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ABSTRACT: In Brayton cycle energy storage systems powered by supercritical carbon dioxide (sCO,), compressors
are among the most critical components. Understanding their internal flow loss characteristics is, therefore, essential for
enhancing the performance of such systems. This study examines the main sCO, compressor from Sandia Laboratory,
utilizing entropy production theory to elucidate the sources and distribution of energy losses both across the entire
machine and within its key flow components. The findings reveal that turbulent viscous dissipation is the predominant
contributor to total entropy production. Interestingly, while the relative importance of the entropy produced by
various sources as the mass flow rate rises remains essentially unchanged, the total entropy production exhibits a non-
monotonic trend, first decreasing and then increasing with the mass flow rate. High entropy production in the impeller
is primarily concentrated in the clearance region and along the rear cover of the impeller tip. In the diffuser, it is most
pronounced on the front and rear plates and within the central flow path. Meanwhile, in the volute, the highest entropy
production occurs around the diffuser outlet and along the outer region of the volute’s centerline.
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1 Introduction

As new energy technologies advance, renewable sources like wind and solar power are making up a
growing share of energy mix. However, the intermittent and volatile nature of wind and photovoltaic power
generation poses significant challenges to the stable operation of electrical grids [1]. To tackle these issues,
closed-loop Brayton cycle systems using supercritical CO, as the circulating fluid offer an efficient energy
storage solution [2]. This technology is characterized by its lack of geographical constraints and its superior
performance [3]. The performance of sCO, compressor has crucial impact on the efficient operation of the
entire supercritical carbon dioxide Brayton system [4-6]. Research on the internal flow of sCO, compressor is
essential for elucidating the fluid motion patterns within the compressor and for uncovering the mechanisms
underlying energy losses. This research is crucial for improving supercritical CO, compressor design theories
and boosting their efficiency.

In recent years, extensive research has been conducted on the internal flow dynamics of sCO, compres-
sors. Bao et al. [7] studied supercritical CO, compressors and discovered flow distortions in downstream
areas. These distortions are caused by the two-phase zone, dominant flow structure in the impeller, and
changes in inlet temperature. Their findings revealed that a reduction in the total inlet temperature led
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to an enhancement of a counterclockwise vortex, thereby deteriorating impeller discharge uniformity and
exacerbating losses. Moreover, Liu [8] found that higher inlet pressure creates swirling zones in the impeller.
These zones block incoming flow, causing unstable pressure changes at the compressor’s intake. Kumar [9]
investigated the impact of varying mass flow rates on flow distribution characteristics near abrupt density
variation regions in sCO, centrifugal compressors, highlighting significant alterations in static pressure
distribution near the blade leading edge due to thermodynamic property fluctuations. Liu et al. [10] observed
that the efficiency at the best efficiency point decreases with increasing rotational speed. Raman et al. [11]
examined the effects of tip clearance and diffuser configurations on internal compressor flow characteristics,
and found that aerodynamic losses from tip leakage flow considerably impacted isentropic efficiency. Du
et al. [12] demonstrated that wedge diffusers promoted higher flow velocities and more uniform flow fields
compared to circular or airfoil-shaped diffusers. Shi et al. [13] managed to reduce diffuser losses by altering
the blade profile of the vane diffuser. Saravi et al. [14] revealed that decreasing the blade count enhanced
aerodynamic stability, whereas a higher number of blades induced unsteady flow phenomena and elevated
pressure losses in the diffuser throat section. Pei et al. [15] found that an increase in the absolute value of
the pre-swirl angle exacerbated flow separation on the suction surface of guide vanes, particularly noting
the occurrence of two-phase flow under high mass flow conditions with large positive pre-swirl angles.
Romei et al. [16] observed that the loss within the impeller and vaned diffuser was mostly independent of
pre-swirl. In the impeller, the primary sources of loss stemmed from flow separation on the suction side
and tip clearance, while in the vaned diffuser, the primary loss source was the wake downstream of the
trailing edge. Cao et al. [17] investigated how tip clearance leakage flow affected separated vortices in sCO,
centrifugal compressors, while Dong [18] similarly noted that regional impeller loss was predominantly
linked to flow separation phenomena. Zhu [19] conducted a comparative analysis between sCO, centrifugal
compressors and conventional centrifugal compressors, revealing analogous secondary flow structures
within the impeller flow domain. In summary, existing literature on the internal flow characteristics of sCO,
centrifugal compressors predominantly focuses on compressor performance and internal flow features under
varying operational and geometrical parameters. Notably, there remains a gap in research methodologies
that directly quantify aerodynamic loss distribution mechanisms within the three-dimensional flow domain
of sCO, centrifugal compressors.

