser through the hole and be extracted along with the uncondensed gas. By 

measuring the content of the tracer gas at the extraction port, it is possible to infer if there is a leak. 

However, there is little research on establishing the relationship between leakage gas flow rate and 

operating conditions. Therefore, conducting in-depth research on the transport characteristics of 

leakage gas is essential. 

To investigate the transport rules and locate the leak point faster, this paper presents a numerical 

model for tube bundle and fluid regions in the power plant's condenser. According to the power plant's 

actual operating conditions, a tracer gas (Helium) is introduced to simulate leaks occurring at 

predetermined locations within the tube bundle. The simulation includes an analysis of internal flow 

field distribution and mass flow rate at extraction ports to examine Helium leakage behavior under 

various operating conditions. 

2 Methodology 

2.1 Physical model and numerical meshes 

Fig. 1 shows the three-dimensional physical model of the condenser. It consists of two chambers, 

each with two extraction ports, labelled as Port 1#, 2#, 3#, and 4#. The condenser's internal structure is 

complex and can be divided into the tube bundle and fluid regions. The green arrows in the figure 

indicate the tube bundle zones, which are approximately rectangular. Four tube bundle zones are along 

the X-axis, labelled as Zone 1, 2, 3, and 4. Each tube bundle zone is equipped with an extraction 

turbine and a circulating water pump at center. Specifically, Ports 1# and 3# share one extraction 

turbine and circulating water pump, while Ports 2# and 4# also share another extraction turbine and 

circulating water pump. Therefore, the extraction turbine and circulating water pump in Zones 1 and 3 

must be opened or closed simultaneously, and the same applies to Zones 2 and 4. The direct 
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calculation is nearly impossible since the condenser has thousands of heat exchange tubes. Hence this 

article simplifies the tube bundle zone using a porous media model, while all other areas outside the 

tube bundle zone are considered as fluid regions. 

 

Fig. 1 Three-dimensional physical model of the condenser. 

The convergence of the calculation results is influenced by the complexity of the flow field, thus 

necessitating a finer mesh division to ensure optimal mesh quality. We first establish a 

two-dimensional mesh. After achieving the stable and correct calculation, the three-dimensional mesh 

is subsequently constructed. Specifically, tetrahedral mesh is utilized in the condenser throat. In other 

areas, quadrilateral meshes are employed in the XY plane, followed by sweeping in the Z-direction to 

form hexahedral meshes. Since the flow velocity in the Z-direction is extremely low, only 12 meshes 

are allocated in that direction. According to practical experience, the maximum flow velocity is mainly 

concentrated in areas affected by steam, such as near the wall of various pipes in the throat area, 

between cooling bundles, and close to the extraction port. To better characterize the flow, these 

specific regions undergo individual refinement with encrypted meshes. 

To verify the mesh independence, use four different sizes of meshes (473520, 534633, 638228, 

721352) to conduct steady-state calculations. These calculations were performed under operating 

conditions No. 5 as indicated in tab. 1. The mass flow rate of steam at the extraction port was 

calculated for each mesh size and plotted in fig. 2. According to fig. 2, the deviation of the mass flow 

rate decreases with the mesh size increase, which is less than 2% when mesh sizes are 638228 and 

721352. Considering the computational efficiency, this paper employs a mesh size of 638228 for 

subsequent simulations. 

Tab. 1 Basic working conditions of condenser. 

NO. 
Operating 

loads (MW) 

Mass flow rate in 

the condenser 

inlet (kg/s) 

Cooling water 

temperature 

(℃) 

Condenser 

back pressure 

(KPa) 

Circulating water 

pump opening 

conditions 

1 600 220.209 10 6.7 single-row 

2 600 238.487 24 3.3 single-row 

3 840 295.550 10 8.4 single-row 

4 840 317.408 24 4.3 single-row 

5 100% TMCR 371.782 24 5.6 double-row 

Note: “TMCR” represents the turbine's maximum continuous rate. 
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Fig. 2 Mesh independence verification diagram. 

