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ABSTRACT 
 

Geothermal power plants are a promising alternative to polluting fossil fuels. In Belgium, geothermal 

brines can have production temperatures up to 130°C. This makes them interesting to be used with an 

Organic Rankine Cycle. The brines have however a high salinity and contain a high amount of carbon 

dioxide. Most common metallic construction materials will suffer corrosion when in contact with the 

brine, requiring a high material thickness. This is problematic for heat exchangers, since they are 

typically designed with an as small as possible wall thickness. Therefore, a heat exchanger model is 

combined with a corrosion model. This model allows to determine the total cost of ownership of the 

heat exchanger over its lifetime, taking into account not only the investment cost, but also the 

operational costs and maintenance costs. An optimal design solution can be determined and by 

performing a data analysis over the entire design space, clusters of good designs can provide 

guidelines for heat exchanger manufacturers. The method and results presented are still preliminary. 
 

 

1. INTRODUCTION 
 

The geothermal brine produced at the wells in Belgium has a production temperature of up to 130°C. 

These low temperature geothermal fluids can be used to provide heat to district heating networks or to 

generate electricity with an organic Rankine cycle. The brine however has a salinity of 160 g/l total 

dissolved solids, with sodium and chlorine accounting for 90% of the total dissolved ions. This makes 

the brine corrosive to metals (Faes et al., 2019a). They however remain the preferred construction 

material, since the pressure at the well head can reach 40 bar.  

 

This corrosivity is especially problematic for heat exchangers, where big corrosion allowances (and 

large wall thicknesses) would involve reduced heat transfer. It has been shown before that corrosion 

can reduce the thermohydraulic performance and hinder safe operation (Faes et al., 2019b). To solve 

this, metals like titanium or highly alloyed steel types could be selected. Because of the higher 

purchase cost and problems regarding machinability and weldability, this would have a strong impact 

on the profitability of the geothermal project (Walraven et al., 2015). In addition to corrosion, also 
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scaling and fouling could be problematic. First results from the geothermal site indicate however that 

these will only be present to a lesser extent. 

 

In this study, a heat exchanger design model was developed to investigate the possibility of using 

more economic materials (like e.g. carbon steel) for the construction of the heat exchanger. Because 

of the lower investment cost, employing a corroding heat exchanger and replacing it several times 

over the lifetime of the power plant might be cheaper than purchasing one expensive heat exchanger. 

The goal of the heat exchanger designed and sized with the model is to heat water with the geothermal 

brine. This hot water can then be used to supply a district heating network or to evaporate the 

refrigerant in an Organic Rankine Cycle. 

 

Several models for the optimization of heat exchangers have been developed in literature. Some 

examples focusing on shell-and-tube heat exchanger can be found in the studies by Selbaş et al. 

(2006), Caputo et al. (2008) and Sanaye and Hajabdollahi (2010). For a more exhaustive overview, 

the reader is referred to the review paper by Gosselin (2009). The basis of the model described in this 

paper is comparable to the models found in literature. The existing models however don’t take scaling 

and corrosion into account. Therefore, an additional corrosion and maintenance model have been 

implemented. 

 

By implementing an optimization algorithm, like e.g. genetic optimization (Selbaş et al., 2006), 

particle swarm optimization (Sadeghzadeh, 2015) or a firefly algorithm (Khosravi, 2015), an optimal 

solution can be found without having to simulate the entire search space. Nonetheless, in this study, 

all possible designs are simulated. The computational effort is still limited (approximately 3 days for 

100000 designs), and having the results of all designs allows not only to find the optimal design, but 

also observe trends and identify clusters of good designs. 

 

 

2. HEAT EXCHANGER MODEL 

 
To achieve the high power (7 MWth) and mass flow rates (40 kg/s) and to cope with the high 

pressures (40 bar), shell-and-tube heat exchangers are considered. An example of such a device can be 

seen in Figure 1. It consists of a number of tubes inside a shell. Since the brine is corrosive, it will 

flow inside the tubes. To direct the secondary fluid (water) over the tubes, a number of baffles are 

inserted inside the shell. With the heated water, the refrigerant will be evaporated. All heat transfer in 

the current heat exchanger model is single-phase. 

 

During the design of the heat exchangers, there is always a trade-off between heat transfer rates and 

pressure drop. This design optimization model will determine the design that has the lowest total cost 

of ownership (TCO, explained further) over the entire lifetime of the power plant.  

 

 

Figure 1: Schematic representation of a shell-and-tube heat exchanger. 
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2.1 Overall heat transfer 

Similar to the work of Selbaş et al. (2006), Caputo et al. (2008) and Sanaye and Hajabdollahi (2010), 

a set of equations determining these heat transfer rates and pressure drop for a certain heat exchanger 

design is at the basis of this model. In the present study the heat exchanger is thermally modelled 

using the ε-NTU method. The effectiveness of the heat exchanger was estimated from (Kakaç, 2002) 

with Equation 1a. Currently, a TEMA type E heat exchanger was used. The model is however not 

limited to this design and different heat exchanger types might be investigated as well. 

