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Engineering, Faculty of application. The flow field was obtained by 3D numerical simulation with the
Engineering, King Mongkut's

Institute of Technology help of commercial CFD code. The analysis coupled both flow structure and
Ladkrabang, Bangkok, Thailand guantitative entropy generated from the inlet through to outlet. The comparison
10520 has been made among 10°, 20°, 30°, 40° and 50° exit beta angle. The simulation
result showed that at the streamwise location of 0.1-0.6, entropy generated
around 60 J/kgK per streamwise location length for all exit beta angles, where
the inflow direction was parallel with the inlet impeller passage. In contrast to
the location of 0.6-1.0, the entropy generated around 480 J/kgK per streamwise
location length, around 8 times of the entropy generated in location 0.1-0.6.
This was correspondent to high deformation rate of the flow field in this area.
The separation and secondary flow can be observed as a result of blade tip flow
leakage. Moreover, strong flow distortion with massive turbulent intensity took
place, and as a consequence, high local eddy viscosity was present. Increasing
the beta angle had alleviated jet-wake shear layer at the exit area of the
compressor as a consequence of less entropy generation in the location of 0.6-
1.0 streamwise location.
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1. INTRODUCTION

Micro-turbine engine (MT) become more practical means of power generation. This application has several
advantages compared to reciprocating engine. MT has more capability to operate with wider range of low calorific
fuel. Because MT has continuous combustion process. MT has better combustion efficiency and less emission.
Although, MT compression ratio is limited by turbine inlet temperature (TIT) and components efficiency.
Nowadays, compressor efficiency and turbine inlet temperature are increasing with the help of CFD and material
technology. Consequently, higher compression ratio and thermal efficiency of small gas turbine engine can be
realized. Moreover, exhaust temperature of gas turbine is generally higher than reciprocating engine, which
increase the potential to recover waste heat from the exhaust gas.
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Thermal efficiency of small gas turbine depends on the operation of three engine’s sub-components which
comprised of 1.) Compressor 2.) Combustion chamber 3.) Turbine. In order to achieve high system thermal
efficiency, each component have to operate with high efficiency at their operating condition. The operating
condition of individual sub-component can be obtained from thermodynamics analysis. Thermodynamics analysis
is working on the working fluid state at the inlet and outlet of the engine sub-component in order to analyst on the
system operation performance. Thermodynamics analysis is the engineering tool which is able to carry out sub-
component’s desired working fluid state, during initial design phase. It is able to analyst on coupled interaction of
sub-component efficiency and the restriction of firing temperature of turbine. It shows that a small gas turbine
engine, with compressor has an efficiency of 78% (including combustor pressure drop), turbine firing temperature
at 1200K, is able to achieve thermal efficiency at around 28% (Fig 1) which comparable to piston engine. The
recuperative cycle micro-gas turbine application is considered as high potential for commercial application. MT
engine is able to integrate in co-generation or tri-generation system with interesting profitability potential in
Thailand. Many available Micro-turbine manufacturers select recuperative cycle for their designed engine. Most of
them provide engine’s thermal efficiency around 30% with optimum pressure ratio around 4. At this low pressure
ratio condition, the compressor is possible to employ single stage centrifugal compressor which is considered as a
benefit for low manufacturing capital cost of the MT. Moreover, MT integrate with synthesis gas from gasifier
(BIG/GT) reactor, is currently become the most interesting research topic due to their advantage compare with
reciprocating engine. MT is capable to consume hot synthesis gas from the gasifier reactor at around 500 °C. At this
temperature, tar is in vapor stage. So it could directly burn in turbine combustor. In contrast to reciprocating engine
which synthesis gas is necessary to cool down to room temperature while all tar need to remove before deliver syn-
gas to engine. Therefore, Micro-turbine is considered to deliver higher system thermal efficiency with gasification
reactor integration.

Optimum design condition for Micro -
trbine application
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Fig. 1. Thermal efficiency of small gas turbine.
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Fig. 2. Compressor Energy analysis.