2.2 Numerical model 

2.2.1 Governing equations 

To simulate the internal flow field and mass transfer in the condenser, a set of governing 

equations (Eqs. (1) ~ (8)) are established to describe the transient flow. The equations can be divided 

into three parts: the steam mass conservation equation (Eq. (1)), the momentum equation for the 

mixture (Eqs. (2) ~ (4)), and the convective-diffusion equation for Helium (Eq. (5)). The parameters 𝛽 

and 𝑐𝑎 are the constants. The unknown variables of 𝐹𝑥, 𝐹𝑦, 𝐹𝑧 and 𝑚̇ are determined by Eqs. (6) ~ 

(9). Additionally, there are six other unknown variables (𝜌, 𝑝, 𝑢, 𝑣, 𝑤, 𝑥𝑎). To make the equations 

close, we introduce the ideal gas state equation. 

𝜕(𝛽𝜌)

𝜕𝑡
+
𝜕(𝛽𝜌𝑢)

𝜕𝑥
+
𝜕(𝛽𝜌𝑣)

𝜕𝑦
+
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𝜕𝑧
=  𝑚̇ (1) 

𝜕(𝛽𝜌𝑢)

𝜕𝑡
+
𝜕(𝛽𝜌𝑢𝑢)

𝜕𝑥
+
𝜕(𝛽𝜌𝑣𝑢)

𝜕𝑦
+
𝜕(𝛽𝜌𝑤𝑢)

𝜕𝑧

=
𝜕

𝜕𝑥
(𝛽𝜇

𝜕𝑢

𝜕𝑥
) +

𝜕
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(2) 
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𝜕(𝛽𝜌𝑥𝑎)

𝜕𝑡
+
𝜕(𝛽𝜌𝑢𝑥𝑎)

𝜕𝑥
+
𝜕(𝛽𝜌𝑣𝑥𝑎)

𝜕𝑦
+
𝜕(𝛽𝜌𝑤𝑥𝑎)

𝜕𝑧
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𝜕

𝜕𝑥
(𝛽𝑐𝑎

𝜕𝑥𝑎
𝜕𝑥
) +

𝜕

𝜕𝑦
(𝛽𝑐𝑎

𝜕𝑥𝑎
𝜕𝑦
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𝜕

𝜕𝑧
(𝛽𝑐𝑎

𝜕𝑥𝑎
𝜕𝑧
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(5) 

where 𝛽 represents the porosity [16], and the value of 𝛽 is the ratio of fluid volume within the 

control body to the volume of the control body, which is determined by the tube bundle size and 

distribution. 𝜌 represents the steam density. 𝑢, 𝑣, and 𝑤 denote the flow velocities in the 𝑥, 𝑦, and 

𝑧 directions. 𝑚̇ is the condensation rate of steam per unit volume. 𝑐𝑎 is the diffusion coefficient of 

Helium [17]. 𝑥𝑎 is the mass concentration of the leakage gas. 𝑀𝑎 is the Helium mass sink, which 

remains zero everywhere except at the leak point. In this paper, the inlet steam flow velocity can reach 

more than 60 m/s. For the throat, because there is a complex tube bundle structure, most researchers 

adopt turbulence models to simulate steam flow [18]. The dynamic viscosity 𝜇 in Eqs. (2) ~ (4) 

consists of two parts, one is laminar dynamic viscosity and the other part is generated by turbulence, 

which is calculated by the RNG     model [19, 20]. 

From Eq. (5), there are two transport modes for Helium. One is the flow along with the steam, 

given by 
𝜕(𝛽𝜌𝑢𝑥𝑎)

𝜕𝑥
+
𝜕(𝛽𝜌𝑣𝑥𝑎)

𝜕𝑦
+
𝜕(𝛽𝜌𝑤𝑥𝑎)

𝜕𝑧
, where the transport velocity is consistent with the steam 

velocity. The other mode is diffusion caused by concentration difference, given by 
𝜕

𝜕𝑥
(𝛽𝑐𝑎

𝜕𝑥𝑎

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝛽𝑐𝑎

𝜕𝑥𝑎

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝛽𝑐𝑎

𝜕𝑥𝑎

𝜕𝑧
). The transport velocity depends on Helium's concentration and diffusion 

coefficient. 

𝐹𝑥 = 𝜉𝜌𝑢𝑈𝑝 (6) 

𝐹𝑦 = 𝜉𝜌𝑣𝑈𝑝 (7) 

𝐹𝑧 = 𝜉𝜌𝑤𝑈𝑝 (8) 

where 𝐹𝑥, 𝐹𝑦, and 𝐹𝑧 represent the flow resistance of the mixed gas in the 𝑥, 𝑦, and 𝑧 directions, 

respectively. 𝜉 is the parameter related to the distribution of the bundle structure and the direction of 

the gas flow, which can be explicitly calculated by referring to the literature [21]. And 𝑈𝑝 represents 

the magnitude of velocity, which is equal to the square root of the square sum of velocities in the three 

directions. 

