friried applied
e sciences

Article

Effects of Surface Roughness on Windage Loss and Flow
Characteristics in Shaft-Type Gap with Critical CO,

Lehao Hu !, Qinghua Deng >*{), Zhouyang Liu !, Jun Li 1'? and Zhenping Feng !

check for
updates

Citation: Hu, L.; Deng, Q.; Liu, Z.;
Li, J.; Feng, Z. Effects of Surface
Roughness on Windage Loss and
Flow Characteristics in Shaft-Type
Gap with Critical CO,. Appl. Sci.
2022,12,12631. https://doi.org/
10.3390/app122412631

Academic Editor: Satoru Okamoto

Received: 18 November 2022
Accepted: 7 December 2022
Published: 9 December 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Shaanxi Engineering Laboratory of Turbomachinery and Power Equipment, Institute of Turbomachinery,
School of Energy and Power Engineering, Xi’an Jiaotong University, Xi’an 710049, China

Collaborative Innovation Center of Advanced Aero-Engine, Beihang University, Beijing 100191, China
Correspondence: ghdeng@mail xjtu.edu.cn

Abstract: To investigate the effects of surface roughness on windage loss and flow characteristics in a
shaft-type gap, the skin friction coefficient (C¢) and flow versus Reynolds number (Re) at different
surface roughness (Ra) and radius ratio (17) values were investigated. The results showed that C¢
decreased as Re increased, and the rate of decrease was constant at low Re but reduced at high Re. The
growing relative deviations between the coefficients of smooth and rough walls with Ra indicated that
C¢ was influenced by rough walls when Re > 102. Moreover, C; and the variation rate increased with 7
and were easily influenced by Ra for larger 1 at low Re, since the interaction between wall roughness
and fluid influences windage loss. In addition, the flow field implied the flow had transitioned to
Taylor-Couette flow, Taylor vortexes occurred when Re > 102, and the number of vortexes increased
with increasing Ra and were reduced with increasing 1. The velocity was divided into three regions
and the pressure rose from the rotational to stationary walls, but decreased with growing # as a whole.
This paper improves the research exploring windage loss and will help design smaller supercritical
CO;, power devices.
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1. Introduction

In the past decades, supercritical carbon dioxide (sCO,) power cycles have been of
interest because their thermodynamic efficiency is higher than that of conventional Brayton
cycles with air or Rankine cycles with steam [1-3]. Additionally, the fact that the size of
the corresponding power equipment is approximately one-fifth the size of others, due to
the high density of sCO,, is one of the most significant advantages of sCO; cycles [4]. For
example, when the output power of the sCO, cycle is below 1 MW, power equipment can
be incorporated into a turbine-alternator-compressor (TAC) unit for downsizing purposes,
as shown in Figure 1 [5,6].
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Figure 1. Meridian plane of a turbine-alternator-compressor (TAC) unit.
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From Figure 1, it can be seen that there is the disk-type gap between the compressor
or turbine impeller and seal, and a shaft-type gap between the stator and shaft. In ref. [7],
the authors report that these gaps may be filled with working fluid, such as sCO,, passing
through the TAC unit due to the effect of leakage flow. Combined with the fact that sCO,
density is higher than that of air or steam and the rotational speed of TAC units is higher
due to their smaller size, windage loss in TAC units is more serious than that in other
power equipment using Brayton and Rankine cycles [8-10]. For example, the proportion
of windage loss to total loss in a TAC unit designed by Sandia National Laboratories is
approximately 37.5% [11], which significantly decreases the efficiency and output power
of TAC units. Furthermore, numerous studies indicate that windage loss in the shaft-type
gap, called shaft-type windage loss, substantially influences the operational performance
of generators installed in TAC units [12,13]. Therefore, shaft-type windage loss is the main
focus of this paper.

