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Abstract.  

 
The Hygroscopic Cycle is an innovative power cycle due to the 

significant energy and water consumption savings it allows. The 

cycle is currently in the improvement study phase. In this work, 

the refrigeration process of the cycle has been analyzed using dry-

coolers and without the need to consume water, which confers a 

significant environmental and energy efficiency improvement of 

the process. The numerical study of the refrigeration of the 

Hygroscopic Cycle was carried out to improve its understanding 

and performance in order to obtain optimal results. A model of the 

equipment was first implemented using the Engineering Equation 

Solver software. Once modeled, the system was analyzed for 

different situations and working conditions and validated using the 

real data provided by the first power pilot plant that uses this cycle. 

That made it possible to design specific equipment that would 

respond to the needs of any installation that used the Hygroscopic 

Cycle. 
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Nomenclature. 

 

 

 

 

 

𝐴:   heat transfer area 

𝐴𝑓𝑖𝑛𝑠:  fins area 

𝐷𝑖:  inside diameter of tubes 

𝐷𝑜:  outside diameter of tubes 

𝑒𝑟𝑟𝑜𝑟𝑇:  error in temperatures 

Eu:  Euler number 

F:  
 

correction factor 
 

𝐿:  total length of tubes 

LMTD:  mean logarithmic temperature difference 

𝐿𝑀:  tube height 

𝐿𝑡𝑢𝑏𝑒: length of each tube 

𝑁:  number of tube columns 

𝑁𝑓𝑖𝑛𝑠:  number of fins 

𝑃𝑟:  Prandtl number 

𝜌ℎ:  hot fluid density 

𝜌𝑐:  cold fluid density 

𝑄̇:  heat transfer rate 

𝑅𝑒:  Reynolds number 

𝑅𝑒𝑐:  Reynolds number of the cold fluid 

𝑅𝑒ℎ:  Reynolds number of the hot fluid 

𝑟𝑜:  outer radius of the tubes 

𝑟𝑓𝑖𝑛𝑠:  fins radius 

𝑆𝐷:  diagonal distance between tubes 

𝑆𝐹: space between tips 

𝑆𝐿:  longitudinal distance between tubes 

𝑆𝑇:  transverse distance between tubes 

𝑇𝑎: ambient temperature 

𝑇𝑐: average cold fluid temperature 

𝑇𝑐𝑖:  cold fluid inlet temperature 
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1. Introduction 

 
The Hygroscopic Cycle (HC) has similar characteristics to 

the Rankine Cycle (RC). However, this new technology is 

characterized by working with hygroscopic components [1]. 

The hygroscopic compounds are capable of absorbing water 

in the form of vapor or liquid state and must have a vapor 

pressure lower than that of water and be easily separable; 

that is, the process can be reversed [2]. In addition, 

hygroscopic compounds must be chemically stable for the 

working pressures and temperatures of the cycle, being, in 

turn, non-flammable and non-toxic. Furthermore, The HC 

can be used in different power plants in which the objective 

is to obtain electrical energy. Unlike the RC, which uses a 

condenser, an absorber is used in the HC. Thanks to the 

absorption capacity of hygroscopic solutions, condensation 

by absorption occurs in the absorber. 

 

A pilot plant located in Asturias (Spain) reproduces the HC 

for both low and high hygroscopic compounds 

concentration [3], [4]. The boiler has a nominal power of 

100 kW and the fuel is natural gas. That boiler is able to 

produce 110 kg/h of steam. The plant does not have a 

conventional steam turbine. The turbine is replaced by an 

expansion valve which accurately simulates the processes 

carried out by a turbine using a Supervisory Control and 

Data Acquisition (SCADA) system. The layout of the pilot 

plant and its main components are represented in Figure 1. 

 

The valve conditions that replace the turbine were 60 bar 

and 500 ºC (at the inlet of the valve). The flow that comes 

out of this valve goes to the steam absorber, where it is 

mixed with the cooling reflux, which is a solution of water 

and hygroscopic compounds. The condensed fluid at the 

exit of the absorber is also a solution of water and 

hygroscopic compounds.  