Condensation rate equation [22]: 

𝑚̇ =
∆𝑡𝑚𝐶𝐴
𝑅𝑡𝑜𝑡𝛾𝐶𝑉

                                                                            (9) 

where ∆𝑡𝑚 is the logarithmic average temperature difference. 𝑅𝑡𝑜𝑡 is the total thermal resistance 

from the steam side to the waterside. 𝛾 is the latent heat of the local steam condensation. 𝐶𝑉 and 𝐶𝐴 

are the control body thermal volume and cooling tube heat-transfer area, respectively. 

According to the ideal gas state equation [23], the steam density 𝜌 is : 

𝜌 =
𝑝

𝑅𝑇
 (10) 

where 𝑅 is the steam gas constant, and 𝑇 is the stream gas temperature. 
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2.2.2 Boundary conditions 

The boundary conditions for condenser calculation are composed of three parts: the inlet, outlet, 

and leak point part (fig. 3). Fig. 3a illustrates the distribution of steam inlet and outlet parts. The blue 

area represents the fluid inlet, and the dark red area represents the fluid outlet. These positions are 

labelled as Inlet 1, Inlet 2, Outlet 1, Outlet 2, Outlet 3, and Outlet 4 along the positive X-axis direction. 

The fluid outlet involves an area within 0~15 m along the Z-axis. To improve the computational 

stability, the inlet velocity adopts “the mass flow rate”, while the outlet part adopts the “outflow” type. 

Considering the computational complexity and the analysis time, only one leak position is selected for 

investigation (fig. 3b). The leak point is located in Zone 4 (highlighted in red in fig. 3b), with a 

corresponding volume of 0.00894 m
3
. 

 
Zone 4  

(a) Inlet and outlet positions (b) Schematic diagram of leakage point position 

Fig. 3 Boundary conditions. 

According to the above calculation methods and conditions, the RNG     turbulence model 

[24] is used for steady-state simulation. The near wall function adopts the standard wall function. The 

obtained steady-state simulation results are used as the initial conditions for transient simulation. The 

time step is set as 0.015 s, with a maximum iteration of 50 per unit time step. 

The parameters for simulation are based on the NO.5 operating condition in Tab. 1. According to 

the simulation results, the calculated outlet steam gas temperature is 34.81 ℃, and the pressure is 

3434.7 Pa, while corresponding values from the on-site data of the power plant under identical 

conditions are 35.01 ℃ and 3466.0 Pa, respectively. The deviation between simulated and actual 

values of the two parameters is less than 5%, which reveals the good agreement between numerical 

calculation and actual work conditions. Therefore, the effectiveness of the numerical simulation results 

is validated. 

3 Simulation results and analysis 

3.1 Transport characteristics of leakage gas under 600 MW and 840 MW 

The simulation when the leakage intensity is 0.0779 kg/(m
3‧ s) is conducted based on the two 

operating loads of 600 MW (NO. 2) and 840 MW (NO. 4) in Tab. 1. Fig. 4 illustrates the relation 

between the leakage gas flow rate and time under different operating conditions. From figs. 4a and 4b, 

it can be observed that the Helium mass flow rates at Outlets 1 and 2 consistently remain at 0 kg/s. 

This indicates that gas leakage only occurs in the right chamber because it is separate from the left 
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chamber. Consequently, there is no mass flow rate at the extraction port of the left chamber, resulting 

in a value of 0 kg/s. In addition, despite the leak point located above Port 4#, Outlet 3 exhibits a 

significantly higher mass flow rate than Outlet 4.  
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(a) (b) 

 Fig. 4 Comparison diagram of leakage gas outlet flow rate under (a) 600 MW and (b) 840 MW when 

the circulating water pumps 1 and 3 are opened. 

According to fig. 4, the flow rate at all outlets is almost stable after 3s when the operating load is 

840 MW, while Outlet 4 under the operating load of 600 MW has not yet reached a stable level.    

To analyze the reasons for the large flow rate difference between Outlet 3 and Outlet 4, depict the 

pressure and streamline cloud diagrams (fig. 5) under 840 MW after reaching steady. From fig. 5a, a 

large pressure gradient formed at Ports 1# and 3# when circulating water pumps 1 and 3 are opened. 