At present, the shaft-type windage loss has been investigated under the assumption
of smooth walls. Kiyota et al. [14] researched the windage loss in a motor with an output
power of 18 kW and found that it caused the efficiency of the motor to decrease as much
as 6.5%. Liu et al. [15] compared the shaft-type windage loss for different structures of
flux-switching permanent magnet (FSPM) motors, and found that it can be significantly
reduced with shrouds. Sun et al. [16] studied the factors influencing windage loss by
adopting theoretical, numerical, and experimental methods, and believed that the effects of
rotational speed are more prominent than those of pressure ratio. Nachouane et al. [17]
thought that the skin friction coefficient needed to be investigated, and believed that its
prediction accuracy is crucial for estimating and discussing shaft-type windage loss.

In addition, Wendt [18] and Bilgen [19] proposed models used to evaluate the skin
friction coefficient aiming at smooth walls, and they considered the effects of flow states
and geometric dimensions on windage loss. However, the Wendt model only applies to
flow with a Reynolds number from 400 to 10°. Yamada [20] and Vrancik [21] developed
similar models. It is convenient to use these two models owing to the lack of Reynolds
number limitation, but their prediction accuracy is far lower than that of the two other
models, according to the investigations of Deng et al. [22]. Data from Saari’s experiments
were closer to the prediction results of the Bilgen model [23]. Hu et al. [5,24] found that
Taylor vortexes due to Taylor-Couette (TC) flow influence the skin friction coefficient, with
an improved prediction model.

Compared to smooth walls, few studies have investigated the skin friction coefficient
in the shaft-type gap with rough walls. In Theodoresen’s study [25], where the inner wall
rotated and outer wall was fixed, it was found that the skin friction coefficient was related to
the surface roughness but was independent of the Reynolds number beyond a certain criti-
cal value, which was similar to the conclusions for smooth walls [5]. Nakabayashi et al. [26]
experimentally investigated the effects of surface roughness on the skin friction coefficient
with a mixture of freezer oil and glycerol water when one of the inner and outer walls of
shaft-type gap was rotating and the other was stationary. These authors found that the skin
friction coefficient depended on the Reynolds number and surface roughness when the
outer wall rotated, but was only related to surface roughness and not the Reynolds number
when the inner wall rotated.

To the best of our knowledge, the current studies have mainly focused on the skin
friction coefficient under the assumption of smooth walls, and few reports have investigated
the impacts of surface roughness. In addition, according to a previous study [5], a large
Reynolds number is known to influence windage loss and the flow characteristics in the
shaft-type gap. Thus, the effects of the high density of sCO, and high rotational speed of
TAC units, which results in a Reynolds number larger than 10° [27], on the skin friction
coefficient are significantly crucial. Finally, few researchers have paid attention to the
influence of the radius ratio on TC flow and shaft-type windage loss.

Based on the deficiencies of the current research, the influences of surface roughness
and radius ratio on windage loss and flow in a shaft-type gap of generator with critical
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CO;, are studied in this paper. Firstly, the skin friction coefficient versus Reynolds number
is presented. Then, the impacts of surface roughness and Reynolds number on flow state
are analyzed in detail. Finally, the effects of the radius ratio are discussed at a surface
roughness of 0.8 pm. The conclusions of this paper can help develop a model for predicting
the skin friction coefficient for shaft-type gaps with rough walls, which is beneficial for the
design and operation of smaller sCO, power devices, including TAC units.

2. Geometry and Numerical Method
2.1. Geometric Model and Boundary Conditions

The computation domain shown in Figure 2, which is composed of two end walls,
a rotational wall and a fixed wall, was adopted as the research object to investigate the
skin friction coefficient and flow characteristics in a shaft-type gap with rough walls by
performing a three-dimensional numerical technique in this study. The main dimensions
of the computation domain are defined by the inner and outer radii of the gap, R; and
R,, the axial length L, and the gap width § = R, — R;. Additionally, two dimensionless
parameters, Reynolds number Re, which depends on the flow state, and radius ratio 7,
which is related to geometric dimensions, are defined to explore their influences on the
skin friction coefficient and flow.

Stationary wall

End wall

Rotational wall

End wall

X
Y/O V4 ! L '

Figure 2. Schematic diagram of computational domain composed of two end walls, a rotational wall
and a fixed wall.