 
  

Fig. 1. Diagram of the pilot plant with HC [3], [5] 

 

The condensed fluid at the exit of the absorber is also a 

solution of water and hygroscopic compounds. The 

temperature 𝑇𝐶  represented the condensing temperature 

and 𝑇𝑉 the saturation temperature of the turbine steam at 

the same pressure. 𝑇𝐶  is always greater than 𝑇𝑉 due to the 

absorption process. Part of the condensed flow is propelled 

to the deaerator and the rest is recirculated and 

refrigerated. After the deaerator, the flow is directed 

towards the boiler.  

 

Figure 2 shows the biomass plant at an industrial scale 

with HC incorporated and located in Córdoba. That plant 

works with low concentration of hygroscopic compounds 

(lower than 0.01%). The steam coming out of the turbine 

(1) is introduced into the absorber, joining it with a 

solution of water (2) and hygroscopic components with a 

higher conductivity than that of steam. The absorber is 

connected to vacuum pumps [6] which maintain the 

vacuum level both at the beginning of the process and 

throughout the operation time. These pumps are small, 

therefore, consume much less energy than that consumed 

by a conventional RC condenser [7]. In the absorber, a 

condensing temperature higher than the saturation 

temperature of pure vapor is reached at a given pressure. 

The condensed fluid (3) comes out of the absorber and is 

propelled toward two circuits. One of them goes to the 

deaerator (4), where oxygen and other non-condensable 

gases are removed. The other part of the condensed flow 

is directed towards the air coolers (dry-coolers) (2), where 

the cycle is refrigerated and the heat is released to the 

ambient. One of the conditions met by incorporating the 

HC is to work with the lowest pressure supported by the 

turbine, always maintaining maximum electricity 

production and increasing the cooling temperature. The 

flow that comes out of the deaerator is driven into the 

boiler and is subsequently introduced into the turbine, 

closing the cycle. The thermal energy from the boiler 

purges (5) is recovered by means of an enthalpy 

recuperator, transferring its energy to the flow that enters 

the deaerator. This energy recovery is one of the keys to 

the proper functioning of the cycle. In addition, a part of 

the purges from the boiler (6) is intermittently eliminated 

from the system in order to maintain a chemical balance in 

the circuit due to the steam losses that usually occur in all 

power cycles. 

 

Make-up

SCADA

Steam 
Boiler

Deaerator

Steam Turbine

Steam 
Absorber

Additive 
Tank

Condensate Pump
Additive Pump

Vacuum Pump

Dry 
Cooler

Purges
(intermittent)

Turbine equivalence (test plant)

Enthalpic 
Recuperator

Steam temperature at the turbine outlet: 
Condensing temperature: 

Valve 

Cooling Reflux

𝑇𝑐𝑜: cold fluid outlet temperature 

𝑡𝑓𝑖𝑛𝑠:  fins thickness 

𝑇ℎ𝑖: hot fluid inlet temperature 

𝑇ℎ𝑜:  hot fluid outlet temperature 

U:  global heat transfer coefficient 

𝜇ℎ:  dynamic viscosity of hot fluid 

𝑣ℎ:  velocity of hot fluid 

𝑣𝑐:  velocity of cold fluid 

𝑉̇ℎ:  volume flow rate of hot fluid 

𝑉̇𝑐:  volume flow rate of cold fluid 

𝑊𝑒:  electrical power of the fans 

𝑊𝑚:  fan mechanical power 

Δ𝑃ℎ :  hot fluid pressure drop 

Δ𝑃𝑐:  cold fluid pressure drop 

𝜂𝑓𝑖𝑛𝑠 :  fin efficiency 

𝜂𝑓𝑎𝑛:  fan efficiency 
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Fig. 2. HC process diagram in a plant located in Cordoba (Spain) 

[5]. 

 

According to [5], for the same condensing pressure, the 

cooling temperature is 13 ºC higher in a real HC than in 

Rankine Cycle at an industrial scale. For this reason, 

cooling solely by air is possible in this cycle since there is 

enough difference between the hot fluid and the air 

temperatures. The average condensing pressure of HC is 

0.186 bar. With this pressure, the refrigeration temperature 

in the RC is 31 ºC, while for the HC it is 44 ºC. 

 

For the same ambient temperatures, the electrical energy 

consumption of the dry-coolers is much higher in the RC 

than in the HC. On the other hand, in 2018 Rubio-Serrano 

et al. verified that, from a temperature of 27 ºC, the RC 

begins to consume water through cooling towers, while, in 

the HC, it can work with ambient temperatures up to 40 ºC 

without consuming water [5].  