The application of the entropy production theory in fluid machinery has unveiled a pioneering approach
to uncovering the origins of flow loss. The entropy production theory has emerged as an effective tool in
identifying and quantifying the extent of losses in various equipment such as pumps, hydraulic turbines,
gas turbines, and compressors. In the realm of pump research, Ren et al. [20] conducted a quantitative
analysis of flow loss in centrifugal pumps by utilizing entropy production theory. Meanwhile, Meng et al. [21]
evaluated the location and primary sources of energy loss in multi-stage pumps based on the same theory.
Likewise, within the domain of wind turbine research, Li et al. [22] analyzed the relationships among entropy
production and unstable flow for each component, all through the lens of entropy production theory. Wang
[23] further honed and applied entropy production analysis for loss diagnostics, successfully pinpointing
high-loss areas and quantifying localized losses. In a comparative analysis of energy dissipation mechanisms
in pump-mode vs. turbine-mode operations, Wang et al. [24] employed entropy production theory to
precisely localize loss regions and identify dominant loss sources in radial inflow turbines, demonstrating
its superiority over conventional pressure-drop-based methods. Miao et al. [25] explored internal energy
loss mechanisms and energy dissipation characteristics of double suction pumps under forward and reverse
operating conditions using the entropy production theory. In the context of compressor research, Li et al.
[26] identified the source and distribution characteristics of loss in high-load centrifugal impellers based on
entropy production theory. Yang et al. [27] applied entropy production theory to analyze entropy production
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distributions within the impeller region of an sCO, compressor, and compared variations under different
mass flow rates and inlet temperatures. Applying entropy production theory, Zhang et al. [28] analyzed
aerodynamic loss mechanisms in an axial-flow compressor and precisely localized high-loss regions within
the internal flow domain. Furthermore, Yang et al. [29] compared compressor performance when using sCO,
vs. two other working fluids, examining aerodynamic loss distribution characteristics within the impeller
region. In summary, entropy production theory not only enables quantification of loss sources but also
facilitates high-loss region identification; it thus serves as a powerful tool to elucidate energy dissipation
mechanisms in fluid machinery. Current research on sCO, centrifugal compressors have predominantly
focused on loss distribution within the impeller region, but studies addressing system-wide loss mechanisms
across the entire compressor assembly are notably scarce.

This study offers a systematic examination of flow loss phenomena occurring in a sCO, centrifugal
compressor using entropy production theory. The methodology enables a comprehensive analysis of energy
dissipation mechanisms both at the overall compressor and within individual components. The primary
aims of this investigation are to pinpoint the principal sources of energy loss and to delineate the spatial
distribution of regions characterized by substantial energy dissipation within the sCO, compression process.
The findings derived from this study yield invaluable insights that are essential for informing the design and
optimizing the performance of centrifugal compressors operating with sCO,.

2 Methodologies for Entropy Production Analysis

According to entropy production theory, the total entropy production within a compressor can be
decomposed into two components: firstly, the generation of entropy through viscous dissipation resulting
from velocity gradients, and secondly, the generation of thermal entropy due to temperature gradients.

§r= e 9T = 8] 0

As fluid engages in turbulent motion with a high Reynolds number, recirculation zones and vortical
structures within turbulent regions lead to the emergence of turbulent velocity fluctuations, a consequence
of the inherent stochastic unsteadiness and spatiotemporal disorder of the fluid. Consequently, the variables
in the governing equations can be bifurcated into Reynolds-averaged mean components and fluctuating
components.

Sg :S§,D+Sg’,D+S§,H+Sg’,H (2)
The first term in the equation corresponds to the direct rate of viscous dissipation entropy production,

stemming from the dissipation of viscous effects within the mean flow field, denoted as Sg s W/ (m® K).
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where %}, U, and U3 represent the components of time averaged velocity in X, Y and Z directions, respectively,
expressed in m/s; T is the temperature of sCO,, K; y denotes the dynamic viscosity of sCO,, expressed in
Pas.
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As the Reynolds-average method faces limitations in directly evaluating the turbulent dissipation term,
this study proposes, based on the insights from Kock and Herwig’s work and the turbulence model selected
for numerical simulations, the entropy production rate due to turbulent viscous dissipation is given by:

o1 Pa)k
Sg’,D =pPp—

= (4)

where f3 is the empirical constant of the SST k-w turbulence model, with a typical value of 0.09; w is the
turbulent eddy frequency, expressed in s™'; and k is the turbulent kinetic energy, expressed in m?/s?.