Re and # are defined as follows:

_ PwR;i(Ro — Ry)

Re €))

@

where p and y are the density and dynamic viscosity of fluid, respectively; R; and R, are
the inner and outer radii of the gap, respectively; and w is the rotational speed.

For the geometric model, R; and L were fixed at 35.5 and 200 mm, respectively, which
was consistent with Saari’s experimental apparatus shown in Figure 3 [23]. In addition, the
gap width 6 ranged from 2 to 8 mm to investigate the effects of the radius ratio on the skin
friction coefficient. R, and # can be determined by R; and 6. The dimensions of R, J, and
from Case I to Case IV are listed in Table 1.

For each case, the rotational speed of the two end walls and the stationary wall was
zero, and that of the rotational wall was changed so that Re ranged from 102 to 107. It needs
to be pointed out that since the fluid velocity is relatively high for sCO, power devices and
the boundary conditions of the numerical validation have to keep consistent with Sarri’s
experiment, heat transfer performance was not considered in this paper; thus, all walls
were set as adiabatic. Based on the manufacturing accuracy of the turbomachinery, the
influence of surface roughness Ra of 0.8, 3.2, and 6.3 um on the skin friction coefficient and
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flow characteristics are discussed and analyzed in detail. Moreover, in order to ensure that
the research range of the Reynolds number can apply to more operating conditions of sCO,
power devices, critical CO, (higher density than sCO,) with a pressure and temperature of
7.38 MPa and 304.13 K, respectively, was selected as the working fluid from Case I to Case
IV. According to the data from NIST REFPROP [28,29], the density and dynamic viscosity
of critical COj, are set to be 467.60 kg/m? and 33.035 pPa-s. In addition, the gravity effect
was considered to be negligeable due to its little influence on flow while the apparatus was
laid horizontally.
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Figure 3. Schematic diagram of Saari’s experimental apparatus [23].

Table 1. Dimensions of outer radius R,, gap width ¢, and radius ratio 7.

Description Case ] Case II Case III Case IV Unit

Outer radius R, 37.5 39.5 41.5 43.5 mm

Gap width 6 2 4 6 8 mm
Radius ratio 7 0.056 0.113 0.169 0.225

2.2. Numerical Method

The commercial software ANSYS Fluent was used to conduct the computational
fluid dynamic (CFD) simulations of windage loss and flow characteristics in the gap.
The steady-state and three-dimensional Reynolds-averaged Navier-Stokes (RANS) equa-
tions [12,17,30,31] were solved, using the governing equations as follows [32]:

Continuity equation:

d
aTCi(Pui) =0 ®)

Momentum equation:

] 0 2 Qu; 0 ou; duj\ |
a}q(PuluJ)""a)ﬁ(P“‘\gl‘ea%)_axiﬂe[<axj>+<axi)] =0 4

Energy equation:

3 9 Come OT]
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where u is the fluid velocity, x is the direction of coordinate system, P is the fluid pressure,
He is the effective viscosity, H is the total enthalpy, A is the thermal conductivity, Cy, is the
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heat capacity at constant pressure, yi; is the turbulent viscosity, Pr; is the turbulent Prandtl
number, T is the fluid temperature, and i and j are index values.

In addition, the above three governing equations needed to be combined with the
realizable k-¢ turbulence model to characterize the turbulence flow in this study. The
turbulence kinetic energy k and dissipation rate & can be solved by the following two

equations [33]:
9 . ue\ ok
aTC],(Pk”J) ~ o [(FH' Uk)axj

e\ oe €2
e e PR
Te ) 9% k + +/ve
where 0y = 1.0, 0 = 1.2, Gy is the generation item due to the mean velocity gradients, Gy,
is the generation of buoyancy, Yy is the ratio of the fluctuating dilatation to the overall

dissipation rate, S is the modulus of the mean rate-of-strain tensor, and C,, Cy¢, and Cz, are
constants. Moreover, C; can be obtained based on the following equation:

+ G+ Gp, — pe — Ym 6)

d

0
ax (pe1y) = ax + peCyS — pCy

&
+ ClsEC&Gb (7)
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In this study, the finite volume approach with the second-order upwind equation
was adopted to discretize the RANS equations, and the pressure-based solver was used
for numerical integration. The computation stability during simulation was estimated by
monitoring the torque. When the torque of the stationary and rotational walls reached
a stable value, and the torque difference between the two walls was less than 1% with
additional iterations, the numerical results were considered “steady”. In addition, the
solution was converged and reliable when the residual values of continuity, momentum,
and energy equations were less than 1078, 107>, and 107>, respectively. None of the
simulations had stability or convergence problems, and every simulation was larger than
3000 iterations.

2.3. Windage Loss and Skin Friction Coefficient

The shaft-type windage loss can be estimated, presented in ref. [21], as follows:
W = CepRED1L )

where C; is the skin friction coefficient.

When flow is laminar in the shaft-type gap, according to theoretical analysis, C; is
calculated as follows:

2
Ce= I

When turbulent flow occurs, C; is determined by experiments and CFD simulations
due to unattainable theoretical determination. If windage loss W and the skin friction coef-
ficient C; are investigated by adopting numerical or experimental methods, the generated
torque T and rotational speed w are known, so windage loss can be expressed:

(10)

W=Tw (11)
And C¢ can be obtained by substituting Equation (11) into Equation (9):

T

C=—
f mpR}w?L

(12)
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2.4. Turbulence Model Validation

For turbulent flow, it is essential to choose a proper turbulence model to investigate the
skin friction coefficient and flow. The three commonly used turbulence models, realizable
k-¢, k-w, and Reynolds stress model (RSM), are used to evaluate the reliability of the
numerical simulation. The C; obtained from Nakabayashi’s experiment was selected as the
benchmark for the validation, and the device’s dimensions and experimental conditions
used for verification are listed in Table 2 [26]. It needs to be noted that the inner wall
was stationary and the rotational speed of outer wall depends on Re, which ranges from
103 to 3.7 x 10*. Moreover, the first cell height near the walls is varied to ensure that the
maximum Y* is in the range required by the turbulence models.

Table 2. Device’s dimensions and experimental conditions used for turbulence model validation.

Description Value Unit
Inner radius R; 30.7 mm
Outer radius R, 33.6 mm
Gap width ¢ 29 mm
Axial length L 90 mm
Surface roughness Ra 0.211 mm

Figure 4 compares the numerical results using different turbulence models with
Nakabayashi’s experimental data. It was found that the maximum relative deviation
between the numerical results adopting the realizable k-¢ model with enhanced wall
treatment and the experimental data was only 8.7%, which was minimal compared to
the other deviations. This indicated that selecting the realizable k-¢ model with enhanced
wall treatment to predict C; and simulate the flow characteristics in a shaft-type gap with
rough walls was appropriate. In addition, the enhanced wall treatment, which required
that the maximum Y* was close to 1, was used to resolve the flow characteristics in more
detail within the boundary layer. Therefore, the realizable k-¢ model with enhanced wall
treatment was adopted to study turbulent flow. For laminar flow with Re < 103, the laminar
model was selected as viscous mode.
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Figure 4. Comparison of numerical results for three turbulence models and Nakabayashi’s experi-
mental data.

2.5. Grid Independence Validation

The structured mesh and its partially enlarged detail shown in Figure 5 was generated
using ANSYS ICEM. Since the flow was complex within boundary layer, the mesh was
denser near the walls than at the center of the gap. Meanwhile, the first cell height of the
walls was set at 5.0 x 10~° mm, which ensured that the maximum Y* near the walls was
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less than 1 and satisfied the requirements of the realizable k-¢ model with enhanced wall
treatment. Moreover, the maximum cell skewness was in the range of 0.06~0.1, indicating
that the mesh quality was completely acceptable.

Figure 5. Structured mesh of computational domain and its partially enlarged detail.