 

The following gap was identified: there were no 

publications on the dry-coolers used in the HC and that 

would require a more specific design to enhance the 

dissipation of large amounts of thermal power. 

 

The objective of the study was to develop an analytical 

model that would allow knowing in detail about the 

configuration and internal functioning of the HC dry-

cooling system. 

 

2. Methodology 
 

The EES software [8] has been used for developing the 

model of the dry-coolers. It was verified experimentally in 

the pilot plant that when solutions with very low 

concentrations of hygroscopic compounds (< 0.01%) were 

used, the properties of the solution were close to those of 

pure water. The model was developed for concentrations 

less than 0.01% and therefore, the properties of pure water 

were used for dissolution. 

 

When analyzing this heat exchanger, the Logarithmic Mean 

Temperature Difference (LMTD) method was used. This 

method provides us with a formula that defines the thermal 

power (4). In it, LMTD represents the average temperature 

difference between the two working fluids. Apart from the 

global heat transfer coefficient (U) and the heat transfer area 

(A), a variable F appears. This variable is a correction factor 

used when the heat exchanger is designed for crossflow. 

 

𝑄 = 𝐿𝑀𝑇𝐷 · 𝑈 · 𝐴 · 𝐹              (1) 

 

The LMTD value is calculated by equation (2). In 

addition, to calculate the correction factor F, the formulas 

from (3) to (6) are used [9]. 

 

𝐿𝑀𝑇𝐷 =
(𝑇ℎ𝑖−𝑇𝑐𝑜)−(𝑇ℎ𝑜−𝑇𝑐𝑖)

𝑙𝑛(
𝑇ℎ𝑖−𝑇𝑐𝑜
𝑇ℎ𝑜−𝑇𝑐𝑖

)
                  (2) 

 

𝐹 =
ln (

1−𝑅·𝑃

1−𝑃
)

𝑁𝑇𝑈·(
1

𝑅
−1)

                          (3) 

 

𝑁𝑇𝑈 = −𝑅 · ln (1 +
ln(1−𝑅·𝑃)

𝑅
)              (4) 

𝑃 =
𝑇ℎ𝑜−𝑇ℎ𝑖

𝑇𝑐𝑖−𝑇ℎ𝑖
                            (5) 

𝑅 =
𝑇𝑐𝑖−𝑇𝑐𝑜

𝑇ℎ𝑜−𝑇ℎ𝑖
                            (6) 

 

A. Convection heat transfer coefficient on the outside of 

the tubes 

 

To calculate the convection heat transfer coefficient on the 

outside of the exchanger tubes, the Briggs and Young 

correlation [10] was used. This correlation is reflected in 

equation (7). 

 

𝑁𝑢𝑐 = 0.134 · 𝑅𝑒𝑐
0.681 · 𝑃𝑟𝑐

1 3⁄
· (

𝑟𝑓𝑖𝑛𝑠−𝑟𝑜

𝑆𝑓
)

−0.2

· (
𝑡𝑓𝑖𝑛𝑠

𝑆𝑓
)

−0.1134

       (7) 

 

Equation (8) was used to calculate the Reynolds number. 

However, the speed needed to calculate the Reynolds, in 

our case, was the maximum between equations (9) and 

(10) [11]. To calculate the speed, it was necessary to use 

equation (11), which represents the speed of the air just 

before entering between the tubes. The value of the 

diagonal distance between tubes was obtained with 

equation (12). 

 

𝑅𝑒ℎ =
𝑣ℎ·𝜌ℎ·𝐷𝑖

𝜇ℎ
                            (8) 

  𝑣𝑐 =
𝑆𝑇

𝑆𝑇−𝐷𝑜
· 𝑣𝑖𝑛𝑖𝑡𝑖𝑎𝑙                         (9) 

  𝑣𝑐 =
𝑆𝑇

2(𝑆𝐷−𝐷𝑜)
· 𝑣𝑖𝑛𝑖𝑡𝑖𝑎𝑙                   (10) 

  𝑣𝑖𝑛𝑖𝑡𝑖𝑎𝑙 =
𝑉̇

𝐿𝑡𝑢𝑏𝑒·𝐿𝑀
                         (11) 

𝑆𝐷 = √(
𝑆𝑇

2
)

2
+ 𝑆𝐿

2
                       (12) 

 

As in the previous case, the thermal properties of the air 

were evaluated at the average temperature between the 

inlet and outlet temperatures, represented in equation (13). 

