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ABSTRACT

Surface roughness significantly affects the aerodynamics and heat transfer within micro-scale turbine stages. It results in a
considerable increment in the blade profile loss and leads consequently to sizeable performance reductions. The provision of low
roughness surfaces in micro gas turbine stages presents challenges on account of the small (mm scale) sizes, manufacturing complexity
and associated costs. The axial turbine investigated in this study is fitted to Samad Power’s TwinGen domestic micro combined heat and
power unit. The micro gas turbine has a compressor pressure ratio of 3, 1200K turbine inlet temperature and a rotational speed of
170,000 rpm. This paper presents a numerical assessment of the effects of varying the surface roughness on the performance and heat
transfer of the micro turbine. The surface roughness was uniformly distributed on the NGV and rotor blades. The results showed that
increasing the surface roughness from 3 microns to 6, 20, and 100 microns resulted in a reduction in stage total efficiency of 0.8%, 4%
and 12% respectively as well as a comparable decrease in output power (0.7%, 3.6%, and 11% respectively). The turbine temperature
was also observed to be very sensitive to surface roughness and a temperature increase of some 5% at the rotor hub and over 4%
increment in the blade tip surface was observed for 100 microns when compared to the 3 microns surface roughness case. The findings
of this paper highlight the adverse effects of the surface roughness on the micro-turbine performance and temperature distribution as
well as the importance of careful consideration of wall roughness during the design and manufacturing stages

Keywords: Micro Gas Turbine, CFD, surface Roughness, Blade Temperature, Friction Coefficient, Aerodynamic Losses.

NOMENCLATURE
Cy Friction coefficient
hg Sand grain roughness height [m]
h* Roughness Reynolds number
Von Karman constant
Mass flow rate [Kg/s]
Static pressure [Pa]
Total pressure [Pa]
Reference total pressure [Pa]
Total pressure at turbine inlet [Pa]
Total pressure at turbine outlet [Pa]
Arithmetic average roughness [m]
Reference total temperature [Pa]
Friction velocity [m/s]
Local streamwise velocity [m/s]
Free stream velocity [m/s]
Distance from the wall [m]
Non-dimensional distance of the first mesh element
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Density [Kg/m?]

Diameter of sand-grains sphere [m]
Discrepancy [%]

Expansion ration

Kinematic viscosity [m?/s]

local wall shear stress [Pa]

Total Efficiency [%]

Total pressure loss
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LIST OF ABBREVIATIONS
CFD  Computational Fluid Dynamics
CO Carbon monoxide
CO2  Carbon dioxide
H20  Water vapour
NGV  Nozzle Guide Vanes
PS Pressure Side
RANS Reynolds-Averaged Navier—Stokes
rpm  Revolution per minute
SST  Shear stress transport
SS Suction Side

INTRODUCTION

Surface roughness is an important parameter which can affect the overall performance and aerodynamic losses of the compressors
and turbines [1-6]. The efficiency of the turbine is crucial for the gas turbine performance as in some applications a reduction of 1% in
the turbine efficiency could result in a 4% reduction in the engine power [7]. Blade surface roughness is one of the design features of
the turbines and it can grow considerably (20-150 um) during the engine operation, especially at high pressure and temperature operating
conditions [3,8,9]. A number of methods were used in the literature to examine these effects such as scaling the overall or stage-by-stage
performance map of each engine component whilst considering different degradation effects. Another method of examining the
degradation and surface roughness effects is to use high-fidelity CFD simulations. This method provides a detailed assessment of the
performance and flow distortion in addition to the effect of engine degradation on heat transfer characteristics [10-14].