The third component under consideration is the mean temperature gradient entropy production rate,
denoted as W/(m® K):
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S’g’: 5 is the entropy production rate by fluctuating temperature, W/(m* K), which can be calculated
through the turbulent thermal conductivity based on the eddy viscosity assumption.
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where y; is the eddy viscosity, expressed in Pas; ¢, is the specific heat capacity at constant pressure, denoted

by J/(kg K); and Pr; is the turbulent Prandtl number.

By integrating the entropy production rate according to the formulas above, we can obtain the

following components: direct viscous dissipation entropy production, the turbulent viscous dissipation
entropy production, the mean temperature gradient entropy production, and the entropy production by
fluctuating temperature, as stated below:

ASprozp = fv Sz pdV (7)
ASprogp = fv Sy pdV (8)
AS progit = fv S pdv 9)
ASpro,g' i = fv Sy ndV (10)

where V represents the volume of the fluid, expressed in m’.

The total entropy production and the irreversible energy loss within a compressor can be quantified
using the following equations:

ASpm = ASpm)?,D + ASpm,gr,D + ASP“”E’H + ASp,o,gf,H (11)
Lpro = 11 = 2 (TASpro) (12)

where T is the temperature of the fluid, K; AS pro 18 the entropy production, W/K.
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3 Research Object and Numerical Simulation

3.1 Geometric Model

The present investigation focuses on the sCO2 centrifugal compressor, which was sourced from Sandia
National Laboratories, as the subject of study [30]. Design parameters of the impeller and diffuser are
meticulously detailed in Tables 1 and 2. The impeller is equipped with a 1:1 configuration of main blades
and splitter blades, culminating in a total of 12 blades. The computational model was constructed utilizing
CF turbo software, with extended domains added at both the impeller inlet and the volute outlet. The

three-dimensional geometry of the compressor, as constructed, is graphically represented in Fig. 1.

Table 1: Geometric parameters of the Sandia main compressor impeller

Dimensional parameters Unit Value  Dimensional parameters  Unit Value
Inlet hub radius mm  2.537 Inlet rim blade Angle deg 50
Inlet rim radius mm  9.372 Outlet blade Angle deg  -50

Inlet blade height mm  6.935 Tip clearance mm  0.254
Outlet impeller radius mm 18.681 Leading edge blade thickness mm  0.762
Outlet blade height mm 1712  Trailing edge blade thickness mm  0.762
Blade axial length mm 159 Number of blades 6/12
Inlet hub blade Angle deg  17.88
Table 2: Geometric parameters of the vane diffuser for Sandia main compressor
Dimensional parameters Unit Value Dimensional parameters Unit Value
Inlet radius mm  18.98 Outlet blade Angle deg 42.44
Outlet radius mm 26 Inlet blade thickness mm 0
Inlet blade height mm 18 Outlet blade thickness mm  3.35
Outlet blade height mm 18 Number of blades 17
Inlet blade Angle deg 715
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Figure 1: Three-dimensional model of computational domain

3.2 Numerical Simulation
3.2.1 Control Equation

Fluid flow dynamics are governed by the foundational conservation laws of physics—mass, energy, and
momentum—which rigorously dictate the permissible states of motion. The governing equations reflecting
these constraints can be expressed as:

(1) Mass conservation equation

Mass conservation is a fundamental law governing any fluid flow problem. The mass conservation
equation can be formulated as:

9, 9lpui) _

13
ot ax,‘ ( )

In Formula (13), p represents density; t denotes time; and ; are the x; components of the velocity vector
u, respectively.

(2) Momentum conservation equation

Furthermore, adherence to momentum conservation is imperative for all fluid systems. This principle
dictates that the temporal variation of momentum within a defined control volume equates to the resultant

external force vector acting upon it. As a direct manifestation of Newtonian mechanics, the governing
equations for momentum conservation along each coordinate axis are formulated as follows:

a(pu,-)+a(pu,-u,-) op, 0 [ (% duj 2 ”auk)] ) (—,)
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(14)



Fluid Dyn Mater Process. 2025;21(7) 1717

In the formula group (14), p is the pressure on the fluid element; —puju’ is the Reynolds stress term.
(3) Energy conservation equation

The energy equation states that the temporal energy accumulation in a differential control volume
balances the net heat transfer through its boundaries and the work performed by external force fields. The
energy conservation equation can be formulated as:

0 (Phtot) ap d [Lli (Phtot)] d ( aT) d
A rot)  Z8 L T AR - 2 (ki )+ — (witij) + S 15
ot ot o 3i \Kerf o ) * 5 (i) + S as)

In Eq. (15), hyt is the total specific enthalpy; T represents temperature; kg is the effective thermal
conductivity coefficient of the fluid; 7;; is the component of the viscous stress 7 on the surface of the
microelement due to the molecular viscosity action.