 

𝑇𝑐 = 𝑇𝑐𝑖 + 𝑇𝑐𝑜                           (13) 

 

Equation (14) represents the thermal power absorbed by 

the air, while equation (15) represents the thermal power 

transferred by the liquid fluid. 

 

𝑄̇ = ṁ𝑐 · 𝑐𝑝𝑐 · (𝑇𝑐𝑜 − 𝑇𝑐𝑖)                    (14) 

Exhaust 
Steam

Steam 
absorber

Boiler blow-
downs

Heat 
recovery

Dry 
cooler

Condensate 
pump

Deaerator 
feed pump

Deaerator

Vacuum Pump
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𝑄̇ = ṁℎ · (ℎℎ𝑖 − ℎℎ𝑜)                       (15) 

 

B. Pressure drop in airflow 

 

To calculate the pressure drop produced on the outside of 

the tubes, and therefore the pressure drops in the air, 

equation (16) was used. 

 

Δ𝑃𝑐 = 𝐸𝑢 · 𝜌𝑐 · 𝑣𝑐
2                          (16) 

To calculate this pressure drop, it was necessary to know the 

value of the Euler number. For this, the Robinson and 

Briggs correlation [12] was used, which is presented in 

equation (17).  
 

𝐸𝑢 = 18.93 · 𝑅𝑒𝑓
−0.316 · (

𝑆𝑇

𝐷𝑒
)

−0.927
· (

𝑆𝑇

𝑆𝐷
)

0.515
·N      (17) 

 

C. Power consumed by the fans 
 

Once the pressure drop outside the tubes was calculated, it 

was possible to calculate the mechanical power that the fans 

had to supply. Once this mechanical power was calculated 

and knowing the efficiency of the fans, it was possible to 

obtain the electrical power consumed by them. Equation 

(50) represents the calculation of mechanical power. On the 

other hand, equation (51) represents the electrical energy 

consumed by the fans. 

 

𝑊𝑚 = 𝛥𝑃𝑐 · 𝑉̇𝑐                                (18)  

𝑊𝑒 =
𝑊𝑚

𝜂𝑓𝑎𝑛
                                   (19) 

 

D. Model parameters 

 

The specific parameters of the model developed are detailed 

in Table 1. 

 
Table 1. Parameters of the analytical model  

 
 

Pipe length (m) 
 

5.67 

Tube diameter (mm) 12 

Tube material Copper 

Fins thickness (mm) 0.2 

Fin pitch (mm) 2.2 

Fin material Aluminum 

Atotal (m2) 1,023.12 

Afins (m2) 984.48 

L (m) 1,132.95 

Nfins 539,500 

rfins (m) 0.018 

ηfan (%) 
 

70 
 

 

 

 

 

 

E. Simulations 

 

The analytical model has been successfully validated in 

other similar applications [13]. In this case, the model 

made in EES was used for the simulation of the dry-

coolers under the following two sets of initial working 

conditions: 
 

▪ Setting the inlet temperature of the hot and cold 

fluids and the outlet temperature of the hot fluid. 

▪ Setting the inlet temperature of the hot and cold 

fluids and the fluid flow of the hot fluid. 

 

F. Experimental contrast 

 

Experimental validation was achieved by defining four 

cases with different boundary condition values. In this 

sense, experimental data was gathered in the pilot plant for 

four different ambient temperatures (𝑇𝑎) respectively 

(Table 2). This information was used to contrast the values 

obtained in the simulations and to validate the model.  

 

3. Results 
 

Experimental data obtained in the pilot plant for the 

different cases with different fixed ambient temperatures 

are detailed in Table 2. The nominal power of the fans in 

the pilot plant was 3 kW. This power was important since 

the design had to ensure that the electrical power 

consumed was always below this value. 

 
Table 2. Experimental data obtained for the four cases.  

