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ABSTRACT 

Brayton power cycle using supercritical carbon dioxide (s-

CO2) as a working fluid is a high-efficiency trend technology that 

has been under study for improvement. As most of the heat 

transfer in these cycles occurs in the regenerator, printed circuit 

heat exchangers (PCHE) have proved to be a useful device 

solution for this application because of their high surface-area-

to-volume ratio. Moreover, recent studies have corroborated the 

improvement in the efficiency of a supercritical Brayton cycle 

by mixing components that raise the critical point of s-CO2. This 

study focuses on the CFD modeling and analysis of a PCHE for 

fully turbulent conditions. The device's performance with 

straight channels regarding essential parameters such as heat 

recuperator conductance (UA), temperature, pressure drop, or 

turbulence is studied, as well as different configurations. A 

comparison between pure supercritical carbon dioxide and s-CO2 

mixtures (s-CO2 /COS, s-CO2 /H2S, s-CO2 /NH3, and s-CO2 /SO2) 

is carried out. 

INTRODUCTION 

A supercritical fluid is a material that can behave as a gas 

and as a liquid at the same time. One of the most used 

supercritical fluids is carbon dioxide. It is a substance that can be 

obtained quickly and cheaply and is also a non-toxic or 

flammable material. s-CO2 can be used in Brayton power cycles 

for a wide variety of generation plants, including fossil fuel 

plants [1], waste heat recovery [2], nuclear reactors [3] and 

concentrated solar energy (CSP) [4], which constitutes the focus 

of the present study. The fact that heat recovery is so important 

in the thermal efficiency of supercritical carbon dioxide Brayton 

cycles makes heat exchangers of relevance. These Brayton 

cycles favor the use of compact heat exchangers (CHE), such as 

the printed circuit heat exchanger. This type of exchanger is used 

in Brayton cycles of CSP plants mainly as regenerators due to 

their high ratio between heat transfer area and volume and their 

suitability to work under very high temperature and pressure 

conditions. 

Numerous studies can be found in the literature related to 

CFD analysis of compact heat exchangers. Ngo et al. [5] carried 

out pressure drop correlations in microchannel heat exchangers 

(MCHE) with zigzag configurations and S-shaped fins for 

supercritical CO2 cycles nuclear reactors. Tsuzuki et al. [6] used 

a test bench to analyze the thermal and hydraulic performance of 

a PCHE for application with s-CO2. Different CFD analyzes of 

PCHE emphasizing the optimization of design parameters have 

been elaborated by Kim et al. [7] and S.P. Kar [8]. Of particular 

interest is the study carried out by Jeong et al. [9] since different 

mixtures of s-CO2 are proposed to move the critical point and 

thus improve supercritical compression. In this research line, 

Valencia et al. [10] study is essential since it will be used as a 

reference in this document to analyze the PCHE exchanger's 

performance. This study investigates the impact of s-CO2 

mixtures in a Brayton cycle with recompression for application 

in CSP. The mixtures used are divided into two groups, those that 

lower the critical point temperature and those that increase the 

critical point temperature. Analyzing the different mixtures with 

s-CO2, Valencia concludes that the cycle's thermodynamic

efficiency increases by 3-4% compared to the increase in the

turbine inlet temperature.

The objectives of this study are various. On the one hand, 

the importance of validating the numerical analysis results of 

PCHE regenerators using supercritical carbon dioxide for the 

rest of the investigation. In this step, the validation of both the 

real gas models and the CFD tool's turbulence models is 

necessary. On the other hand, the simulation and modeling of a 

PCHE type heat exchanger for application in supercritical 
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Brayton cycles. These considerations lead to the main objective: 

analyze and compare different mixtures' performance that raises 

the critical point of s-CO2 mixtures (s-CO2 /COS, s-CO2 /H2S, s-

CO2 /NH3, and s-CO2 /SO2). In this way, this study also seeks to 

validate the use of the different supercritical mixtures in Brayton 

cycles for application in CSP and to analyze their viability. The 

aim is to investigate the range of implications that regenerators 

may have in improving the cycle's efficiency already, using the 

mentioned supercritical mixtures. Besides, it seeks to analyze the 

impact on the heat exchange area and, therefore, on the cycle's 

economic efficiency, of the different supercritical mixtures 

studied. 