Entropy generation is the quantitative parameter. It indicates the reversibility of process where energy is
transformed from useful pressure and kinetics form to useless thermal internal energy (Fig. 2). The transformed
energy is dissipated in working fluid. Thermodynamics discipline is categorized dissipation process as the internal
irreversibility. Increasing in dissipation relates to increasing in input energy required to obtain target exit pressure
and flow rate. Local entropy generation depends on local internal flow structure. Entropy generation in
compressor and turbine has significant impact on system thermal efficiency [1]. It is generally cast by isentropic
efficiency. In order to design compressor that capable to operate with high isentropic efficiency at design condition,
physical flow field that occur in the flow passage have to be well understood. Flow field characteristic is a result of
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various interaction. Despite two third of entropy was generated in the diffuser [2], it has been studied that diffuser
efficiency was largely dependent on impeller exit flow condition. The interaction at the transition area from
impeller to diffuser inlet significantly contribute to the overall a compressor performance [3]. However, flow in
diffuser is beyond the scope of discussion in this paper.

2. GOVERNING EQUATIONS

3-D Reynolds averaged compressible Navier-Stokes equations was used for governing equations. The transport of
momentum, mass, energy are taken into account. Eddy viscosity was computed by k-& turbulent modeling. Mass
and momentum transport equation can be written as below
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The local entropy generation depends on mean flow velocity gradient and level of turbulent intensity which can be
computed via the equation below.

TKE transport and TKE dissipation transport can be computed using the transport equation below
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When o, and o, are the turbulent Prandtl numbers assigned to be constants equal to 1.0 and 1.3 respectively, P, is

the local turbulent generation rate which is proportional to local mean flow velocity gradient, can be computed by
the equation below
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Turbulent viscosity () can be calculated using assumption for k-¢ turbulent modeling which depends on local
values of TKE and TKE dissipation rate as below
k2

ﬂtzpcy? (5)

Wherec, ,C,, and C, are assigned to be 1.44, 1.92 and 0.09 respectively.

3. BOUNDARY CONDITIONS AND NUMERICAL METHODOLOGY

Preliminary compressor geometry was obtained corresponding to the designed thermodynamics cycle for 200 kW
rated power gas turbines application (Table 1, [16]). The preliminary design procedure conducted on
thermodynamics analysis that detailed flow was not considered and attention was given on state of working fluid at
the inlet and outlet of the engine sub-component [4, 5]. After that, CFD was implemented for flow analysis.
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Detailed geometry and fine tuning of the flow passage were made in order to achieve high isentropic efficiency and
desired operating condition.

Table 1: Thermodynamics data

Isentropic Efficiency of Compressor 85
Pressure Ratio 4
Mass flow rate (kg/s) 1.33
Table 2: Geometry dimension from [9-11]

Dimension Size
Inlet impeller diameter (mm) 90
Outlet impeller diameter (mm) 440
Inlet impeller height (mm) 15
Outlet impeller height (mm) 10
Number of impeller / splitter blade 9/9
Impeller speed (rpm) 20,000
Tip clearance (mm) [8] 1

3.1 Numerical methodology

The computational study has been conducted by commercial ANSYS CFX Code [15]. The flow had been modeled
with RANS scheme. k- & Turbulent model was employed to predict transport of turbulent property. Governing
equation was discretized by Finite volume method. Flow domain was divided into 630,000 cells of structured
hexahedral cell [6, 8, 14]. Grid independent was tested by compressor model of previous research [6, 7]. High grid
density was employed in near wall region to capture high gradient of flow property in that area. The normalized
residual convergence criteria of every transport equation was set at 1.0 [6, 4, 14]. Model validation was perform
and good agreement was achieved [6]. However, it need to be realized, as generally found from the previous
research in this area [13], that the difference between steady and unsteady simulation was expected and the
unsteady simulation gave more accurate result than the steady one. It has revealed that the steady simulation
(RANS) tends to predict less entropy generation than the experiment and unsteady (URANS) simulation [12-14].
However, this has to be trade off with computer resource and modeling complexity.

3.2 Boundary conditions and validations

- Inlet boundary condition; static frame, total pressure was assigned to 1 atm
- Outlet boundary condition; average static pressure was assigned to 4 atm

- Stationary Wall and no-slip condition was assigned to wall

- Inlet temperature was 30°C

The flow was modeled in steady flow regime. Air was treated as compressible.