To avoid the impact of the number of grids on the numerical results and reduce the
computing time, a grid independence validation was performed with four different meshes
of 1.6 million, 3.2 million, 6.4 million, and 9.6 million grids aiming at the geometric model
of Case I before the CFD simulations. The skin friction coefficient C; under different Re is
described in Figure 6 for each grid. It was found that C; gradually remained approximately
constant as the number of grids increased, and its maximum relative deviation was 0.49%
when the number of grids increased from 6.4 million to 9.6 million. This indicated that
6.4 million grids could achieve a grid-independent solution.

3.0%1072
251 Unit: Million
—a - 1.6
2014 3.2
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\ 9.6
_LsE
) .
1.0 |
' \
0 M
3 3
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e S, e IR
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102 10° 10° 10 10 107

Re

Figure 6. Skin friction coefficient Cy under different Re for four different meshes of 1.6 million,
3.2 million, 6.4 million, and 9.6 million grids.

3. Results and Discussion

In this section, the skin friction coefficient C; and flow characteristics versus Reynolds
number Re are analyzed, respectively, for Re of 102~10” and surface roughness Ra of
0.8~6.3 um. In addition, the effects of the radius ratio # on C¢ and flow characteristics are
discussed under Ra = 0.8 um conditions.
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3.1. Effects of Reynolds Number and Surface Roughness on Skin Friction Coefficient

Figure 7 presents the skin friction coefficient C¢ versus Re for the geometry of Case I
when Ra ranged from 0 (smooth wall) to 6.3 um, and the corresponding values are listed in
Table 3. It was found that C; decreased as Re increased for Re of 102~10. The rate of decrease
was almost constant when Re was less than 103, but it gradually decreased with Re > 10°,
which resulted in C¢ being independent of Re for values larger than 10°. The conclusion was
validated in the literature [5,25], according to Hu's and Theodoresen’s studies.
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Figure 7. Skin friction coefficient C; versus Re for the geometry of Case I when Ra ranges from

0 (smooth wall) to 6.3 um.

It was found that the C¢ of smooth walls was close to that of rough walls when
Re < 4 x 102, but the difference between them was obvious when Re > 4 x 10%2. The
reason will be analyzed in Figure 8. In addition, the change trend of C; was different
at Ra = 0.8~6.3 um in two ranges of Re, 10%2~10° and 10°~10”. When Re < 10°, the values
of C; were considerably close, indicating that Ra does not influence C¢ at low Re. When
Re > 10°, it was noted that C¢ gradually increased, but the rate of increase decreased when
Ra increased from 0.8 to 6.3 um; thus, the effects of Ra on C; could not be ignored at high
Re. This is because the flow at high Re was more easily influenced by rough walls than at
low Re, resulting in larger Cy.

In order to estimate the effect of Ra on C;, the relative deviation A between the skin
friction coefficients of smooth and rough walls is defined as follows:

C,—C
— s 0 100% (13)
Cf s

’

A

where C¢¢ denotes C; of rough walls and C; g denotes C; of smooth walls.

Table 3. Values of C; at different Re when Ra ranges from 0 (smooth wall) to 6.3 um for Case I.

Re Ra/mm C¢
0 2.69 x 1072

102 0.8 2.70 x 1072
32 2.70 x 102
6.3 2.69 x 1072
0 6.92 x 1073
0.8 7.96 x 1073

3
10 32 7.88 x 1073

6.3 7.88 x 1073
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Table 3. Cont.

Re Ra/mm C¢
0 2.19 x 1073
0.8 3.68 x 1073
4
10 32 372 x 1073
6.3 3.74 x 1073
0 1.26 x 1073
0.8 1.39 x 1073
5
10 32 1.54 x 102
6.3 1.75 x 1073
0 7.55 x 10~*
0.8 9.44 x 10~*
6
10 32 131 x 103
6.3 1.52 x 1073
0 430 x 1074
107 0.8 9.11 x 1074
32 1.16 x 1073
6.3 1.30 x 1073
203

200

—_—
D
(o]

100

Relavtive devaition / %

D
(o]

10? 10° 10* 10° 10° 107

D
ne

Figure 8. Relative deviation versus Re under Ra of 0.8~6.3 um conditions.