 

 Case 1 Case 2 Case 3 Case 4 

Ta (ºC) 10.02 17.84 24.15 35.10 

Thi (ºC) 25.15 33.62 33.91 50.90 

Tho (ºC) 18.10 26.31 32.60 43.91 

V̇h (m3/h) 18.00 18.05 18.06 18.06 

V̇c (m3/h) 51,239.8 51,240.0 51,240.2 51,240.3 

We (kW) 2.36 2.36 2.37 2.37 

 

With all the equations and variables presented, the detailed 

calculation of the dry-coolers was possible. The resulting 

values will be presented below in the four different cases 

for which data provided by the pilot plant. The comparison 

of these results helped to contrast the design to later 

extrapolate the results to other working conditions. Once 

the heat exchanger was designed, the results could be 

compared with the available data. 

 

It should be noted that, for the different cases, the input 

variables are the mass flow rates of both fluids and their 

inlet temperatures. The following two sets of simulations 

were made. 

 

A. Setting the inlet temperature of the hot and cold fluids 

and the outlet temperature of the hot fluid 

 

Setting the inlet temperature of the hot and cold fluids and 

the outlet temperature of the hot fluid, we obtained the 

results reflected in Table 3. 
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Table 3. Simulation results setting the inlet temperature of the hot 

and cold fluids and the outlet temperature of the hot fluid 

 
 Case 1 Case 2 Case 3 Case 4 

Thi (ºC) 

Tho (ºC) 

Tci (ºC) 

Tco (ºC) 

25.15 

18.10 

10.02 

18.00 

33.62 

26.31 

17.84 

26.95 

39.91 

32.60 

24.15 

34.06 

50.90 

43.91 

35.10 

44.22 

V̇h (m3/h) 18.00 18.10 18.70 18.80 

V̇c (m3/h) 51,238.3 51,238.9 51,239.2 51,239.9 

U (W/ m2K) 25.10 25.31 25.66 26.13 

F 0.81 0.81 0.8 0.8 

ηfins 86.10 86.13 86.21 86.36 

Q̇ (kW) 139.00 139.08 139.35 139.90 

 We (kW) 2.37 2.38 2.38 2.39 

 

B. Setting the inlet temperature of the hot and cold fluids 

and the fluid flow of the hot fluid 

 

Setting the inlet temperature of the hot and cold fluids and 

the fluid flow of the hot fluid, we obtained the results 

reflected in Table 4.  

 
Table 4. Simulation results setting the inlet temperature of the hot 

and cold fluids and the fluid flow of the hot fluid 

    

 Case 1 Case 2 Case 3 Case 4 

Thi (ºC) 

Tho (ºC) 

Tci (ºC) 

Tco (ºC) 

25.15 

18.50 

10.02 

18.90 

33.62 

26.87 

17.84 

26.69 

39.91 

32.89 

24.15 

33.83 

50.90 

44.10 

35.10 

44.56 

V̇h (m3/h) 18.00 18.05 18.06 18.06 

V̇c (m3/h) 51,238.1 51,239.0 51,240.0 51,241.2 

U (W/ m2K) 25.30 25.31 25.66 26.13 

F 0.81 0.81 0.81 0.80 

ηfins 86.10 86.13 86.21 86.36 

Q̇ (kW) 140.07 141.32 141.88 141.91 

We (kW) 2.39 2.40 2.41 2.41 

 

C. Experimental contrast 

 

The results of the errors for simulations A and B are 

included in Figure 4 and 5. 
 

 
 

Fig. 3. Error in the value of nominal power of the fans with 

simulations A and B. 

 
 

Fig. 4. Error in the value of the outlet temperature of the hot 

fluid with simulation A. 

 

According to the results, errors obtained are lower than 2 

% for the value of power consumption of the fans and 

lower than 2.5 % for the value of the outlet temperature of 

the hot fluid, which allows us to validate the design. These 

results allowed us to contrast the design to later extrapolate 

the results to other working conditions. 

 

4. Conclusions 

 

The model developed for the simulation of the dry-coolers 

has been validated with the experimental results obtained 

in the pilot plant. 

 

The model of the dry system for the refrigeration of the 

HCT will be very useful for the development of a global 

model of the cycle and for the simulation under different 

working conditions. That will, be done in future works in 

order to improve the efficiency and the general 

performance of the technology. 
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