The consequence of surface roughness on the axial turbines have been investigated in previous studies. A review of the roughness
influences on the gas turbines components and an overview of different correlations used to relate the roughness measurements with
equivalent sand grains roughness was done by Bons [1]. In addition, the study of non-uniformity of NGV surface roughness by Zhang
and Ligrani [15] showed that the aerodynamic loss and wake thickness increased with the increment of surface roughness. Consequently,
in the large axial turbines, the surface roughness is usually responsible for a considerable reduction in the overall turbine performance.
It can cause about 7% to 14% stage efficiency reduction for roughness values between 0.001 to 0.01 Ks/C as reported by Bammert and
Sandstede's [16]. The wall roughness of rotor and NGV has different effects on the overall performance. For a high roughness value
(400 pm), the efficiency reduction of the turbine stage was 19% for the fully roughened rotor and NGV compared to the baseline (smooth
walls at the rotor and NGV blades). However, the efficiency reduction falls to 8% for a roughened rotor and 11% for roughened NGV
[17]. In addition, Kang et al. [18] investigated numerically the effects of transitional and fully rough regimes (equivalent sand-grain
roughness of 100 and 400 um) on a low-speed turbine performance. They found that the output work reduction occurred because of the
surface roughness increment. They also reported that for both surface roughnesses, the model was more sensitive the NGV roughness
and it caused an additional 10% reduction in the turbine work compared to the stage rotor.

Some of the turbine flow parameters such as the Reynolds Number can be directly linked with the performance degradation due to
wall roughness [19,20]. These effects become more significant on the boundary layer and remarkably increase the aerodynamic losses
at high Reynold numbers [21-23]. The effects of wall roughness on the turbine performance at different Reynolds numbers is more
obvious compared to its influence on the turbulence intensity levels at the stage inlet [24,25]. Furthermore, the aerodynamic losses were
found to be also sensitive to the location of the roughened surface. The experimental measurement of Kind et al. [26] of roughness
effects on a turbine cascade indicated that roughness values had a relatively small influence on the blade pressure coefficient and flow
deviation angle. However, the small change in deviation angle can result in a considerable amount of reduction in the turbine work [18].
The wall roughness on the blade suction side walls also found to have a stronger effect on the flow losses than equivalent roughness on
the pressure side surface. For instance, in transonic compressors, the wall roughness at the blade leading edge and the upstream part of
the suction side were responsible for approximately 70% of the efficiency reduction as reported by Suder et al. [27].

Furthermore, for gas turbine engines, it is crucial to accurately estimate the thermal loads on the turbine stage, as it is an important
factor for assessment of the engine life and durability. The turbine passage surface roughness changes the spanwise flow distribution
and therefore the heat transfer ratio within the turbine. The experimental study of Blair [28,29] on a large scale rotor indicated that the
increment of surface roughness from smooth to rough (Rz roughness between 8 to 84 mm) caused a two-fold increase in the model heat
transfer. Furthermore, Lorenz et al. [30] investigated the heat transfer process in a turbine cascade for a range of surface roughnesses
(equivalent sand grain roughness 120 to 290 mm), Reynolds numbers (5*10* to 25*10%), and inlet turbulence intensities (1 to 10%). The
results showed that the increment of Reynolds number improved the heat transfer inside the turbine and that the high roughness case
increased the heat transfer by 100%. A numerical investigation of NGV endwall roughness on the heat transfer was carried out by E.
Lutum et al. [31]. They found that the heat transfer of the endwall significantly increased by applying the surface roughness. This result
agreed with the numerical investigation of the heat transfer coefficient of turbine NGV with rough surface roughness conducted by Guo
et al. [32]. The roughness of turbine surfaces is usually one of the design specifications and it can directly affect the production cost.
Previous publications have highlighted the roughness effects on the prevailing scale turbines, however, no studies were found on the



roughness influences on the micro-scale axial turbines and limited information are available in this scale. Due to the high surface to
volume ratio in a micro gas turbine, the roughness effects are anticipated to be pronounced. This paper reports the numerical investigation
of the effect of surface roughness on the performance, aerodynamic loss, and temperature distribution of a microscale turbine. This paper
provides a validated case with experimental data and discuss in details the effects of surface roughness on a micro turbine stage. The
numerical simulations were carried out using the commercial code ANSYS CFX 19.1 and the CFD models and results were verified and
validated against experimental data.