 

 𝜀 =
1−exp(−𝑁𝑇𝑈⋅(1−𝐶∗))

1−𝐶∗⋅exp(−𝑁𝑇𝑈⋅(1−𝐶∗))
 [1a] 

for 1 tube pass and 

 𝜀 =
2

1+𝐶∗+(1+𝐶∗2)
1
2⋅

1+exp(−𝑁𝑇𝑈⋅(1+𝐶∗2)

1
2)

1−exp(−𝑁𝑇𝑈⋅(1+𝐶∗2)

1
2)

 [1b] 

for multiple tube passes. 

 

In this equation, 𝑁𝑇𝑈 is the number of transfer units and 𝐶∗ is the heat capacity rate ratio. 

 

 

2.2 Tube side performance 

The equations used to determine the heat transfer coefficient inside the tubes is dependent on the flow 

regime (indicated by the Reynolds number, Ret) and given in the following equations:  

 ℎ𝑡 =
𝜆

𝑑𝑖
⋅ [3.657 +

0.0677⋅(𝑅𝑒𝑡⋅Prt⋅
𝑑𝑖
𝐿

)
1.33

1+0.1⋅𝑃𝑟𝑡⋅(𝑅𝑒𝑡⋅
𝑑𝑖
𝐿

)
0.3 ] [2a]  

 𝑅𝑒𝑡 < 2300; Stephan and Preuβer (Lee et al. 2005) 

 ℎ𝑡 =
𝜆

𝑑𝑖
⋅ [

𝑓𝑡
8

⋅(𝑅𝑒𝑡−1000)⋅𝑃𝑟𝑡

1+12.7̇⋅√
𝑓𝑡
8

⋅(𝑃𝑟𝑡
0.67−1)

⋅ (1 + (
𝑑𝑖

𝐿
)

0.67
)] [2b]  

 2300 < 𝑅𝑒𝑡 < 104; Gnielinski (Lee et al., 2005) 

 ℎ𝑡 =
𝜆

𝑑𝑖
⋅ 0.027 ⋅ 𝑅𝑒𝑡

0.8 ⋅ 𝑃𝑟𝑡

1

3 [2c]  

 𝑅𝑒𝑡 > 104; Sieder and Tate (Kern, 1950) 

 

In the previous equations, 𝜆 and 𝑃𝑟𝑡 are the thermal conductivity and the Prandtl number of the fluid, 

𝑅𝑒𝑡 is the Reynolds number inside the tubes and 𝑓𝑡 is the Darcy friction factor. This friction factor is 

calculated as using the Gnielinski correlation (Lee et al., 2005): 

 𝑓𝑡 = (1.82 ⋅ log(𝑅𝑒𝑡) − 1.64)−2  [3]  

 

The same friction factor is used in the calculation of the tube side pressure drop (Kakaç, 2002):  

 Δ𝑃𝑡 =
𝜌⋅𝑣𝑡

2
⋅ (𝑓𝑡 ⋅

𝐿

𝑑𝑖
+ 4) ⋅ 𝑁𝑝 [4]  

 

To determine the fluid properties, correlations from the desalination industry were used. These 

correlations can be found in the review paper by Sharqaway et al. (2010). 

 

2.3 Shell side performance 

The Bell-Delaware method is used to determine the heat transfer coefficient and pressure drop on the 

shell side. 

For the calculation of the heat transfer coefficient ℎ𝑠, this method starts with the calculation of the 

heat transfer coefficient for pure crossflow of an ideal tube-bank, ℎ𝑖𝑑 (Equation 5) (Kuppan, 2013). 

Next, several correction factors, 𝐽, are applied to take bypass flows into account (Equation 6). For the 

calculation of these correction factors, the reader is referred to the book of Kuppan (2013).  
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 hid =
ji⋅cp,s⋅Gs

Prs

2
3

 ⋅ (
ϕs

𝜙𝑤
)

0.14
 [5]  

 hs = ℎ𝑖𝑑 ⋅ 𝐽𝑐 ⋅ 𝐽𝑙 ⋅ 𝐽𝑏 ⋅ 𝐽𝑠 ⋅ 𝐽𝑟 [6]  

 

In Equation 5, 𝑐𝑝,𝑠 is the specific heat capacity of the fluid on the shell-side, 𝐺𝑠 is the mass velocity on 

the shell-side, 𝑃𝑟𝑠 is the Prandtl number on the shell side and 𝜇𝑠 and 𝜇𝑤 are the dynamic viscosity at 

the shell-side temperature and at wall temperature. The ideal Colburn j factor is represented by 𝑗𝑖. The 

reader is again referred to the book of Kuppan (2013) for the calculation of this factor. 