SYSTEM DESCRIPTION 

For the CFD simulation, the Ansys Fluent 2019 R3 software 

has been used. Fig. 1 shows that two PCHE exchange channels 

are modeled, a cold channel and a hot channel, which are 

homogeneously placed at a 0.6 mm distance from each other. The 

channels have a diameter of 2 mm and a maximum length of 200 

mm. Due to its good behavior under high-temperature conditions

and pressure, the Iconel 617 alloy was chosen as the material of

the exchanger's solid domain. It is an alloy in which nickel

predominates and whose thermo-physical properties have been

assumed to be constant, with the density (ρ) 8360 kg/m3, the

isobaric specific heat (Cp) 0.417 kJ/kg·K, and the thermal

conductivity (k) 21 W/m·K.

As previously mentioned, the supercritical CO2 mixture 

with the different added components shifts the critical point. The 

new critical values of the various mixtures have been calculated 

using software developed by members of the Department of 

Energy Engineering of the Polytechnic University of Madrid 

[11]. The software is called SCSP (Supercritical Concentrated 

Solar Plant) and is based on the core of the software developed 

by Dyreby [12]. In Table 1, it can see the critical properties of 

the different mixtures. The properties of the flows were obtained 

from the REFPROP (Reference Fluid Properties) database, 

developed by NIST (National Institute of Standards and 

Technology) in the United States [13]. The cold fluid properties 

have been obtained for operating parameters of T = 400 K and 

P = 22.5 MPa, while for the hot fluid, they are T = 630 K and 

P = 9 MPa. 

(a) 

(b) 

Figure 1: Geometry measurements; (a) front view, (b) side view. 

In order to validate the numerical model used, this study 

tried to emulate the results of the investigation carried out by 

Meshram et al. [14] on CFD simulation of CO2 supercritical in a 

PCHE. The reference study cited analyzes the behavior of pure 

supercritical carbon dioxide for different configurations of the 

printed circuit exchanger and different temperature ranges. The 

validation results can be seen in ANNEX A. 

MATHEMATICAL MODELING 

The equations (1)-(3) are the characteristic equations to 

calculate the fluid's behavior in the present study. The value of 

i in the momentum equation represents equations in x, y, and z 

directions, and j is a summation index ranging from 1 to 3 [14]. 

Continuity equation: 

𝜕(𝜌𝑢𝑗)

𝜕𝑥𝑗

= 0   (1) 
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Energy equation: 

𝜕

𝜕𝑥𝑗
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𝜕
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The energy equation for the solid domain: 

𝜕

𝜕𝑥𝑗

(𝑘𝑠

𝜕𝑇

𝜕𝑥𝑗

) = 0   (4) 

This study's turbulence model is the Reynolds-averaged 

Navier – Stokes (RANS) standard 𝑘 − 휀 model with wall 

function. This model is the most common due to its low 

computational cost. For this model, it is required to solve two 

additional equations: the equation for turbulent kinetic energy 

transport (k) and the equation for the dissipation rate of turbulent 

kinetic energy (휀). The transport equations [15] of this model are 

shown below: 

𝜕
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𝜕
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𝑘
+ 𝑆𝜀 (6) 

Where 𝜇t is the turbulent viscosity, 𝐺k represents the 

generation of turbulence of kinetic energy due to velocity 

gradients, 𝐺b represents the generation of turbulence of kinetic 
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energy due to buoyancy, and 𝑌M is the contribution of fluctuating 

dilation to the total dissipation rate. 

Table 1: Critical values of the different mixtures. 

Critical Temperature 

[K] 

Critical Pressure 

[MPa] 

Critical density 

[kg/𝑚3]

s-𝑪𝑶𝟐 pure 304,13 7,3 467,6 

s-𝑪𝑶𝟐/𝑪𝑶𝑺 (70/30) 324,15 7,815 467,139 

s-𝑪𝑶𝟐/𝑯𝟐𝑺 (60/40) 322,34 8,234 431,384 

s-𝑪𝑶𝟐/𝑵𝑯𝟑 (81/19) 323,41 8,766 455,264 

s-𝑪𝑶𝟐/𝑺𝑶𝟐 (90/10) 322,53 8,525 488,593 

Due to the fluids' supercritical conditions, it is impossible to 

use a typical real gas model. For this reason, the model used in 

the numerical simulation is the Aungier-Redlich-Kwong real gas 

model [16]. 