TURBINE GEOMETRY

The device simulated in this paper was a micro axial turbine used in the TwinGen [33] engine which represents an innovative,
compact, and high-performance CHP system for domestic use. The micro gas turbines power generation units which can provide 25 to
500 KW of power. The TwinGen unit was designed to provide 18kW of heat and 2kW of electrical power with an overall system
efficiency of up to 93%. The engine has a low mass flow rate (26 — 27g/s) and a high rotating speed (170,000 rpm). The turbomachinery
components are a radial compressor and a single-stage axial turbine. The axial turbine was designed by Cranfield University for the
TwinGen gas turbine to provide about 6 kW power. The turbine has a very low aspect ratio, as shown in Fig. 1, on account of the low
flow rate and high rotation speed of the unit. The inlet conditions of the turbine were a total pressure of 273kPa and a total temperature
of 1200K with the exhaust gases, discharged with a total pressure close to the ambient conditions (103 KPa), being directed onto a heat
exchanger using the outlet duct. . The geometrical details of the axial turbine are presented in Table 1.

NGV
Figure 1: Geometry of TwinGen Turbine




Table 1: Design Parameters

NGV Rotor
Hub diameter (mm) 37 37
Tip diameter (mm) 44 44
Number of blades 13 17
Axial cord (mm) 4.8 8.6
Blade pitch at avg. diameter (mm) 10 7.5
Leading edge diameter (mm) 1.2 1.2
Trailing edge diameter (mm) 0.8 0.8
Inlet metal angle (degrees) 0 46
Outlet metal angle (degrees) 78 68

NUMERICAL MODELLING

In this study, the numerical simulations were performed using ANSYS CFX 19.1 commercial code. The numerical solution was
obtained by solving the Reynolds-Averaged Navier-Stokes equations (RANS) using the finite volume method to solve the flow model.
The numerical results were obtained by running steady-state simulations which included the energy equation accounting for the viscous
work. High-resolution advection scheme and turbulence numerics were used to obtain the numerical solution.

The Shear Stress Transport (SST) turbulence model was selected because it was originally developed to provide an improved
prediction of the flow in regions of adverse pressure gradient and separation. In the SST model, the turbulence viscosity is adjusted to
consider the transport of the principal flow shear stress. This turbulence model combines the k-¢ and k- models where and k- is used
near the walls while k-¢ is used in the free stream region. The SST model has been enhanced within the ANSYS-CFX code, and the
model near-wall formulation decreases the requirements of grid resolution near walls [34].

The wall roughness has significant influence on the flow structure and losses in the turbine. The surface roughness increases the
near wall turbulence and consequently, affects the shear stresses and changes the rate of heat transfer through the turbine elements. In
fact, in turbulent flow, the roughened walls promote not only increase the wall shear stress but also the separation of the viscous sublayer.
Therefore, the accuracy of the results is intimately related to the accurate modelling of the wall roughness. The roughness effects can be
activated in CFX and modelled by including a downstream shift in the logarithmic velocity profile equation (equation 1). This
downstream shift (equation 2) is a function of the dimensionless value of the roughness height and for the sand grain roughness which
can be calculated using equation 3 [31,35-37].
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Where B = 5.2 and y* is the non-dimensional distance of the first mesh element from the walls and /; is the sand grain roughness.
Based on the value of sand grain roughness, three regions can be identified in the model. If & is less than 5 then the walls can be
considered as hydraulically smooth; if the value of A is greater than 5 but less than 70, then the case is classified as intermediate
roughness. When the roughness exceeds 70 then the wall is classified as fully rough. The near wall model setup was set to automatically
allow the code to select either the wall function or low Reynolds formulations depending on the grid element resolution near the wall.