Since the centripetal pressure gradient is the main driving force for gas leakage from the extraction 

port, the gas from the leakage point in Zone 4 on the right chamber quickly enters Outlet 3. Conversely, 

due to the closure of circulating water pumps 2 and 4, no centripetal pressure gradient can be formed 

in the cooling area of Zones 2 and 4 (fig. 5a). The obvious pressure gradient is only found near Ports 

2# and 4#. Combining to fig. 5a, there is no centripetal pressure gradient in the cooling area of Zones 2 

and 4 in fig. 5b, leading to very few streamlines. Only a small amount of steam rushes into the 

extraction port from the inlet above and is taken away. Most streamlines flow from top to bottom 

along both sides of the cooling area of Zones 2 and 4. As shown in fig. 5b, leakage gas on the right 

side flows into the cooling area within Zones 1 and 3 along the ‘L’-shape path indicated by the red line 

in fig. 5b and then is extracted. Therefore, the mass flow rate of Outlet 3 is much higher than that of 

Outlet 4. It is worth noting that the leakage point studied is in Outlet 4 upstream, so a small part of the 

flow enters Outlet 4. But if the leakage point is not in Outlet 4 upstream, then no flow will enter Outlet 

4, resulting in the flow rate being 0kg/s at Outlet 4. 
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(a) (b) 

Fig. 5 Cloud diagrams of pressure (a) and streamline (b) under 840 MW. 

To further analyze the prolonged time required for the leakage gas flow to stabilize at Outlet 3 

when the operating load is 600 MW (fig. 4a), the mass fraction diagrams of the leakage gas at 3s and 

6s are drawn (fig. 6) and the mass distribution of the leakage gas is studied. Fig. 6a shows that the 

maximum mass fraction at Port 3# is 0.1, but it is nearly 0 at Port 4#. This suggests that the leakage 

gas at Port 4# has been extracted, while the gas at Port 3# has not been extracted and remains inside 

the extraction port to form an enrichment phenomenon. Fig. 6b shows that the maximum mass fraction 

of Port 3# at 6s is 0.127, which exceeds the value at 3s. This indicates that the enrichment 

phenomenon of leakage gas at Port 3# is intensified. On the other hand, the maximum mass fraction of 

Port 4# at 6s has not changed and remains close to 0.  

In comparison, the time required for the flow rate of Outlet 3 to reach a stable level in fig. 4a is 

much longer than that in fig. 4b. This discrepancy can be attributed to the decrease in operation load 

from 840 MW to 600 MW, resulting in reduced steam. However, the quantity and temperature of 

circulating water remain unchanged. In this way, under the same cooling conditions, the cooling effect 

of low steam volume is better. It leads to part of the cooling area reaching a high vacuum level. The 

leakage gas entering the vacuum region cannot be extracted due to insufficient centripetal pressure 

gradient, causing enrichment. When enriched for a period of time, it will diffuse to the outlet through 

the concentration difference. Therefore, there are two stages in the transport process for leakage gas at 

Port 3# under 600 MW. In the first stage, the leakage gas flows along with the steam and reaches the 

extraction port. Some leakage gas leaves Port 3# due to the pressure gradient, while the remaining 

leakage gas will stay and enrich. In the second stage, the enriched leakage gas finally diffuses out of 

the extraction port through concentration difference. Since the time of the second stage is much longer 

than that of the first stage, the time required for Outlet 3 to reach the stable level at 600 MW in fig. 4 is 

significantly longer than that of other outlets. 
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(a) (b) 

Fig. 6 Mass fraction diagrams of the leakage gas inside the condenser at (a) 3s and (b) 6s under 600 

MW. 

From the above, the leakage gas flow rate change over time exhibits two fundamental forms, as 

illustrated in fig. 7a and fig. 7b. If the gas undergoes multiple flow and diffusion processes, the 

leakage gas transport mode will be a combination of these two forms. 
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Fig. 7 The outlet flow rate for both forms of leakage gas varied with time. 

3.2 Transport rules under different leakage intensities 

The leakage gas transport rules under different leakage intensities are investigated (tab. 2). The 

intensity values follow a specific proportional relationship (16:4:1). The leakage position in this 

section is also located above Zone 4 in the tube bundle area. Other operating conditions are set 

according to section 3.1. The transient simulation is conducted under different Helium leakage 

intensities. 

Tab. 2 Leakage intensity table in different cases. 