𝑃 =
𝑅𝑇

𝑉 − 𝑏 + 𝑐
−

𝑎(𝑇)

𝑉(𝑉 + 𝑏)
 (7) 

Where the different parameters involved are obtained from 

the following expressions [17]: 

𝑎(𝑇) = 𝑎0𝑇𝑟
−𝑛  (8) 

𝑐 =
𝑅𝑇𝑐

𝑃𝑐 +
𝑎0

𝑉𝑐 + (𝑉𝑐 + 𝑏)

+ 𝑏 − 𝑉𝑐   (9) 

𝑛 = 0,4986 + 1,1735𝜔 + 0,4754𝜔2  (10) 

𝑎0 = 0,42747𝑅2𝑇𝑐
2/𝑃𝑐  (11) 

𝑏 = 0,08664𝑅𝑇𝑐/𝑃𝑐         (12) 

Being 𝑃c (Pa), the critical pressure, 𝑉c (m3/kg), the critical 

specific volume, and 𝜔 the acentric factor. 

A mesh dependence study was carried out to ensure the 

reliability of the results. Cell size was modified, emphasizing the 

y+ value for this purpose. In the study by Salim et al. [18], it is 

confirmed that for k-휀 turbulence models such as the one used in 

the present case, wall functions are the most appropriate since 

this turbulence model is valid for regions where turbulence is 

fully developed. The cells adjacent to the wall are therefore 

placed in the logarithmic region (𝑦+>32.5) to ensure the accuracy 

of the result. The expression that defines the wall function for the 

range of 𝑦+ characteristic of this region is the following [19]: 

𝑦+ =
𝑦𝑢𝜏

𝜈
 (13) 

𝑢𝜏 = √
𝜏𝑤

𝜌
 (14) 

𝑢+ =
1

𝑘
𝑙𝑛(𝑦+) + 𝐵  (15) 

Where y is the absolute distance from the wall, 𝑢𝜏 represents

the so-called friction velocity, ν is the kinematic viscosity of the 

fluid and 𝜏𝑤 represents the shear stress in the wall. The Von

Karman constant being k = 0.41 and the constant B = 5.2, where 

𝑢+ = 𝑢/𝑢𝜏. 

Figure 2: Final mesh. 

RESULTS AND DISCUSSION 

This section shows the results obtained in the different 

simulations and their comparison with the reference data of pure 

s-CO2. The boundary conditions used in all the simulations are

shown in Table 2. Since the simulation does not cover the entire

exchanger and considers that the device has many more heat

exchange channels, periodic conditions have been used on the

upper and lower walls. The rest of the device has been assumed

adiabatic in order to simplify the analysis.
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Table 2: Boundary conditions. 

Boundary Boundary condition 

Flow inlet Inlet velocity 

Flow outlet Outlet pressure 

Upper wall Periodic 

Bottom wall Periodic 

Sidewalls Adiabatic 

Front wall Adiabatic 

Back wall Adiabatic 

Table 3 shows the main boundary values of the s-𝐶𝑂2 flows 

and mixtures used in the simulation. These conditions have been 

collected from the Meshram study [14] and have been 

reproduced in the present study: 

Table 3: Boundary numerical values. 

Property Cold s-𝐶𝑂2 Hot s-𝐶𝑂2

Temperature [K] 400 630 

Pressure [bar] 225 90 

Velocity [m/s] 0,842 4,702 

TEMPERATURE: 

Fig. 3 shows the temperature profile, both the hot fluid and 

the cold fluid, of the different mixtures used. The figures indicate 

the values of the temperature obtained in the center of the 

channels. As can be seen, the s-CO2/NH3 mixture is the one that 

has the most significant slope in the temperature profile of the 

hot fluid, being, therefore, the one that cools the most. However, 

the opposite occurs in the cold fluid. It is found that the cold fluid 

with the most significant outflow temperature is pure s-CO2. The 

rest of the mixtures have similar behaviors, having intermediate 

values between s-CO2 and the mixture s-CO2/NH3. 

(a) 

(b) 

Figure 3: Temperature profile of the different mixtures; (a) hot 

fluid; (b) cold fluid. 

Figure 4: Temperature distribution in the fluid domain of the s-

CO2/NH3 mixture. 

Figure 5: Temperature distribution of the s-CO2/NH3 mixture in 

the hot outlet section and the cold inlet section. 
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Figure 6: Temperature distribution of the s-CO2/NH3 mixture in 

the hot inlet section and the cold outlet section. 