A number of parameters have been used to quantify the surface roughness such as the arithmetic average, root mean square, and
root to valley values. In the current study, the arithmetic average values were employed due to the availability of this information and
since it can be calculated using equation (4) [38].
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In this study, four values of roughness R, (3, 6, 20, and 100 microns) were examined as a reflection on the expected surface
roughnesses of different manufacturing techniques. These values cannot be applied directly to the CFD setup as the sand grain roughness,
which is commonly used to predict the wall friction coefficient from the Moody diagram, does not directly represent any type of surface
roughness measurements. As a consequence using the measured value of surface roughness as sand grain roughness can result in
substantial errors in estimating roughness effects in turbomachinery flows and performance [38]. Conversion algorithms have been
proposed in a number of studies to convert different roughness measurements to san grains values as shown in equation 5. Analytical
models are used to relate this equation to the diameter of the sand grain spheres (¢), resulting in the estimation sand-grain equivalent
roughness as shown in equation (6). Based on experimental results, the estimated sand-grain roughness using equation (6) has shown
good results as an approximation of the roughness values [38].
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The parameters used to assess the numerical results are total pressure loss, normalized helicity and friction coefficient. The total
pressure coefficient which indicates the pressure losses within the turbine can be expressed as

= Pr;— Pr @)
1
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The pressure coefficient distribution around the blade is associated with the rotor work coefficient and is defined as
pi— Pr (8)
Cp = 1
5 iV

Friction coefficient represents the non-dimensional value of the local surface shear stress and it describes the flow conditions near
the model walls. The friction coefficient can be expressed as

T
C= ©
2PV

The boundary conditions were assigned as follow. The computational fluid domain contained one NGV blade and one rotor blade
in addition to a sector of the outlet duct which represents a quarter of the outflow duct. Periodic conditions in the circumferential direction
about the z-axis were assigned to the NGV, rotor, and outlet sections. Total pressure and temperatures, as well as the direction of the
flow, were assigned to fluid domain inlet which was located upstream of the blade 1.5 times the averaged axial chord distance of the
NGV. The flow turbulence intensity at the inlet was 5%. Static pressure was specified at the exit of the outlet duct averaged over the
whole outlet with a profile blending factor of 0.05. The rotor hub and blades were specified as a rotating wall in a fixed reference frame
with the no-slip condition. The shroud was specified as in a counter-rotating wall in a relative reference frame with the no-slip condition.
For the model validation, the numerical simulations were performed for different expansion ratios (1.06, 1.18, 1.38, 1.58, 1.83) and
rotational speeds of 150,000 RPM. The working fluid in the turbine is made up of the combustor exhaust gases flow containing a mixture
of CO2, H20, N2, and O2 gases. The surface roughness was applied to the various walls of the fluid domain, hubs, shrouds, stationary
and rotating blades.

Four cases were created to examine the dependency of the computational model on the number of grid elements. These cases have
0.5, 1, 2, and 4 million nodes as shown in Table 2. The results show that the numerical model becomes nearly grid independent when it
exceeds 2 million nodes. The discrepancy between the total efficiency and expansion ratios of the 2 and 4 million cases was about 0.08%
and 0.002% respectively. Based on these results, the mesh of the fluid domain of the turbine stage was finalised as follows. A structured
mesh was generated in the NGV, rotor and outlet domains as shown in Fig. 2. A H-grid type was used in the flow passage, while an O-
grid type was used around the rotor and NGV blades to improve the overall mesh quality and the accuracy of the results. The thickness
of the O-grid layer around the blade was 30% of the average blade thickness and consisted of 30 grid nodes with non-dimensional y+
less than one. The expansion ratio of the grid elements in all directions was set at 1.1. The total number of grid nodes of the NGV and
rotor computational domains was approximately 2,300,000, while the outlet duct had 400,000 nodes. Overall, the grid resolution of the
model was fine with the y+ values near the walls (such as 50% of rotor blade span) being lower than 0.3 as shown in Fig. 3.