Fig. 3. Compressor geometry.
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Fig. 5. Meridional plane of the computational domain.

Model validation had been done by comparing the simulation result from Rigi test rig at Turbomachinery
Laboratory. ETH Zurich [6, 7] where the impeller model A8C41 (Albert Kammerer) was employed. Good
agreement between testing result and simulation result was obtained.
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Fig. 6. Static entropy at different stream-wise location for all exit beta angle.

4. RESULTS AND DISCUSSION
4.1 Quantitative entropy generation

The simulation result showed the same character of entropy generation for all trailing edge blade angle (B,). The
entropy generation was linearly increasing to around 60 J/kg-K at the stream-wise location range of 0-0.6, as shown
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in Fig. 6. The total entropy generation at the stream-wise location range 0.6-1.0 was around 480 J/kg-K, which was
8 times more than that in the impeller inlet region. The highest total entropy generation was observed at the
impeller exit region for the case of 10 degree exit beta angle. The lowest total entropy generation was revealed for
the case of 50 degree exit beta angle. Nevertheless, back-flow occurred from recirculation at the exit computational
domain, resulting in a decrease in entropy near the exit boundary cell faces. This was observed at 0.9 stream-wise
location toward to the exit of computation domain (Fig. 6).

4.2 The influence of exit beta angle on secondary flow region

At stream-wise location range of 0-0.6, the flow was parallel to the flow passage (Figs. 11 and 12), because in-flow
angle was coincide with the inlet impeller angle. The flow channel cross area was throated causing the fluid to
accelerate along the flow passage (Fig. 7). It is easy to manage the flow in throat region since the flow momentum
become higher along the passage. Flow separation is unlikely to occur in throat region. However, this was a trade-
off with the flow blockage which limit the delivered mass flow rate of the compressor. Despite the separation was
not observed in the impeller inlet area, the secondary flow was formed due to blade tip leakage that interacted with
flow in the passage (Fig 8). Blade tip leakage was the cross-jet flow that induced secondary vortices within the flow
passage.

It was difficult to manipulate the flow at the outlet area (0.6-1.0 stream-wise location). Since the flow was
decelerated rapidly due to wider area passage, so called “diffuser”. Various physical interaction influenced flow
field in this area. In general, Jet-wake region was formed (Figs. 13 and 14). Low pressure and low velocity zone in
the suction side of the impeller blade was the cause of flow separation. This region tend to decelerated on some
portion of the flow to separate from jet region. At the impeller outlet, jet-wake flow structure interacted with flow
downstream resulting in recirculation flow at the impeller outlet (Figs. 13 and 14). Stronger secondary flow from
blade tip leakage interaction, compared to the inlet region, could be observed.
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Fig. 7. Mach number at various stream wise locations for all exit beta angles.

Fig. 8. Secondary flow at stream-wise location of 0.25.
Figs. 9 and 10, showed entropy generation along stream-wise location of the impeller blade. At the location range

of 0.1-0.6, entropy generation was very little, resulting from non-deformation flow field at the inlet area as stated
before. The major source of entropy generation came from near-wall region, which shear layer generated from both
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secondary flow from blade leakage (Figs. 9 and 10) and boundary layer structure. At the location range of 0.5-0.7,
more entropy was generated in near-wall region due to the development of boundary layer and blade tip leakage
interaction. However, entropy generation was in the same level as the location 0-0.4 because of the flow in this
location was diffused. It was around 400% lower in velocity magnitude compared to the location 0-0.4 (Fig. 7). At
the location of 0.7-1.0, entropy generation was 3-4 times higher than of the location 0-0.6, because of the
interaction of many physical phenomena that leading to high deformation flow field. The separation flow was
formed in the region around 0.6 stream-wise location (Figs. 11 and 12), which was a beginning of the jet-wake flow
structure. The accumulated secondary flow along blade tip and accumulated turbulence intensity that generated
from local high shear flow structure was transported by convection mode from upstream flow to exit region of 0.7-
1.0 location of the impeller.