3.2.2 Numerical Simulation

The computational domain was delineated into five distinct segments: the inlet, impeller, vaned diffuser,
volute, and outlet. The mesh generation was performed using ANSYS ICEM CFD, which facilitated the
creation of unstructured grids with localized refinement at the blade leading edges and the volute tongue
region. This refinement was imperative due to the high Reynolds number flow characteristics inherent
to the sCO, centrifugal compressor. To align with the demands of the turbulence model concerning the
y" parameter, the boundary layer meshes were partitioned into near-wall regions. The first layer of the
boundary layer mesh was set to a thickness of 0.0003 mm, with a layer growth ratio of 1.2, and the total
number of layers was determined to be 25. The outcomes of the meshing process are graphically represented
in Fig. 2. A mesh sensitivity analysis was meticulously conducted employing six systematically refined
mesh configurations, with the isentropic efficiency serving as the pivotal convergence criterion, as depicted
in Fig. 3. It was observed that once the mesh count surpassed 10.5 million elements (10,501,697), the deviation
in isentropic efficiency was maintained below 0.1%. Striking a balance between computational precision
and resource limitations, the mesh comprising 10.5 million elements was deemed optimal for subsequent
simulation endeavors.

In this study, the simulation software ANSYS CFX was used for steady-state numerical calculation
of sCO, centrifugal compressor. The advection term was discretized using the High-Resolution Scheme
(automatic blending of first- and second-order accuracy). Fluid time control was implemented using a
physical timescale of 0.0002 s [31]. By inputting the thermophysical properties of carbon dioxide as a real
gas sourced from the NIST REFPROP software, Real Gas Property (RGP) files were produced and integrated
into the CFX platform for the computational process. The RGP data set utilized herein was refined to a
resolution of 301 by 301 [29]. Specific operational parameters were prescribed as follows: total temperature
inlet 306.4 K, total pressure inlet 7.69 MPa, speed 55,000 r/min, mass flow inlet 2.5 kg/s, turbulence model
SST k-w, and reference pressure 0 MPa. The impeller was designated as the rotating domain, while the
remaining components were characterized as the stationary domain. The interface between rotating and
stationary domains was configured using the frozen rotor approach; conversely, the interface between
stationary elements utilized the mixing plane methodology. All boundary surfaces were set as adiabatic non-
slip walls. Convergence criteria were stipulated with a residual target of 10~*, and real-time monitoring of inlet
and outlet temperatures and flow rates was conducted. Convergence was deemed achieved when residual
values fell below 10 when alterations in inlet-outlet parameters were less than 0.5%, indicating reliable
computational outcomes.
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Figure 2: Mesh display of computational domain
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Figure 3: Mesh independence verification of centrifugal compressor

To validate both the fidelity of the reconstructed model in comparison to the original design and the
robustness of the numerical methodology, the computed results for varying mass flow rates of the centrifugal
compressor were juxtaposed with experimental data from prior research studies, under the operating
conditions of 55,000 revolutions per minute, 306.4 K, and 7.89 MPa. As depicted in Fig. 4, the numerical
simulations exhibited a strong concordance with the experimental findings, showcasing a mean absolute
percentage error of 3.76% for isentropic efficiency and a 720% deviation in specific enthalpy rise. These
deviations fall within acceptable engineering tolerances, affirming the credibility of the reconstructed model
and the numerical simulation methodology for further exploration into sCO, centrifugal compressors.
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Figure 4: Comparison between numerical simulation results and experimental data (a, b)

4 Results and Analysis
4.1 Analysis of Entropy Production Loss of Compressors
4.1.1 Analysis of Different Types of Compressors’ Entropy Production Loss

The entropy generation characteristics of compressors under diverse mass flow conditions were quanti-
tatively analyzed using entropy production theory. Fig. 5 illustrates the variation in entropy production losses
across the entire fluid domain at various mass flow rates.
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Figure 5: Change of entropy production loss under different flow rates