 

 

3. CORROSION AND MAINTENANCE MODEL 

 
Existing investigations on the design of heat exchangers solely focus on finding the optimal design for 

a fixed exchanger performance (Selbaş et al., 2006, Caputo et al., 2008 and Sanaye and Hajabdollahi, 

2010). According to the author’s knowledge, no studies exist taking into account varying 

performances of the heat exchanger caused by corrosion, scaling or fouling.  Therefore, to simulate 

the influence of the corrosive brine on the heat exchanger, a corrosion and maintenance model is 

applied. No scaling or fouling model is implemented (yet), since first results on the geothermal site 

indicate that these phenomena will only occur to a lesser extent. With the corrosion model, a new state 

of the heat exchanger is determined monthly and with the maintenance model, it is checked if any 

action would be required. 

 

3.1 Corrosion model 

In the current version of the corrosion model, only uniform corrosion is taken into account, since 

corrosion experiments on the carbon steel indicate that no pitting is present. If stainless steel types 

would be considered, this corrosion model would have to be adapted. Based on the material selection 

for the tubes, a uniform corrosion rate is determined. Monthly, the wall thickness of the tubes is 

reduced according to this corrosion rate and an increase of the surface roughness is applied. Since the 

brine flows inside the tubes, the outer surface of the tubes remains unaffected. Additional parameters 

can be supplied to the model, defining how much corrosion products are formed and if they adhere to 

the metal wall.  

 

Since the formation of a corrosion layer will alter the behaviour of the flow inside the tube and the 

thermal resistance of the wall, the thermohydraulic performance of the heat exchanger is recalculated 

monthly. This corrosion fouling model is similar to existing precipitation fouling models, illustrated in 

Figure 2. 

 

3.2 Maintenance model 

Several rules can be supplied to the model defining when maintenance of the heat exchanger is 

required. Currently, the model ‘cleans’ the heat exchanger when the heat transfer has reduced too 

much, the pressure drop exceeds a certain level or the flow velocity is too high. This cleaning removes 

the corrosion layer, but without resetting the (metal) wall thickness back to its original version. 

 

When corrosion has advanced sufficiently and the wall thickness drops below a certain limit, a 

replacement action is required. The model starts the calculation of the next month with a new original 

heat exchanger. With this action, the replacement of the tube bundle or the entire heat exchanger is 

simulated.  
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Figure 2: Evolution of thermal fouling resistance and pressure drop  

for precipitation fouling (Schoenitz et al., 2015). 

 

 

4. COST CALCULATIONS 

 
For a realistic estimate of the total cost of ownership, three different costs are calculated. An 

investment cost is calculated at the beginning of the simulation and every month the discounted 

operational cost and discounted maintenance costs are determined. 

 

4.1 Investment cost 

The calculation of the heat exchanger investment cost is done with the method by Taal (2003), shown 

in Equation 6. This calculation is dependent on the heat transfer surface area 𝐴 (m²) and the 

construction material. The coefficients used in this equation are given in Table 1. 

 𝐶𝑖𝑛𝑣 = 𝐶1 + 𝐶2 ⋅ 𝐴𝐶3 [6] 

 

Table 1: Coefficients used to calculate the heat exchanger investment cost 

with Equation 6, (Taal, 2003). 

Material (shell-tube) 𝑪𝟏 𝑪𝟐 𝑪𝟑 

Carbon steel (CS) – CS 7000 360 0.8 

CS – stainless steel (SS) 8500 409 0.85 

SS – SS 10000 324 0.91 

CS – titanium (Ti) 14000 614 0.92 

Ti – Ti 17500 699 0.93 

 

4.2 Operational costs 

The operational costs is calculated to include the costs of running the pumps and is dependent on the 

pressure drop over the shell and the tubes. The discounted operational costs for month 𝑛, 𝐶𝑜𝑝𝐷, are 

based on the pumping power, 𝑃, with the following approach:  

 𝑃 =
Δ𝑃𝑡⋅𝑉𝑡

𝜂𝑡
+

Δ𝑃𝑠⋅𝑉𝑠

𝜂𝑠
  [7]  

 𝐶𝑜𝑝 = 𝑃 ⋅ 𝑐𝐸 ⋅ 𝑇 [8]  

 𝐶𝑜𝑝𝐷 =
𝐶𝑜𝑝

(1+𝑖𝑚)𝑛 [9] 
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Where 𝑉𝑡 and 𝑉𝑠 are the pressure drop over the tubes and the shell, 𝜂𝑡 and 𝜂𝑠 are the pump 

efficiencies, 𝑐𝐸 is the price of electricity, 𝑇 is the duration of the period during which the operational 

costs are calculated, 𝑖𝑚 is the monthly interest rate and 𝑛 represents the number of the current month. 