Table 2: Mesh Dependency Study
Grid No. n 4 AP |4
500,000 78.24% - 2.6832 -
1,000,000  76.34% 2.43% 2.6864  0.121%
2,000,000  76.27% 0.09% 2.6863  0.005%
4,000,000  76.21% 0.07% 2.6862  0.002%
NGV Rotor
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Figure 2: Grid of CFD Domains
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VALIDATION

The numerical model was validated with experimental data. Samad Power Ltd. provided the experimental results of the turbine
stage after conducting different test runs and measurements. The test rig used to obtain the performance measurements for the TwinGen

engine and a schematic representation of the experimental setup are shown in Fig.4 and Fig. 5. The following parameters were extracted
from the experimental data to establish the turbine characteristic map.

1-  Turbine mass flow, m
2- Turbine inlet pressure, Py3
3- Turbine inlet temperature, Ty3



4-  Turbine outlet pressure, Py,

|

Figure 4: Experimental Test Rig
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Figure 5: TwinGen test bench layout

All pressures and temperatures were measured in the static form and their total corresponding was calculated by considering the air
mass flow rate and the relevant cross section area. Pressure was measured in the compressor outlet and considering around 3% pressure
drop in the combustion chamber to calculate the turbine inlet pressure. The static temperature was measured in various angles exactly
before the turbine NGV and the Turbine inlet temperature was the average of these readings.

¢ In all measurements, the pressure sensors accuracy was around 0.25%. For instance, for the pressure measurement of 200kPa, the
sensor accuracy was around +0.5 kPa.

e The Temperature sensors were K-type to withstand in the high temperature environment and their accuracy linearly depend on the
measured temperature by: £0.004T (350-1100°C). For example, in the 1200K, 926.85 °C, its accuracy is around +3.7°C

In the testing data, the uncertainties of the variables used for the turbine inlet corrected mass flow and expansion ratio were
considered as follow.

e For the turbine Inlet corrected mass flow rate, the TIT or TO3 was the averaged value of the static temperature at 5 different angle
corresponding to various regions of the fluid at the turbine inlet annulus, considering the periodic effects and angles of the fuel inlet
nozzles inside the combustion chamber. In addition, by calculating the flow velocity at the mid-radius of the annulus, the total
temperatures have been calculated.

e For the turbine expansion ratio, uncertainty was related to the calculation of total pressure using the measurement of static pressure
at the compressor outlet and turbine outlet. The turbine total inlet pressure was calculated by adding the dynamic pressure to the
static pressure at the outlet of compressor considering the combustion chamber pressure loss.

These parameters were used to calculate the turbine expansion ratio and the corrected mass flow using the following equations.



yTos (10)

Corrected Mass Flow =
Py3

P
Turbine Expansion Ratio = —= (11)

The numerical results were validated against experimental data for different expansion ratios as shown in Fig. 6. The testing data
were limited to an expansion ratio of about 1.8 and a rotational speed of 150,000 rpm due to the test rig limitations The turbine,
compressor and motor/generator were on the same shaft, therefore, motor/generator acting as a dynamic load on the turbine. The
TwinGen unit was governed by motor/generator to control the speed and fuel flow to control the Turbine inlet temperature. Using these
two types of controller it was possible to test the turbine and compressor matching at various off design point.. The simulation is
conducted in the same rotational speed but as it was already investigated and proved by gas turbine performance scholars, the turbine
map is relatively independent from the rotational speed. In other word, each point in the curve can be calculate from different specific
speed which correspond to speed of machine in some off-design points. The numerical results were obtained for the model with 3um
Ra roughness similar to the measured surface roughness of the tested turbine. The performance curve of the numerical results showed a
similar trend when compared to the experimental data and the CFD results agreed well with the experimental data. Although the testing
data were limited in terms of shaft rpm, the agreement between the numerical results and the measurements indicate that the numerical
model can accurately predict the performance of the axial turbine for different operating conditions.
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Figure 6: Corrected Mass Flow versus Expansion Ratio