Previous figures (Fig. 4 - Fig. 6) show the temperature 

distribution in the fluid domains for the s-CO2/NH3 mixture, as 

well as the temperature distribution in the inlet and outlet 

sections of the ducts, where the difference of temperatures within 

the fluid volume in relation to the distance from the wall is 

appreciated. 

PRESSURE LOSS: 

Another parameter of great importance to study is the 

pressure drop in the exchanger channels. Fig. 7 shows the 

pressure loss profile for both hot and cold fluid for the different 

mixtures. It is observed that the hot fluid shows the most 

significant pressure loss, being even more than double the 

pressure drop of the cold fluid. Under the different operating 

conditions, the s-CO2/COS mixture shows the greatest pressure 

loss, although without reaching very high values, the maximum 

is 3.0 kPa. The s-CO2/SO2 mixture, although with lower values 

than the previous one, also shows a greater pressure drop than 

pure s-CO2. On the contrary, the mixtures s-CO2/NH3 and s-

CO2/H2S show the least pressure loss, the maximum being 2.45 

kPa in the hot fluid and barely 1.0 kPa to the cold fluid for the 

NH3 case. 

(a) 

     (b) 

Figure 7: Pressure drop of the different mixes in the straight 

channels; (a) hot fluid; (b) cold fluid 

TURBULENCE: 

A relevant parameter in heat exchange applications is 

turbulence since high turbulence encourages greater heat 

exchange in a fluid. Comparing the different mixtures' turbulent 

kinetic energy in the center of the channels along the control 

volume is shown in Fig. 8. As can be seen, the turbulent kinetic 

energy (k) is very low in both the hot and cold conduits. 

However, the difference between the two flows is considerable; 

the hot flow's turbulence is much higher than that of the cold 

flow. In this case, the turbulence is unstable at the exchanged 

entrance, becoming stable and decreasing once it reaches the 

0.05 m point. This comportment is because the velocity profile 

enters the undeveloped domain. The duct's initial section is 

where the velocity profile develops, being homogeneous in the 

rest of the exchanger. The mixtures s-CO2/NH3 and s-CO2/H2S 

show higher values than the rest, although this difference is not 

significant. 
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     (a) 

     (b) 
Figure 8: Turbulent kinetic energy of the different mixtures in 

the straight channels; (a) hot fluid; (b) cold fluid. 

Another important parameter related to turbulence in the k-

ε model used is the dissipation of turbulent kinetic energy (ε). 

Fig. 9 shows this dissipation ratio along with the profile for the 

central value of both hot and cold ducts. It is found that this 

parameter behaves similarly to that studied previously so that the 

dissipation rate of turbulent kinetic energy in hot fluid is again 

much higher than in cold fluid. Furthermore, all the mixtures 

show very similar behavior, being the mixtures s-CO2/NH3 and 

s-CO2/H2S, which offer a slightly higher curve, as shown in Fig.

9. Fig. 10 shows the turbulent kinetic energy's visualization

along the channels for the s-CO2/NH3 mixture.

      (a) 

      (b) 

Figure 9: Dissipation rate of the different mixtures' turbulent 

kinetic energy in the straight channels; (a) hot fluid; (b) cold 

fluid. 

Figure 10: Turbulent kinetic energy of hot flow and cold flow 

for the s-CO2/NH3 mixture. 
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SURFACE HEAT FLUX AND EXCHANGE AREA: 

Using the CFD software post-processor, the total surface 

heat exchanged flux was obtained as a fundamental parameter 

for this analysis, shown in table 4. This parameter describes the 

total heat exchanged through the channel surfaces. 

Table 4: Surface heat flux of each mixture. 

Surface heat flux [kW/m2] 

s-𝑪𝑶𝟐 90.037 

s-𝑪𝑶𝟐/𝑪𝑶𝑺 (70/30) 103.66 

s-𝑪𝑶𝟐/𝑯𝟐𝑺 (60/40) 91.25 

s-𝑪𝑶𝟐/𝑵𝑯𝟑 (81/19) 92.32 

s-𝑪𝑶𝟐/𝑺𝑶𝟐 (90/10) 98.64 

All the mixtures analyzed have a higher surface heat flux 

than pure s-CO2. The mix with the most increased heat flow is s-

CO2/COS, followed by the mixture s-CO2/SO2. The mixtures s-

CO2/H2S and s-CO2/NH3 show lower values, despite having 

higher heat flux than pure s-CO2. Fig. 11 shows the temperature 

variation along with the reliable domain for the carbonyl sulfide 

mixture. 