 

4.3 Maintenance costs 

As explained before, the actions can be applied, based of the state of the heat exchanger. When the 

wall thickness has reduced too much, the entire heat exchanger is replaced and the maintenance costs 

is the same as the investment cost determined in section 4.1, but discounted to the current month. 

When only cleaning is required, a cost smaller than the investment cost is added. This cleaning costs 

is again discounted to the month in which it is applied. 

 

4.4 Cost minimization 

In contrast to existing studies optimizing the design of heat exchangers, no optimization algorithm is 

applied. Instead, the TCO for the entire design space is calculated. This has the disadvantage that the 

calculation time will be significantly longer, but will allow us not only to identify a single optimum, 

but also to observe clusters of sufficiently good designs and trends that could serve as guidelines for 

heat exchanger manufacturers. This data analysis is however still work in progress 

 

 

5. PRELIMINARY RESULTS 

 
The model described in this paper is still under development. As a results, only preliminary results 

can be given. Two heat exchanger designs, rated at 5 MW will be compared. Both designs have 

almost the same dimensions, only will one heat exchanger have carbon steel tubes while the other has 

titanium tubes. Because titanium has a lower thermal conductivity than carbon steel (25 W/m*K vs. 

52 W/m*K), the titanium heat exchanger is longer than the carbon steel heat exchanger to reach the 5 

MW. All dimensions used in the simulations are given in Table 2. The inlet temperatures of the brine 

(at 40 bar) and water (at 5 bar) are respectively 128°C and 70°C. The brine has a mass flow rate of 

43.5 kg/s and the water has a mass flow rate of 38.0 kg/s. 

 

Table 2: Heat exchanger dimensions. 

Shell diameter 0.6 m 

Tube outer diameter 15.8 cm 

Tube inner diameter 10.3 cm 

Length: Titanium 

              Carbon steel 

3.3 m 

2.8 m 

Number of tubes 800 

Number of passes 2 

Pitch ratio 1.25 

Tube layout angle 90° 

Baffle spacing 0.6 m 

 

In the simulations, it was assumed that the titanium heat exchanger does not corrode, while the carbon 

steel has a corrosion rate of 0.3 mm/year in the brine. The corrosion products of the carbon heat 

exchanger adhere to the wall (and have the same density). The maintenance model cleaned the heat 

exchanger when the power decreased with 20% or when the pressure drop increased with 50%. The 

heat exchanger was replaced when the wall thickness dropped below 1mm. As cost for cleaning, 25% 

of the purchase cost was assumed. For the calculation of the operational costs it was assumed that the 

pumps had an efficiency of 80%. The price of electricity was put at 5 c€/kW and an annual interest 

rate of 10% was used. The cumulative costs for both designs can be seen in Figure 3. 
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In can be seen from the graphs that in this case, the TCO of the titanium heat exchanger (€71676.73) 

would be slightly smaller than that of the carbon steel heat exchanger (€79244.42). For the titanium 

device this cost is mainly attributed to the initial investment cost, while for the device with the carbon 

steel tubes, the maintenance costs are the biggest factor. With the given input parameters, 13 cleaning 

actions and 3 replacements would be required. 

 

   
Figure 3: Cumulative operational (COp), investment (CInv), maintenance (CMaint)  

and total (CTot) costs for the titanium (left) and carbon steel (right) heat exchanger. 

 

 

It needs to be stressed that only two heat exchanger designs are simulated and that these results are 

only preliminary. There is a high dependency of the results on the chosen input parameters. In order to 

have more realistic parameters for the corrosion model, experiments are being performed. For an 

accurate estimation of investment and cleaning costs, manufacturers are being contacted. 

 

 

6. CONCLUSIONS 

 

In this paper, a preliminary model has been presented that will allow to determine the optimal 

design for shell-and-tube heat exchangers. Since this model is developed for geothermal 

applications, where the metallic heat exchanger will be exposed to a corrosive brine, a 

corrosion and maintenance model was applied.   

 

The model is still under development, but already allows to estimate the thermohydraulic 

performances and the total cost of ownership, when the heat exchanger dimensions are given. 

The results of simulations for two heat exchanger designs were given. They illustrate that the 

choice of design and material can have a large impact on either investment cost, operational 

cost or maintenance costs. 

 

To further finetune the simulation parameters, an experimental setup is being constructed. 

When the model is finished, large amounts of simulations will be performed. With the results 

from the entire search space, not only one optimal design will be found, but clusters of good 

designs can provide guidelines for heat exchanger manufacturers. 
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