RESULTS AND DISCUSSION

The power and efficiency of the axial turbine with different roughness values are shown in Table 3. The results were obtained by
applying three different surface roughnesses to the NGV and rotor walls. All simulations were conducted at the design point (273kPa
and 1200K turbine inlet total pressure and temperature and 170,000 rpm). The results show that both turbine power and efficiency
decrease as the surface roughness increases. The turbine efficiency was slightly more sensitive to the increment of surface roughness
when compared to the power. In the presence of surface roughness, the profile drag rises as a result of boundary layer thickness growth
and therefore the turbine efficiency drops. In this paper, the 3 pm case was considered as the baseline for all comparisons because it had
similar surface roughness to the tested turbine and it was validated with the testing data. Between the 3 and 6 micron models about 0.7%
and 0.8% reductions in power and efficiency have occurred. However, significant performance reductions were predicted as a result of
high surface roughness (100 um) and the turbine lost 11% of the power and 12% of the total efficiency. The results indicated that a small
performance reduction happens in the case of 6um, and then the performance degradation dramatically increases in the case of 20
microns. Although, the surface roughness had significant effects on the performance, the turbine designers might accept the performance
degradation and select high roughness manufacturing techniques due to technological limitations and budget requirements. The results
indicate that the efficiency reduction in micro gas turbines with a roughness of 100um (12%) was relatively minor when compared to
an efficiency reduction in a full scale turbine estimated by Yun et al. [17], to be 19% for a rotor and NGV surface roughness of 400um.

Table 3: Turbine Performance with Surface Roughness

R A A
3Ra 3 765 - 6 i
6 Ra 6 759 08 | 596 07
20 Ra 20 733 42 | 579 36
100 Ra 100 674 119 | 534 110




The effect of the surface roughness on the wake region of the NGV and rotor blades is shown in Fig. 7. The mass average of the
relative velocity at mid-span was plotted against the pitch-wise location. The results show that for the rotor and NGV, the size and depth
of the wake zone increases as the roughness value increases. The profile loss generated due to the roughness increment near the trailing
edge at the blade suction side was the reason for the wake increase as stated by Kang et al [35]. The effect of the roughness was less
significant in the case of the rotor when compared to the NGV due to the high turning of the stationary blades. For a surface roughness
greater than 6 microns, the wake downstream of the NGV blade widened significantly and the flow velocity considerably decreased
especially in the case of 100 microns roughness. The size and velocity magnitude in the NGV wake affect the location of the stagnation
point in the rotor. Consequently, the pressure distribution of the rotor blades will be changed and therefore affect the turbine power and
efficiency. For the rotor blade, a small shift of the centre of the wake zone towards the blade suction side occurred as a result of surface
roughness increment. However, for the wake of the NGV blades, the core of the wake zone was changed and the wake area was
noticeably shifted towards the blade suction side surface. The effect of the surface roughness on the wake regions has negative impacts
on the performance of the axial turbine.
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Figure 7: NGV and Rotor Blade Wake