Fig. 5 illustrates the entropy production losses from four distinct sources at varied mass flow rates. The
contributions are as follows: turbulent viscous dissipation entropy production loss at approximately 91.54%,
entropy production loss due to fluctuating temperature at approximately 5.91%, direct viscous dissipation
entropy production loss at approximately 2.53%, and mean temperature gradient entropy production loss at
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approximately 0.02%. Remarkably, these fluctuating components, constituting a total of 97.45% of the losses,
reflecting the flow instability characteristics. Conversely, the time-averaged components, encompassing
direct viscous and mean temperature gradient effects, contribute merely 2.55%. Specifically, the turbulent
viscous dissipation contributes significantly more than all other loss combined, solidifying turbulence
viscous dissipation as the primary source of loss in this centrifugal compressor. Significantly, the total entropy
production loss decreases first and then increases with the increase of mass flow rate, achieving its nadir at
alevel of 1485.68 W under the 1.3Q, condition. Although the proportional contributions of the four entropy
production sources to the total losses remain relatively stable across varying mass flow rates, a detailed
investigation into the entropy production distribution among individual components at different mass flow
rates is necessary.

4.1.2 Investigation of the Entropy Production Loss of Various Compressor Throughflow Components

The entropy production loss for each flow component at various mass flow rates is displayed in Fig. 6,
which shows that the entropy production loss in the diffuser exhibits a consistent decline, while the volute’s
entropy production loss consistently rises. Notably, the entropy loss of the impeller exhibits a trend of first
decreasing and then increasing with the rising mass flow rate. As the mass flow rate escalates, the entropy
production loss within the impeller region initially diminishes from 892.46 W at 0.8Q; to 601.65 W at
1.2Qy, and subsequently ascends to 652.23 W at 1.4Q,. The entropy production loss in the impeller region
accounts for an average of 42% of the total loss. The loss of the diffuser decreases with the increase of
flow rate, the entropy production loss descends from 851.77 W at 0.8Q; to 503.91 W at 1.4Q;. The average
entropy production loss in the diffuser area accounts for 40% of the total compressor loss. Conversely, the
volute’s entropy production loss escalates from 161.26 W at 0.8Q, to 353.02 W at 1.4Q;. The average entropy
production loss in the volute region is about 18% of the total loss. In conclusion, the entropy production loss
across the impeller, diffuser, and volute regions exhibits diverse trends with the increase in mass flow rate. A
comprehensive analysis of each component, in conjunction with the compressor’s internal flow, is presented
in the subsequent sections.
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Figure 6: Entropy production loss of each component under different flow rates



Fluid Dyn Mater Process. 2025;21(7) 1721

4.2 Analysis of Entropy Production of Compressor Throughflow Components
4.2.1 Analysis of Compressor Impeller Entropy Production

During the operation of a compressor, significant variations in entropy production losses were observed
among its components. Particularly, the impeller was identified as the primary contributor to entropy
production, accounting for an average of 42% of the total losses under all operational conditions. This
finding underscores the pivotal role of the impeller in the mechanisms of loss generation. Fig. 7 illustrates
the distribution of local entropy production rate on the meridional plane of the impeller at various mass
flow rates, and it clearly demonstrates that the distribution in entropy production rate within the impeller
region remains consistent. Two distinct regions with high entropy production rates were identified: one
concentrated in the clearance area near the impeller tip, and the other located in the hub-side region of the
impeller. With an increment in the mass flow rate, the high entropy production rate zone in the tip clearance
area constricted, while the corresponding region in the hub-side area expanded.

Entropy production rate
. 50000
45000
40000
35000

30000
25000
20000
15000

10000
I 5000
0

W mA-3 KA-1]

080, 1.00 120,

Figure 7: Distribution of local entropy production rate on the meridian plane of impeller

To investigate the entropy production rates in the impeller region and understand the energy loss
mechanisms, we conducted a detailed analysis of three different cross sections (Span0.1, Span0.5, and
Span0.9), as shown in Fig. 8. The span value represents the non-dimensional distance extending from the
shroud to the hub. Span0.1 is positioned near the hub, Span0.5 at the mid-span of the impeller, and Span0.9
within the tip clearance region. Additionally, to pinpoint the areas of losses accurately, the critical positions
of the impeller are labeled in Fig. 9.