Stabe Entropy

Fig. 9. Entropy distribution of case 10° exit beta angle.
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Fig. 10. Entropy distribution of case 50° exit beta angle.
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Fig. 11. Velocity structure of 10° exit beta angle.
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Beta angle has a significant impact on flow structure. By increasing it the Jet-wake shear layer structure could be

alleviated. The flow was accelerated in a low-momentum wake region by increasing beta angle as a result of
smaller flow cross sectional area (Fig. 17)
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Fig. 16. Pressure distribution of 50° exit beta angle.

Fig. 17. Effect of beta angle that cause smaller area in wake region and wider area in jet region.

5. CONCLUSION

A computational investigation has been undertaken to investigate on the characteristic of entropy generation along
blade passage of the centrifugal compressors. The impeller exit beta angle influenced on the entropy generation and
flow field, is depicted. Four different exit beta angle values provided same entropy generation characteristic. At
stream-wise location of 0.1-0.6, the entropy generation is almost the same for all four cases, which is very little
comparing to impeller exit region. At the impeller exit region (0.6-1.0 stream-wise), massive entropy generation
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was formed. Because there are several physical interaction in this area. The exit beta angle has influenced on the
impeller outlet flow pattern resulting in less entropy generated, compared to inlet region. The lowest entropy
generation was observed in the case of beta angle 50°. The highest entropy generation occur in the case of beta
angle 10°. Flow field velocity showed that exit beta angle effect on the flow structure in exit area. Beta angle
alleviated on the jet-wake shear layer and also impeller exit flow distortion. The separation flow was earlier found
in the case of low Beta angle. Higher deformation rate of flow structure can be observed in the case of low beta
angle.
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ABSTRACT:

A numerical investigation of turbulent forced convection in three-dimensional
tubes with twisted tape inserts is performed in order to gain an understanding
of physical behavior of the fluid flow (overlap dual swirling flows), fluid
temperature and local Nusselt number in the tubes fitted with RS-O-DTs.
Effects of the regularly spaced overlap dual twisted tape elements (RS-O-DTSs)
in counter arrangement on heat transfer and friction factor in circular tubes
are reported. Computations, based on a finite volume method, are performed by
utilizing the RNG k-& turbulence model. Parametric runs are made for
Reynolds numbers between 5000 and 15,000 at various free space ratios (s/W =

2.0, 3.0, and 4.0). From the numerical results reveal that the tube with the RS-
O-DTs with the smallest free space ratio (s/W = 2.0), yield higher heat transfer
rate by about 180% over the plain tube, and by around 3.1% and 4.0%, over
the tubes with RS-O-DTs with s/W = 3.0 and 4.0, respectively.

Keywords: Dual swirl flows, dual twisted tapes, flow-field, heat transfer
enhancement