Figure 8 presents the relative deviation versus Re under different Ra of 0.8~6.3 um
conditions. It was found that the relative deviations of 0.3%~0.6% for Re = 10?> were far
smaller than those when Re ranged from 103 to 10”. This indicated that the C¢ of rough
walls was the same as that of smooth walls for extremely low Re, which was consistent
with the conclusion drawn in Figure 7. However, when Re > 102, the relative deviations
rapidly increased with increasing Re and Ra, attaining a maximum of 203% at Re = 107 and
Ra = 6.3 um, indicating that C; was influenced by both flow and wall roughness. This is
because at low Re, the flow in the gap was laminar and the boundary layer was relatively
thick, which means the grain of the rough walls was completely covered by the viscous
sublayer for Ra = 0.8~6.3 um; thus, C¢ and flow were little influenced by rough walls.
However, with increasing Re or Ra, the boundary layer became thinner, and the grain was
in blending or there were logarithmic law regions even outside boundary layer, which
significantly impacted the flow near the walls or at the center of the gap, resulting in
increased C;.
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3.2. Effects of Reynolds Number and Surface Roughness on Flow Characteristics

The flow characteristics will be discussed in this subsection to analyze the reasons that
Cy is influenced by Re and Ra. Figure 9 shows the streamlines and velocity magnitude at the
meridional plane with Re of 102, 10%, and 107 for Ra = 0.8~6.3 um. It is worth mentioning
that since the flow was highly similar at the axial direction in the whole gap, Figure 9 only
shows the contours near one end wall.
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Figure 9. Streamlines and velocity magnitude at meridional plane with Re of 102, 10%, and 107 for Ra,
Ra =0.8~6.3 um.

When Re = 102, it can be seen that the streamlines were considerably similar than
when Ra ranged from 0.8 to 6.3 um, which further validated that Ra does not influence the
flow in the gap and leads to C; being highly close for different values of Ra, as shown in
Figures 7 and 8. Moreover, except for the vortex near the end wall, which is due to the
combined effect of the boundary layer of all walls, including the two end walls, the flow in
whole gap was laminar and no vortexes occurred. Under Re = 10* and Re = 107 conditions,
it can be seen that the flow transitioned from laminar flow to TC flow and periodic Taylor
vortexes appeared, the number of which increased with Ra, resulting in increased Cy, as
described in Figure 7. Additionally, when Re > 10%, the size of the Taylor vortexes increased
as Re increased. This is because a higher Re reflected a higher rotational speed and greater
centrifugal force was applied to the fluid, leading to more complex and unstable flow.

In addition, it was found that the velocity was higher near the inner walls under higher
Re conditions, and it decreased to zero near the outer walls along the radial direction. The
reason is that a higher Re indicated a higher rotational speed, combined with the no-slip
wall conditions, which resulted in the fluid velocity near the walls being the same as the

linear velocity of the walls. To analyze the velocity distribution in the gap in more detail,

Figure 10 presents the velocity in the radial direction with Re = 10* and Ra = 0.8~6.3 um.

According to Figure 10, the velocity was divided into three regions. Moreover, the
fluid velocity in the speed-stable region that increased with Ra was approximately half of
the inner walls’ linear speed, which was consistent with the velocity distribution shown in
Figure 9. In addition, the velocity gradient in the speed-drop regions, which also increased
with Ra, was significantly larger than that in the speed-stable region. These results indicated
that Ra influenced the thickness of the boundary layer and flow near the walls, but the flow
in the center of the gap was more stable.