Figure 11: Temperature along the solid boundary of the mixture 

exchanger s-CO2/COS. 

The average heat transfer coefficients and the Nusselt 

numbers shown in Table 6 have been obtained using equations 

(16) and (17):

ℎ =
𝑞

𝑇𝐵 − 𝑇𝑤

 (16) 

𝑁𝑢 =
ℎ𝐷ℎ

𝑘
 (17) 

Where TB (K) is the average apparent temperature of the 

fluid (bulk temperature), Tw (K), the average wall temperature, 

and Dh (m) refers to the hydraulic diameter. 

As might be expected, the mixtures that previously showed 

higher heat fluxes are those with higher heat transfer coefficients, 

reaching the s-CO2/COS mix a coefficient of 1857.85 W/m2K for 

the hot flux. However, in the cold flow, the s-CO2/NH3 mixture 

presents the highest heat transfer coefficient. Again, pure s-CO2 

shows a lower mean heat exchange coefficient in both hot and 

cold fluid. 

In order to analyze the efficiency of the different mixtures, 

the necessary area of the heat exchanger must be taken into 

account to dissipate a fixed amount of heat of 8.9 MW, according 

to the reference study [14]. The area needed in the countercurrent 

supercritical recuperator to dissipate this amount of heat is 

obtained with the equation (18). 

𝑄 = 𝑈𝐴∆𝑇𝑙𝑚   (18) 

Where ∆Tlm (K) is the mean logarithmic temperature 

difference, and U (W/m2K) refers to the global heat transfer 

coefficient. 

Table 5 presents the most relevant parameters of the analysis 

to compare the efficiency of the different mixtures. As can be 

seen, all the mixes offer better heat transfer performances than 

pure s-CO2, being the s-CO2/COS mixture, the one that presents 

a higher value of the global heat exchange coefficient. This 

behavior is reflected in the area of heat exchange necessary to 

dissipate the same amount of energy. In the s-CO2/COS mixture, 

an area of 12.849 m2 is required, representing a 12.62% 

reduction compared to the area needed to dissipate the same 

amount using pure s-CO2. The mixture that shows the smallest 

difference with respect to pure s-CO2 is the s-CO2/H2S mixture 

since it only reduces the necessary exchange area by 0.96%. 

Table 5: Relevant parameters of each mixture. 

∆𝑻𝒎𝒍 
 [K] 

𝑼 

[𝑾/𝒎𝟐 · 𝑲]

Area 

[𝒎𝟐]

s-𝑪𝑶𝟐 119.443 854.067 14.704 

s-𝑪𝑶𝟐/𝑪𝑶𝑺 (70/30) 120.491 968.866 12.849 

s-𝑪𝑶𝟐/𝑯𝟐𝑺 (60/40) 114.586 898.874 14.563 

s-𝑪𝑶𝟐/𝑵𝑯𝟑 (81/19) 111.368 939.606 14.335 

s-𝑪𝑶𝟐/𝑺𝑶𝟐 (90/10) 118.315 940.831 13.475 
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Table 6: Average surface heat transfer coefficient, Reynolds number, and Nusselt number of the different mixtures. 

Reynolds 

(cold) 

Reynolds 

(hot) 

Nusselt 

(cold) 

Nusselt 

(hot) 

ℎ𝑐𝑜𝑙𝑑  

[𝑊/𝑚2𝐾]

ℎℎ𝑜𝑡  

[𝑊/𝑚2𝐾]

s-𝑪𝑶𝟐 21080.52 23833.96 43.706 43.986 1851.094 1660.921 

s-𝑪𝑶𝟐/𝑪𝑶𝑺 (70/30) 20772.70 27341.45 47.386 51.536 2149.123 1857.850 

s-𝑪𝑶𝟐/𝑯𝟐𝑺 (60/40) 20279.52 22764.62 42.870 43.216 2038.296 1685.415 

s-𝑪𝑶𝟐/𝑵𝑯𝟑 (81/19) 20045.90 21230.44 40.957 40.276 2236.681 1698.906 

s-𝑪𝑶𝟐/𝑺𝑶𝟐 (90/10) 21555.17 25091.09 46.520 48.153 2107.748 1786.100 

CONCLUSIONS 

In this section, it is necessary to highlight that the objectives 

proposed for this research have been met. The model used for the 

simulation of s-CO2 has been validated, and the comparative 

study of the different mixtures has been successfully carried out. 