1. INTRODUCTION

The technology of enhanced heat transfer has received great attention over the decades; heat transfer augmentation
techniques find application mainly in the design of more compact heat exchanger in various industries, especially
refrigeration, automotive and chemical process industries. Heat transfer enhancement can be classified into two
categories: active techniques which require an extra external power sources and passive techniques which require
any direct input of external power. The active techniques include mechanical aids, surface vibration, fluid vibration,
electrostatic fields, injection or suction of fluid and jet impingement. The passive techniques include the use of
treated surfaces, rough surfaces, extended surfaces, displaced enhancement devices, swirl flow devices, coiled tubes
and additives for liquids and gases. Twisted tape inserts as the devices in passive techniques are extensively
employed in heat exchanger systems for redeveloping the thermal boundary layer, inducing swirl flow and therefore
enhancing the heat transfer performance. In recent years, the performances of twisted tape inserts in different
designs have been reported [1-3]. Chang et al. [4-5] studied the heat transfer characteristics in round tubes fitted
with serrated twisted tapes and broken twisted tapes at different twist ratios. The results of both papers showed
similar trends, that the local Nusselt number and Fanning friction factor increased as the twist ratio decreased.
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Again, Chang et al. [6] carried out the heat transfer experiments in an axially rotating tube equipped with twin
twisted tapes. Jaisankar et al. [7] investigated the heat transfer and friction factor characteristics of thermosyphon
solar water heater system fitted with twisted tapes with full-length twist, fitted with rods and spacers at different
lengths and twist ratios. At similar conditions, the twist tape fitted with rod gave higher overall performance than
the one fitted with spacer. Hong et al. [8] studied the turbulent heat transfer and flow behaviors in a converging-
diverging tube equipped with twin twisted tapes. They reported that friction factors and heat transfer rates of the
converging-diverging tubes equipped with twin twisted tapes were higher than those of the converging-diverging
tubes without twisted tape by 6.3-35.7 and 1.75-5.3 times, respectively. They also found that the thermal
performance factors based on the constant pumping power of the converging-diverging tubes equipped with twin
twisted tapes were above unity, reflecting their overall energy saving potential. Eiamsa-ard et al. [9] studied the
effects of twin-counter/co-twisted tapes and their twist ratios (y/w) on heat transfer and thermal performance
characteristics in heat exchanger tubes. They showed that the tubes equipped with twin-counter-twisted tapes
yielded higher heat transfer rate than the tube equipped with twin-co-twisted tapes and single twisted tape up to
44.5% and 50%, respectively. The twin-counter-twisted tapes with y/w = 2.5, 3.0, 3.5 and 4.0, gave thermal
performance factors up to 1.39, 1.24, 1.12 and 1.03, respectively. Bharadwaj et al. [10] reported the heat transfer
and pressure drop in 75-start spirally grooved tube with twisted tape inserts for laminar and turbulent flows. The
grooves were clockwise with respect to the direction of flow. Their results revealed that the direction of twist
(clockwise and anticlockwise) significantly influenced thermo-hydraulic characteristics. Again, Eiamsa-ard et al.
[11] studied the heat transfer enhancement of heat exchanger tubes equipped with regularly-spaced dual twisted
tapes. They observed that the heat transfer rate of the tubes equipped with the regularly-spaced dual twisted tapes
was decreased with increasing space ratio (/D). The heat transfer rates of the tubes fitted with the regularly-spaced
dual twisted tapes (/D) of 0.75, 1.5 and 2.25 were respectively, 40%, 37% and 33% over those of the plain tube.
Rahimi et al. [12] examined the flow structure, friction factor, heat transfer and thermal-hydraulic performance
characteristics of the round tubes fitted with perforated/notched/jagged twisted tapes. Their results demonstrated
that the Nusselt number and thermal performance of the jagged insert were higher than those of the others.
Promvonge et al. [13] investigated the heat transfer characteristics in helical-ribbed tubes equipped with twin
twisted tapes with different twist ratios between 2.17 and 9.39. It was found that the ribbed tube equipped twin
twisted tape yielded higher heat transfer rate than the plain tube and the ribbed tube acting alone. In the present
investigation, the heat transfer and friction factor characteristics in a tube fitted with regularly spaced overlap dual
twisted tapes elements (RS-DTs) as the swirl generators are studied numerically. The mass, momentum and energy
equations were solved using finite volume method by considering the steady state, turbulent and incompressible
fluid flow. The RNG k-¢& turbulence model are used to prediction the flow structure of tube fitted with regularly
spaced overlap dual twisted tape elements (RS-O-DTs) inserts at different free space ratios (S/W = 2.0, 3.0, and 4.0),
by using air as the working fluid at the Reynolds numbers from 5000 to 15,000.

2. MATHEMATICAL MODEL AND NUMERICAL METHOD

The available finite difference procedures were employed to solve the governing partial differential equations for
swirling flows and boundary layer. Some simplifying assumptions were applied for conventional flow momentum
and energy equations to model the heat transfer process in a constant heat flux tube with regularly spaced overlap
dual twisted tapes elements (RS-O-DTs) in counter arrangement. The major assumptions are; (1) the flow is steady
and incompressible, (2) the flow through the RS-O-DTs is turbulent, (3) natural convection and thermal radiation
are neglected and (4) the thermo-physical properties of the fluid are temperature independence. Based on above
approximations, the governing differential equations used to describe the fluid flow and heat transfer in a circular
tube equipped with RS-O-DTs were established. The continuity, momentum and energy equations for the three
dimensional models were employed. For steady flow, the time-averaged incompressible Navier-Stokes equations in
the Cartesian tensor notation can be written in the following form:

Continuity equation:

0

—(pu,)=0 1
ox (ou:) ()

Momentum equation:
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