10 of 16



Appl. Sci. 2022,12, 12631

11 of 16

1.0 |-\ Speed-drop region Unit: pm
near rotational wall
\ / 0.8
08k ¥ - =32
\ 6.3
\
0.6 F N | Stable-stability region |
=3 Nel !
g N e -2
> 04f ! IN
! NS
\
0.2 \
|
Speed-drop region |
0.0 F near stationary wall |
1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

(R-R) /&
Figure 10. Averaged velocity in the radial direction with Re = 10* and Ra = 0.8~6.3 um.
3.3. Effects of Radius Ratio on Skin Friction Coefficient and Flow Characteristics

Figure 11 describes the skin friction coefficient C¢ versus Re for the radius ratio %
ranging from 0.056 to 0.225, corresponding to the geometric model from Case I to Case
IV, at Ra = 0.8 um. The values of C; are listed in Table 4. Similar to Figure 7, C; gradually
decreased when Re increased from 107 to 107 for all cases. The rate of decrease versus
Re was constant when Re < 103, but it slowly decreased when Re > 103, which led to Cs
remaining constant for Re > 10°. In addition, it was also found that Ct and the variation
rate increased with #, which indicated that C; was seriously influenced by larger 7. The
reason is that the TC flow was prominent and more Tarloy vortexes occurred at larger 7,
resulting in increased C;.
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Figure 11. Skin friction coefficient C¢ versus Re for 77 ranging from 0.056 to 0.225 at Ra = 0.8 pm.

According to Equation (13), the relative deviations at 7 = 0.056~0.225 were calculated
and are shown in Figure 12. It was found that the relative deviations increased with Re
and 77 when Re < 10°, but they decreased with Re and increasing 7 for Re > 10°. This
indicated that C; was more easily influenced by rough walls for larger 7 under lower Re
conditions, but the opposite occurred for significantly higher Re. This is because the flow
was stable at low Re, and the interaction between rough walls and working fluid influenced
windage loss; hence, it was more prominent in a larger gap width, corresponding to a larger
1. However, the flow was extremely unstable at high Re and became the primary source
of windage loss; hence, in a smaller gap width, meaning a smaller #, the flow was more
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significantly impacted by rough walls, resulting in larger relative deviations. Additionally,
when Re = 107, the fact that the relative deviations ranged from 0.6% to 2.9% also indicated
that the C; of rough walls was similar to that of smooth walls for extremely low Re, as
shown in Figure 8.

Figure 13 shows the streamlines and vorticity contours near one end wall at the
meridional plane with Re of 10?, 10%, and 107 at 57 = 0.056~0.225. It can be seen that no
Taylor vortexes occurred when Re = 102 for each case, which indicated that the flow was
not impacted by rough walls no matter how wide the gap. This was also the most crucial
reason that the Cy of rough walls was almost the same as that of smooth walls, as shown in
Figure 13. When Re was equal to 10* and 107, the size of Taylor vortexes increased with 7,
automatically leading to fewer vortexes. This was because a larger #7 means a larger gap
width, resulting in Taylor vortexes forming more easily and developing in the gap. Further,
it was noted that the size of vortexes near the end wall increased as Re increased, indicating
that the effect of the end walls was more permanent for higher Re.

Moreover, it was also found that when Re = 102, the vorticity distribution was near the
end walls and it increased with 7. The reason was that the centrifugal force exerted on the
fluid in the gap was exceedingly small at lower Re, so the effect of the stationary end walls
could not be ignored; thus, the effect of the end walls was more prominent under larger 7
and gap width conditions. However, the centrifugal force was larger for higher Re; hence
the impact of the end walls was not significant, which resulted in the vorticity near the
end wall decreasing as 77 increased, as shown in the vorticity contours for Re of 10* and 107.
Further, it can be seen that the vorticity in the whole gap increased with Re for all cases,
indicating that the dissipated energy due to the vortexes was greater at higher Re.

Table 4. Values of C; versus Re for 7 ranging from 0.056 to 0.225 at Ra = 0.8 pum.