Span().1

Span(.5

Span0.9

Figure 8: Diagram of different sections of the impeller
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Figure 9: Diagram of local positions of the impeller

Fig. 10 shows the variation in local entropy production rates across the impeller at various mass flow
rates and cross sections. It can be observed that regions Bl, B2, and B3 exhibit higher entropy production
rate. As shown in Fig. 10, Bl corresponds to the high entropy production rate region near the hub side of the
impeller in the Span0.1 section, while B2 and B3 represent the distribution of high entropy production rates
within the tip clearance region at Span0.5 and Span0.9, respectively. Notably, with rising mass flow rates,
the spatial coverage of elevated entropy generation zones (B2 and B3) contracts progressively. This trend
further demonstrates that the spatial distribution of high entropy production rates within the tip clearance
region decreases with rising mass flow rates. Based on the quantitative analysis in Section 4.1.1, turbulent
viscous dissipation is identified as the predominant source of entropy production loss. This study employs
the calculation formula for turbulent dissipation entropy production (i.e., Eq. (4)) as a basis for analyzing
local entropy production within the impeller region. The turbulent kinetic energy (k) and turbulent eddy
frequency (w) are the key parameters governing turbulent entropy production. Figs. 11 and 12 illustrate the
distributions of turbulent eddy frequency and turbulent kinetic energy. Comparing with Fig. 10, a strong
correlation is observed between the high entropy production rate region Bl and turbulent eddy frequency.
This suggests that the elevated entropy production rate in Bl is primarily caused by an increase in turbulent
eddy frequency. Likewise, the formation of high entropy production rate regions B2 and B3 is mainly driven
by the intensification of turbulent kinetic energy. To further explain the energy loss mechanism inside the
impeller, we analyzed the velocity streamline distribution at different mass flow rates and cross sections.

Entropy production rate [W mA-3 KA-1]

Figure 10: (Continued)
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Figure 10: Distribution of local entropy production rate of impeller
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Turbulence Kinetic Energy [mA2 sA-2]
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Figure 12: Turbulent kinetic energy distribution of impeller

As seen in Fig. 6, region Bl is located near the impeller’s hub-side and close to the outlet. Within
this locale, a prominent interaction between the blade and the hub is discernible. Consequently, as the
fluid progresses through this specific domain, there is a notable expansion in the flow area. This expansion
engenders a pronounced adverse pressure gradient, instigating flow complexity and an escalation in the
frequency of turbulent eddies. Therefore, the production rate of entropy in this region rises. Moreover, as
the mass flow rate increases, the shear and viscous forces acting upon the hub-side wall are heightened. This
enhancement leads to a sustained increase in the entropy generation rate within region Bl.

The B2 and B3 regions represent high entropy production areas within the tip clearance region of
impeller on the Span0.5 and Span0.9 cross sections. Fig. 13 reveals that the flow in the span 0.9 section
exhibits complexity, characterized by numerous low-velocity regions and vortices. The presence of these
flow structures reduces the flow passage capacity, induces flow non-uniformity, compromises flow stability,
and increases the turbulent eddy frequency within the region. The underlying reason for these results, as
illustrated in Fig. 14, is attributed to the tip clearance that induces leakage flow across the blade surfaces due
to the pressure differential. These leakage flows rapidly expand along the tip clearance and merge with the
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main flow, resulting in chaotic flows in the region and a subsequent increase in turbulent kinetic energy.
Consequently, the entropy production rate is enhanced.

Velocity [m s-1]

0.804 1.00, 1.204

Figure 13: Velocity streamline of impeller

Figure 14: Diagram of impeller rotation field flow under the design condition
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4.2.2 Analysis of the Entropy Production Rate of Compressor Diffuser

As a key flow passing component of compressors, the diffuser exhibits entropy production losses
second only to the impeller, representing one of the primary loss sources in the overall compressor.
Therefore, exploring the entropy production within the diffuser region is crucial for understanding the
overall compressor loss.

Fig. 15 illustrates the distribution of local entropy production rates on the diffuser’s meridional plane
under various mass flow rates. The figure reveals three distinctive regions characterized by high entropy
production rates within the diffuser. The first and second regions are situated on the shroud side and hub
side of the diffuser, respectively, while the third one is located in the middle of the flow passage. As flow rates
increase, high energy loss areas on both the shroud and hub sides of the diffuser grow larger and stronger. This
happens because faster flows create more friction and fluid resistance near the walls, leading to greater energy
loss in these zones. To illuminate the distribution of entropy production rates in the middle of the diffuser
passage and to dissect the underlying mechanisms of energy losses within the diffuser, this study made a
thorough comparative analysis of the central cross section of the diffuser under diverse flow conditions.
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Figure 15: Distribution of local entropy production rate on the meridian plane of diffuser