The friction coefficient (Fig. 8) was used to highlight the effects of roughness on the wall shear stress and therefore, the blade profile
loss. It can also be used to highlight the flow separation point and the size of the separation bubble. The friction coefficient at the pressure
side was sensitive to the surface roughness when compared to the blade suction-side surface. For the blade pressure side, the effect of
roughness was minimal between the leading edge and 70% of the axial chord, after which the friction coefficient increases significantly
until the blade trailing edge. However, for the suction side surface, the friction coefficient increased gradually from the leading edge and
reached the peak value at approximately 70% of the streamwise location. The peak region of the friction coefficient distribution at the
blade suction surface represents an indication of flow separation from the blade wall. Therefore, as the friction coefficient increase, the
flow separation zone and its associated losses increases. The friction coefficient curve was almost identical in the case of 6 microns
when compared to the 3um surface roughness. The friction coefficient increases significantly in the case of 20 and 100pum roughness,
and the peak value at the blade suction side jumped respectively by 70% and 190% when compared to the 3 microns model.
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The loss in total pressure will directly affect the total efficiency of the axial turbine and consequently, the overall engine performance
will be negatively affected. The mass flow averaged total pressure coefficients between the hub and shroud at the rotor outlet are shown
in Fig. 9. The total pressure loss increases as the roughness increase as a result of blade profile loss growth [9]. In general, the total
pressure coefficient of 3 and 6 microns were very similar, especially near the blade mid-span. The total pressure loss of the 20 microns
model became more noticeable between 60% to 90% of the blade span when compared to the 3 microns turbine. Furthermore, the total
pressure loss increases remarkably in the case of the 100um surface roughness model which indicates a considerable increase in the
flow aerodynamic losses. The averaged total pressure loss along the span increased respectively by 2% and 6.5% for the 20 and 100 pm
models when compared to the 3 microns turbine.

The turbine work coefficient is associated with the distribution of pressure coefficient in the rotor blade (loading). Fig. 10 shows
the distribution of the pressure coefficient at the mid-span of the rotor blade. The increase in surface roughness generally caused a
reduction in the pressure coefficient distribution in both suction and pressure surfaces and consequently a higher-pressure coefficient
difference along the rotating blades. The pressure distribution of 6 micron model was almost similar to the 3 micron case while the 20
micron surface roughness model was had a small deviation compared to the 3 um model. The effect of the surface roughness on the
blade pressure distribution was relatively significant in the case of 100 microns. The effect of the surface roughness was more noticeable
at the pressure side surface between the leading edge and about 70% of the stream-wise distance. Between 70% of the axial chord and
the trailing edge, the surface roughness value significantly affects the pressure distribution of the suction side surface. In fact, the pressure
coefficient decreased with the increment of surface roughness resulting in a higher pressure difference between the blade suction and
pressure sides and consequently a higher flow deviation angle as stated by [18,35]. The reduction of the pressure coefficient at the
suction side near the blade trailing edge was a result of the total pressure loss increment. The roughness value of the NGV affected the
upstream flow conditions and the deviation angle and therefore, it also affected the blade loading. However, a detailed evaluation of the

NGYV roughness and its influences on the downstream flow structure will be investigated in a future work.
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The temperature distributions of the mid-span of the rotor blade at the pressure and suction sides are shown in Fig. 11. In the pressure
side surface, the temperature profiles of 3 and 6 micron models showed a gradual temperature increase between 50% of the blade chord
and the trailing edge. The temperature increment at the aft part of the blade with 3 and 6 microns exceeded the temperature values at
the blade surface of the 20 and 100 um turbines. The 100 microns surface roughness resulted in an approximately 2% higher blade
temperature except for the region between 80% of the blade chord and the trailing edge. Furthermore, the temperature distribution of
the 3, 6, and 20 micron models showed two peaks along the suction side surface. The first peak had almost similar temperature values
for the three models and were shifted slightly downstream of the blade as the roughness value increased. For instance, the first
temperature profile peak of the 20um case was located at 45% of the blade chord, while the same region occurred at 35% of the chord
in the 3 micron model. In addition, the second peak of the temperature profile was located at about 75% of the blade chord and it had a
significant reduction in the temperature magnitude as the surface roughness increased. Moreover, for the 100 micron turbine, the
temperature distribution of the suction side surface had one peak and was higher than the other roughness models until 30% of the blade
chord. The temperature profile peak of the 100um case was located approximately 57% of the blade chord. However, the magnitude of
the temperature in this region did not change noticeably compared to other models. The shape and magnitude of the temperature profiles
and locations of the peaks were related to the location of the stagnation point and the acceleration of the flow around the blade surface
and the existence of flow separations near the blade walls. The temperature profiles shown in Fig. 11 identified the location of the hot
spots on the blade material and the effects of the roughness on the temperature distribution. These results are important for the structural
and thermal analysis and the design of blade cooling methods that will be discussed in the future publication.
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Figure 11: Rotor Temperature Distribution