Re Ra/mm C¢
0.056 2.70 x 1072
102 0.113 493 x 1072
0.169 8.47 x 1072
0.225 1.49 x 1071
0.056 7.96 x 1073
108 0.113 9.11 x 1073
0.169 1.09 x 1072
0.225 1.56 x 1072
0.056 3.68 x 1073
108 0.113 455 x 1072
0.169 5.16 x 1073
0.225 549 x 1073
0.056 1.39 x 1073
165 0.113 2.35x 1073
0.169 2.54 x 1073
0.225 2.68 x 1073
0.056 9.44 x 10~*
106 0.113 119 x 1073
0.169 1.50 x 1073
0.225 1.71 x 1073
0.056 9.11 x 10~
107 0.113 9.51 x 1074
0.169 1.29 x 1073
0.225 1.49 x 1073

Figure 14 shows the pressure contours in the tangential direction and velocity distribu-
tion in the radial direction when Re was 10%. It is noted that the pressure P in the legends is
7.38 MPa, which is critical CO, pressure.
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Figure 14. Pressure contours in the tangential direction and velocity distribution in the radial direction
for Re = 10* (a) Case I; (b) Case II; (c) Case III; (d) Case IV.

It was found that the pressure gradually increased from the rotational to stationary
walls according to the law of energy conservation, which corresponded to the velocity
distribution shown in Figure 9, but it decreased with increasing # as a whole. Additionally,
there were periodic low-pressure and high-pressure regions near the walls as a result of
Taylor vortexes in the gap, and the periodic high-pressure regions near the stationary walls
decreased at larger 1. This was because when 7 increased, the size of the Taylor vortexes
increased but fewer vortexes occurred; hence the periodic fluctuation of pressure was
less, resulting in fewer high-pressure regions. Moreover, it was noted that the velocity
distribution was similar to Figure 10 for different cases, which could also be divided into
three regions, but the velocity gradient near the stationary walls for Case IV was smaller
than that of other Cases due to the significantly larger 7.

4. Conclusions

To investigate the influence of surface roughness on windage loss and flow in the
shaft-type gap of generators, the skin friction coefficient C; and flow characteristics versus
Reynolds number Re were analyzed for different surface roughness Ra, and the effects
of radius ratio # were discussed under Ra of 0.8 um conditions. The conclusions of this
paper will help develop a model for predicting C¢ with rough walls, further improving the
design of small supercritical carbon dioxide power devices, including turbine-alternator-
compressor units. The main conclusions are as follows:

(1) Ct decreased as Re increased, and the rate of decrease was constant at low Re but
it gradually decreased at high Re. In addition, for Re = 102, the relative deviations
between the skin friction coefficients of smooth and rough walls of 0.3~0.6% indicated
that C¢ was not influenced by rough walls. However, when Re > 107, the relative
deviations increased with Re and Ra, indicating that C¢ was influenced by flow and
rough walls because the grain was in blending or logarithmic law regions occurred,
which impacted the flow.
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(2) When Re = 10, the flow was laminar and similar for different Ra, but when Re > 102,
it transitioned to TC flow and periodic Taylor vortexes appeared, the number of which
increased with Ra. The velocity could be divided into three regions, and the speed-
stable region increased with Ra. The velocity gradient in speed-drop regions was
larger than that in speed-stable regions. These results indicated that Ra influenced the
thickness of the boundary layer and the flow at the center of the gap was more stable.

(38) Cgand the variation rate increased with #, indicating the C¢ was seriously influenced
by larger 7. Moreover, the relative deviations increased with 7 when Re < 10°, which
indicated that Cy was more easily influenced by rough walls for larger 77 under low
Re conditions, since the interaction between rough walls and working fluid affected
windage loss. However, the opposite was true when Re > 10° because the flow became
the primary source of windage loss in a smaller gap width at high Re.

(4) The size of Taylor vortexes increased with #, leading to fewer vortexes. In addition,
the pressure gradually increased from the rotational to stationary walls but decreased
with increasing 7 as a whole. Additionally, there were periodic low-pressure and
high-pressure regions near the walls due to Taylor vortexes in the gap, but the periodic
high-pressure regions near the stationary walls decreased at larger #, since the number
of Taylor vortexes decreased. Moreover, the velocity gradient near the stationary walls
for Case IV was smaller than that of other Cases due to the significantly large 7.
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