Fig. 16 illustrates the distribution of local entropy production rate on the central cross section of the
diffuser. It is evident that regions with elevated entropy production rate are predominantly concentrated in
the Cl region, which is at the trailing edge of the impeller, and the C2 region, which lies within the middle
portion of the diffuser flow passage. As the mass flow rate increases, the area of high entropy production
within the diffuser gradually diminishes. Fig. 17 presents the distribution of turbulent eddy frequencies,
highlighting the correlation between the CI region and areas of high turbulence eddy frequencies. Analysis
indicates the presence of wake vortices at the blade’s trailing edge, which disrupt the uniform distribution of
velocity and result in an increased turbulent fluctuation frequency in this region. Consequently, this process
augments the entropy production rate. Fig. 18 illustrates the distribution of turbulent kinetic energy. It can
be observed that the increase in entropy generation rate in C2 region is attributed to the enhancement of
turbulent kinetic energy. Further elucidation will be provided in subsequent analyses, in conjunction with
velocity streamline contours.



Fluid Dyn Mater Process. 2025;21(7) 1727

Entropy production rate
1000000

900000
800000
700000
600000
500000
400000
300000
200000
100000

0
[W mA-3 KA-1]

0.80, 1.00,

Figure 16: Local entropy production rate distribution of diffuser
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Figure 17: Turbulence eddy frequency distribution of diffuser
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Figure 18: Turbulent kinetic energy distribution of diffuser

Fig. 19 illustrates the velocity streamline within the central cross section of the diffuser across different
mass flow rates. The figure unveils the presence of low-speed zones and vortices of varying degrees in the
flow passage, particularly in the region C2 where is located with a high entropy production rate. These low-
speed zones occupy a considerable portion of the flow passage area, thereby inducing heightened flow chaos,
intensified turbulence, and decreased flow stability within the C2 region. The increased turbulent kinetic
energy in this region results in a higher entropy generation rate, which in turn induces greater energy losses.
Further exploration of the flow characteristics within the diffuser region reveals that the inlet airflow angle
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of the diffuser is small, and there is a negative angle of attack at the inlet leading edge, leading to flow
separation on the suction side of the diffuser. As the fluid approaches the clog boundary, there is a noticeable
augmentation in turbulence intensity and flow chaos, culminating in a region characterized by high entropy
production. As the mass flow rate rises, the diffuser inlet air flow angle increases, shrinking the low velocity
zone. This leads to a contraction in the spatial extent of elevated entropy production rate zones.
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Figure 19: Velocity streamline of diffuser

4.2.3 Analysis of Compressor Volute Entropy Production

In the sCO, centrifugal compressor, the volute serves to guide the airflow from the diffuser, reducing its
velocity while pressurizing the gas prior to discharge through the outlet pipe. The entropy production loss
within the volute constitutes approximately 20% of the total compressor loss, underscoring the significance
of studying this region. To facilitate the precise identification of loss locations in future analyses, the central
cross section of the volute was selected for exploration, as depicted in Fig. 20.

Cross section 2

Cross section 6

Figure 20: Important structure and area of volute
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Fig. 21 presents the distribution of local entropy production rate within the volute region of the
centrifugal compressor. It reveals three distinct regions: D1, D2 and D3, with a regular distribution of high
entropy production rate within the volute. Notably, D1, the region with high entropy production rate, is
distributed uniformly along volute’s inlet, while the region D2 is located outside the volute’s center line, with
its intensity of entropy production rate decreases progressively from the first cross section to the eighth.
Both regions being associated with the diffuser outlet position. The D3 region, another area with high
entropy production rate, is situated between the ninth cross section and the volute’s outlet. The energy
dissipation regions have been identified, and the internal mechanisms of energy loss in these regions will be
analyzed next.
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Figure 21: Distribution of local entropy production rates of volute

Fig. 22 depicts the local distribution of entropy production rates in the cross Section 4 of the volute
region. It clearly indicates that region D1 is distributed peripherally to the diffuser outlet. Figs. 23 and 24
analyze the turbulent eddy frequency and turbulent kinetic energy in the central cross-section of the volute
under varying flow rates. The results reveal that both the turbulent eddy frequency and kinetic energy in
region D1 significantly exceed those in the mainstream regions, suggesting that these increases drive up
the variation in entropy production rate within D1. In conjunction with the velocity-streamline diagram
of Fig. 25, low-speed zone is observed adjacent to the volute area surrounding the diffuser outlet. Analysis
of flow characteristics reveals that the primary cause for this phenomenon is the abrupt expansion of the
flow area When fluid flows from the diffuser into the volute, leading to flow separation. Consequently, the
turbulent fluctuation frequency increases, accompanied by chaotic flow and elevated turbulent kinetic energy
within the fluid, thereby driving a marked escalation in the entropy generation rate.
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Figure 22: Distribution of local entropy production rates in the fourth section
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Figure 23: Turbulent eddy frequency distribution of volute
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Figure 24: Turbulent kinetic energy distribution of volute