It is concluded that the increase in performance in the Brayton 

cycle of certain mixtures that raise the temperature of the critical 

point is directly correlated with the increase in the performance 

of a PCHE recuperator. All the mixtures studied have shown 

better global heat transfer coefficients than pure supercritical 

carbon dioxide, which represents a reduction for the mixtures s-

CO2/COS (70/30), s-𝐶𝑂2/𝐻2𝑆 (60/40), s-𝐶𝑂2/𝑁𝐻3 (81/19) and

s-𝐶𝑂2/𝑆𝑂2 (90/10) of 12.62%, 0.96%, 2.51%, and 8.36%,

respectively in the total heat exchange area. This inference can

be extrapolated directly into considerable economic savings for

high power ranges, which can be critical in driving research

fields related to solar power generation supplemented with

supercritical Brayton power cycles. These results yield highly

relevant conclusions since they confirm the possibility of

continuing Brayton cycles' improvement using PCHE

exchangers as regenerators. It is, therefore, a step forward in the

investigation of supercritical Brayton cycles, which in the future

may represent important advances in the mitigation of

greenhouse gas emissions.

Future research lines may be relevant to complete the present

study. The need to study mixtures' behavior under different

operating ranges (pressure and temperature) is essential to locate

possible variability in the device's energy performance. It would

also be of interest to analyze the results for variable Reynolds

numbers, observing the different mixtures' behavior under these

conditions.

On the other hand, an additional analysis for different PCHE

geometries would yield parallel research lines of particular

interest. Modifications in the diameter of the channels or

comparisons between straight channels and zigzag channels,

such as those made in the study by Meshram et al. [14] for pure

s-CO2, would provide additional information on the behavior of

the different supercritical mixtures in relation to the temperature

profile and the pressure drop under these geometries.

NOMENCLATURE 

CFD: Computational Fluid Dynamics 

CHE: Compact Heat Exchanger 

COS: Carbonyl Sulfide 

CSP: Concentrated Solar Power 

H2S: Hydrogen Sulfide 

NH3: Ammonia 

NIST: National Institute of Standards and   

Technology 

PCHE: Printed Circuit Heat Exchanger 

RANS: Reynolds-averaged Navier–Stokes 

REFPROP: Reference Fluid Properties 

SO2: Sulfur Dioxide 

s-CO2: Supercritical Carbon Dioxide 

SCSP: Supercritical Concentrated Solar Power Plant 
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ANNEX A 

MODEL VALIDATION 

The real gas model used in this phase of the study has been 

the NIST model, in which the REFPROP database is coupled to 

the Ansys Fluent finite volume analysis software. In Fig. 12, this 

study's results for the variables studied in this validation phase 

are shown. However, the validation will be limited to analyzing 

both the temperature profile and the pressure drop of the straight 

channel exchanger for the lowest temperature range (400K for 

cold s-CO2 and 630K for hot s-CO2). 

Figure 12: Temperature variation (left ordinate) and pressure 

drop (right ordinate) of the straight channel along the length for 

the lowest temperature range in the Meshram study [14]. 

In Fig. 13-14, comparing the temperature profile and the 

pressure drop obtained in the simulation with the reference study 

results are shown. As can be seen, the values obtained in the 

temperature profile simulation are very close to the reference 

values, the largest deviation being 2.35% in the case of hot fluid 

and 2% in the cold fluid. Also, in the case of pressure drop, the 

values obtained in the simulation are close to the reference 

values. Although the cold flow error seems high (maximum 

16.3%), this is due to a low resolution of the simulation data. 

This behavior is expected to the tall order of magnitude of the 

pressure (22.5 MPa). However, for the hot flow, as the pressure 

is lower (9 MPa), more accurate results have been obtained, so 

the error, in this case, is closer to reality; the maximum error is 

6.7%. 

Figure 13: Comparison between reference temperature values 

and the values obtained in the simulation. 

Figure 14: Comparison between reference pressure drop values 

and the values obtained in the simulation. 

In this way, the model to be used is validated thanks to the 

comparative analysis carried out with the Meshram study [14]. 
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