Case Helium leakage intensity ( kg/(m
3‧ s)) 

1 0.3110 

2 0.0779 

3 0.0194 

Fig. 8 depicts the evolution curves of the outlet flow rate for leakage gas at three different leakage 

intensities. From an overall perspective, the trend of flow rate variation and the time required to reach 
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the stable level is almost the same among the three leakage intensities. The average flow rate of 

leakage gas at Outlet 4 accounted for around 12.3% of the total flow rate, while the average flow rate 

of leakage gas at Outlet 3 accounted for about 87.7% of the total flow rate. It indicates that changes in 

leakage intensity do not impact the steam flow. However, the specific values of the outlet flow rate are 

different for various leakage intensities. Through calculations, it is determined that there exists a 

proportional relationship between the outlet flow rates (16:4:1), which correspond to leakage 

intensities. 
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(a) Case 1 (b) Case 2 (c) Case 3 

Fig. 8 Leakage gas outlet flow rate diagrams in three cases. 

According to the above analysis, the value of the outlet flow rate when reaching a stable level is 

proportional to the leakage intensity. Namely, when the leakage intensity increases by K times, the 

outlet flow rate will also increase by K times. 

4 Conclusions 

Based on the actual situation in the power plant, this paper developed a three-dimensional 

physical model of the condenser. The model considers the complex tube bundle area in the condenser 

as porous media. The flow field inside the tube bundle and the leakage gas transport under various 

operating conditions are simulated. The following conclusions can be drawn: 

(1) The extraction of leakage gas primarily depends on the centripetal pressure gradient within 

the cooling area of the tube bundle. Driven by this centripetal pressure gradient, leakage gas can flow 

out from the extraction port. Increasing the operating load, improving the circulating water 

temperature, or reducing the amount of circulating water can enhance the centripetal pressure gradient 

to quickly stabilize the outlet flow rate. 

(2) There are two leakage gas transport forms: flow and diffusion. When there is sufficient 

centripetal pressure, leakage gas will flow out along with the steam through the extraction port. When 

the centripetal pressure is insufficient, the leakage gas will enrich until it reaches a concentration level 

that allows diffusion towards the outlet due to the concentration difference. 

(3) The leakage gas intensity only positively affects the outlet flow rate. And stable outlet flow 

rate value is proportional to the leakage intensity. Changing the leakage gas intensity does not affect 

the trend or time required for the outlet flow rate to reach stability.  

(4) The deviation of the mass flow rate decreases with the mesh quantity increasing, which is less 

than 2% when the mesh quantity is over 638228. The deviation between simulated and actual values of 

the two parameters is less than 5%, which reveals the good agreement between numerical calculation 

and actual work conditions. 
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The above conclusions provide valuable insights for employees and researchers for analyzing 

leak point information such as the leak point size, the position where the leak occurs, and the amount 

of the leakage gas, to improve the measurement method. Furthermore, altering detected gas may yield 

positive effects on the measurement techniques and results, which need to be studied in future. 

Nomenclature  

𝐶𝐴 Cooling tube heat-transfer area, m
2
 

𝐶𝑉 Control body thermal volume, m
3
 

𝑐𝑎 Diffusion coefficient of Helium, m
2
/s 

𝐹𝑥, 𝐹𝑦, 𝐹𝑦 Flow resistance of the mixed gas in the 𝑥, 𝑦, and 𝑧 directions, Pa 

𝑚̇ Condensation rate of steam per unit volume locally, W/[kg/(m
2‧ s)] 

𝑀𝑎 Helium mass sink  

𝑝 Condenser pressure, Pa 

𝑅 Steam gas constant, J/(mol‧ K) 

𝑅𝑡𝑜𝑡 Total thermal resistance from the steam side to the waterside, K/W 

𝑇 Stream temperature, K 

∆𝑡𝑚 Logarithmic average temperature difference, ℃ 

𝑈𝑝 Magnitude of velocity, m/s 

𝑢, 𝑣, 𝑤 Flow velocities in the 𝑥, 𝑦, and 𝑧 directions, m/s 

𝑥𝑎 Mass concentration of leakage gas 

Greek symbols  

𝛽 Porous media model porosity 

𝛾 Latent heat of the local steam condensation, J 

𝜌 Steam density, kg/m
3
 

𝜇 Dynamic viscosity, kg/(m‧ s) 

𝜉 
Dimensionless parameter related to the distribution of the bundle 

structure and the direction of the gas flow 
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