Region D2 is distributed in a discrete strip along the outer center line of the volute, with its intensity
diminishing progressively along the flow direction, ultimately vanishing at section 8. Fig. 25 reveals the low-
velocity areas in the velocity-flow diagram. Fig. 26, depicting the velocity-streamline of the cross section 2,
4, 6, 8, clearly demonstrates that the high-speed fluid at the diffuser outlet strikes the outer wall of the volute
and subsequently diverts along both sides of the symmetric section. Rotating vortex structures are formed on
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either side of the diffuser, and the high-speed fluid at the diffuser outlet creates a significant velocity gradient
with the surrounding vortices, leading to an increased entropy production rate. As mass flow rate rises, the
intensity of entropy production rate exhibits a hiking trend, whereas the spatial distribution of high entropy
generation zones remains relatively stable.
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Figure 25: Velocity streamline of volute
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Figure 26: Velocity streamline under different cross sections
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Region D3 is located between the cross section 9 of the volute and the outlet. Fig. 23 reveals high
turbulent kinetic energy region D3. Fig. 24 for the velocity-streamline indicates the presence of low-speed
regions and vortices in this region, suggesting that the flow here is perturbed and characterized by unstable
flow. As a result, an escalation occurs in both turbulent kinetic energy and entropy production rate. As
the mass flow rate increases, the position of this region progressively shifts towards the volute outlet,
accompanied by a marked enhancement in both the range and intensity of the entropy production rate.

5 Conclusions

This study utilized the entropy production theory to investigate energy dissipation in an sCO,
compressor and its components at varying mass flow rates. The key findings are summarized as follows:

(1) Entropy production losses in the compressor were analyzed and ranked in terms of magnitude. The
primary sources of entropy production loss identified were turbulent viscous dissipation, fluctuating tem-
perature, direct viscous dissipation, and mean temperature gradient. Interestingly, the relative contributions
of these sources remained relatively constant with increased mass flow rates, although the total entropy
production loss exhibited a pattern of initial decrease followed by an increase.

(2) Internal losses within the impeller are mainly attributed to leakage flow at the tip clearance. These
losses exhibit a non-monotonic trend with changes in mass flow rate.

(3) Entropy production losses within the diffuser decreased as mass flow rate increased. The areas with
high entropy production rates were primarily located at the shroud and hub sides of the diffuser, as well as the
central flow passage. This distribution pattern is attributable to the inlet airflow angle, and it results in low-
speed zones and vortices within each flow passage and consequently elevates the entropy production rate.

(4) Entropy production losses in the volute decreased with higher mass flow rates. The regions with high
entropy production are primarily concentrated around the diffuser outlet and beyond the corresponding
volute center line. These high-entropy production zones are a consequence of flow separation, precipitated
by the abrupt expansion of the diffuser outlet flow area.

In conclusion, this study employed the entropy production theory to identify energy loss sources in an
sCO, compressor, delineate high-loss areas within flow-through components, and explain the origins of these
losses. However, it is important to note that this analysis was limited to steady-state flow conditions. Future
research should explore the distribution and sources of losses under unsteady flow conditions to enhance
our understanding of sCO, compressor dynamics and efficiency.
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Nomenclature

S';," Entropy production rate [W/(K m?)]
S Entropy production [W/K]

Ipro Irreversible energy loss [W]

cp Specific heat capacity at constant pressure [J/(kg K)]
Ut Eddy viscosity [Pa s]

Pr; Turbulent Prandtl number

U Velocity [m/s]

X Cartesian coordinates [m]

T Temperature [K]

yt Non-dimensional distance from wall
Greek Letters

K Turbulence Kinetic Energy [m?/s?]
Q Turbulence Dissipation Rate [s™']

M Dynamic Viscosity [Pa s]

E Isentropic efficiency

A Thermal conductivity [W/(m K)]

A Density [kg/m?]

Subscripts

g Time-Averaged Value

g Fluctuating Value

D Velocity gradient

H Temperature gradient
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