The blade tip region is very sensitive as it is exposed to high-temperature flows. This has a direct effect on the turbine stage thermal
stresses and therefore on the durability of the engine. The effect of the blade roughness on the temperature profile at the tip region (Fig.
12) indicated that the tip region has a similar structure of temperature distribution for different models with a maximum temperature
spot located about 60% of the blade chord near the suction-side surface. However, the maximum temperature zone slightly increased
with the increment of the roughness. For the 3 micron case, the maximum temperature spot was about 1700K and it was increased by
0.6%, 2%, and 4% in the case of 6 and 20, and 100 microns respectively. The difference in maximum temperature values was due to the
change of leakage flow structure and magnitude due to the presence of the surface roughness. The temperature distribution will adversely
affect the blade material near the suction side and the blade trailing edge, which might lead to large metal expansion and increase the
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possibility of damage to the blade. Therefore, the increment of 4% in the tip region temperature should be examined during the design
and manufacturing phases and a cooling method can be implemented to overcome the negative consequences. The turbine designers can
select also different materials for the turbine stage however, this might increase the manufacturing cost of the unit.
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Figure 12: Rotor Tip Temperature

The effect of surface roughness on the rotor hub was also investigated. This area is subject to the peak mechanical stresses and the
temperature profile on the hub region will cause additional thermal loads on the turbine rotor. The increment of thermal stresses on the
hub region affects the durability of the turbine stage and increases the possibility of engine failure. The temperature profile of the rotor
hub (Fig. 13) shows that the high surface roughness increased the temperature of the hub surface. This effect can be seen near the leading
edge at the blade suction side area and at the downstream blade to blade passage. For instance, in the case of 100 microns roughness,
the temperature near the blade leading edge and at the downstream passage increased by 4% and 5% respectively compared to the 3
micron surface roughness model.

Based on these results, it is clear that the current turbine stage should be manufactured with very low surface roughness to reduce the
possibility of damage to the blade; alternatively, some cooling methods should be applied to cool down the tip region of the rotating
blades.
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CONCLUSION

The level of surface roughness and manufacturing tolerances affects the production time and cost of gas turbine engines. In this
paper, the influences of surface roughness TwinGen micro axial turbine to address the manufacturing cost issues associated with the unit
production, as it was difficult to meet the required roughness (3 microns) without additional manufacturing processes. The specific effect
of the roughness value on the performance of the micro-turbine stage has not been covered previously. This paper investigated
numerically the influences of four surface roughnesess (3, 6, 20, and, 100pum Ra) on the micro-turbine aerodynamics and temperature
distribution. The main findings of this research were:

» The turbine performance decreased essentially linearly with the surface roughness increment.

* The turbine power and efficiency dropped by 11% and 12% respectively as the roughness increased from 3 to 100 microns.

» The surface roughness considerably increased the blade’s wake zones and the total pressure losses.

» The effects of rotor roughness on the blade pressure distribution were less obvious in the suction-side surface compared to the

pressure-side except near the trailing edge.

* The blade tip temperature respectively increased by 0.6%, 2%, and 4% for the 6, 20, and 100 microns roughness compared to the

3um model.

* The rotor hub region was also sensitive to the roughness increment and the temperature roughly rose only by 2.7% and 5% for

20 and 100 microns compared to the baseline model (3um).

The findings of this paper illustrate the influences of the surface roughness on TwinGen micro-turbines and the significant
aerodynamic losses and temperature increment it can cause. Based on the current research findings, TwinGen turbine should not be
manufactured with surface roughness more than 6 microns; otherwise, significant performance penalties can take place. The conjugate
heat transfer analysis will be carried out in future publications to provide a detailed assessment of the internal metal temperature of the
NGYV and rotor blades.
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