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ABSTRACT

With the emphasis on energy and environmental protection, energy-conservation and emission-
reduction become vital issues for industrial development. Moreover, with the development of
legislation on marine environment, the marine diesel engine has become focusing on energy
saving and emission reduction for ships. For low-speed diesel engines under high load, waste
heat from exhaust gas can be recovered by the compact and efficient gas turbine.

In this paper, the matching design research between low speed diesel engine and gas turbine is
carried out. To balance efficiency and compactness, the impeller was adjusted and generated
by ANSYS BLADEGEN, based on 1D thermodynamic design. And the 1D calculation is
similar to the CFX simulation result: the total-static efficiency is 73.8% compare to 76.7%.
Moreover, the flow separation was happened at the impeller suction side and created vortex
due to the high incidence angle. The off-design operating point simulation of the turbine shows
though the pressure ratio increase will cause the efficiency decline a little, the total shaft power
rises.

In sum, this paper worked out a power turbine suitable for a low-speed diesel engine according
to the turbine character matching design and simulation, which provides foundation to the
construction of a steady operation waste heat recovery system for marine diesel engine.

1. INTRODUCTION

With the rising of fuel price and the increasing voice of global energy saving and emission reduction,
amore efficient and convenient energy recycling method is deadly in needed. According to the statistics,
about 50% of the heat generated by marine diesel engine was exhausted in the form of waste gas,
therefore, effective recovery and utilization of exhaust heat from marine diesel engine is significant for
improving the efficiency of heat utilization and reducing the environmental pollution caused by exhaust
emissions.

At present, the major wasted heat recovery technologies are mainly as followed: turbocharging, turbo
compound generator (also called turbocompounding) , Brayton cycle, Rankine engine cycle and
thermoelectric generators (Zhao et al., 2014; Edwards et al., 2010; Shu et al., 2013; Rahbar et al., 2015;
Kim et al., 2019; Teo et al., 2019; Yang et al., 2019). Among them, the turbocompounding technology
convert the waste energy into electric or mechanical energy by gas turbine. Aghaali and Angstrom (2015)
compared different recovery technologies and concluded turbocompounding can not only decrease
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brake specific fuel consumption (BSFC), but also simplify the structure so as to reduce the volume.
Based on the expansion ratio of power turbine, that paper divided the turbocompounding into low-
pressure turbocompounding (LP) and high-pressure turbocompounding (HP). In addition, different
kinds of integration and structure of turbocompoundings have been analyzed, proving that the
turbocompounding configuration affect both the performance of the power turbine and the operating
characteristics of the diesel engine (Wei et al, 2010; Hopmann and Algrain, 2003).

Apart from the configuration of turbocompounding system, the design of power turbine is the core
aspect of waste heat recovery. Mamat et al. (2011) designed a turbine with a low expansion ratio (1.1),
whose exit-to-inlet area ratio is much smaller than the empirical value. In order to improve the turbine
efficiency, Alshammari et al. (2017) adopted a non-zero blade angle.

In this paper, a low-speed diesel engine is taken as the research object, and the matching design of
power turbine is carried out. In order to improve the compactness of the 100 kW class power turbine
designed by this paper, the structure design and optimization of the turbine were carried out, and the
multi-condition aerodynamic simulation analysis was carried out by CFX.

2.1D THERMODYNAMIC DESIGN

2.1 Turbine matching

The power turbine in this thesis is designed according to a low speed diesel engine. This type of diesel
engine parameters at 100% load are as follows: exhaust flow rate is 8.79 kg/s, exhaust temperature is
392 C, exhaust pressure is 382 kPa. In order to recover the heat without impacting the diesel engine,
turbocompounding is parallel connection with the turbocharger. The matching data between diesel
engine and power turbine is obtained by calculation, as shown in Table 1.

It shows that under 100% loading, the power turbine can recover 145.9 kW electric energy when
bypassing 0.76 kg/s exhaust gas, while the system energy recycling rate is about 1.32%. Therefore the
input parameter of the power turbine could be set as shown in Table 2.

Table 1: Load characteristics of power turbine waste heat recovery system
(Parameter definitions: Turbine energy recovery rate = Turbine power / Diesel power; System energy

recovery rate = (Turbine power + Diesel power — Original diesel power) / Low calorific value)

Load 50% 75% 85% 100%
Diesel Power/kW 2170.6 31384 3626.6 4235.5
Turbine Power /kW 353 90.7 108.1 145.9
Turbine energy recovery rate /% 1.63 2.89 2.98 3.44
System energy recovery rate /% -2.33 0.54 0.78 1.32
Bypass flow /kg-s™! 0.41 0.62 0.68 0.80

Table 2: Power turbine design parameters

Inlet pressure /kPa 380
Inlet temperature /'C 480
Exit pressure /kPa 101.3
Exhaust gas flow /kg-s™! 0.8
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2.2 1D calculation
The expansion ratio of the power turbine is about 3.75, which is low to a radial turbine. Thus, the
subsonic guide vane was utilized to improve aerodynamic performance of the stator and the adaptability
of the turbine at various operating point. The Mach number M3 at the exit of stator is less than 0.95.
According to the research findings made by Institute of Mechanics, CAS (shown in Figure 1), lower
Mach number may cause a higher energy loss, which would worsen the stator performance. Thus, the
M5 above 0.7 is adopted in this paper.
According to the reference (Li and Lu, 1987), the energy losses are mainly as follows in the Table 3.
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Figure 1: Comparison of aecrodynamic performance of several guide vanes

Table 3: Mainly energy loss coefficients for power turbine

Wheel friction 1 N, =f Dz(u“)3 L Impeller inlet blocking fact T, = ZAs
eel friction loss power = ——)"—— | Impeller inlet blocking factor =1l-——
P PP 00" 136 | P g + =17 2D, sin A,
I 11 it blocking f: 5 =1- AsZ, Relati idual I G 2
mpeller exit blocking factor 5 7D, sin &, elative residual loss $s = g
. A . . 0.27
Leakage loss coefficient un =1—1-3'|— Partial Intake Loss Coefficient | 77, =1— f—o-ﬂ
In Table 3:
f: friction loss coefficient ps: exhaust density at impeller inlet, kg/m?
Dy : impeller inlet diameter, m u4 : rotor blade speed at the inlet, m/s
Z. : number of rotor blade A4 . mean blade thickness at impeller inlet, m

Ds : impeller exit diameter, m

cs : absolute exit velocity, m/s

4 - impeller tip radial clearance, m
e: partial intake coefficient

2.3 Optimization of 1D calculation results

Psv - impeller exit blade angle, °©
ca: ideal expansion velocity, m/s
Im : mean impeller blade height, m

The paper has designed three turbine cases as shown in Table 4. The case 1 provide a turbine with

30000rpm and impeller diameter 266.6mm, which offer a total-static efficiency of 79.7% and a shaft

power of 142.3 kW. However, case 1 results in an excessively large impeller diameter, thus the case 2

Sth
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was worked out to improve it.

In case 2 the impeller diameter is reduced to 149.3 mm by raising the rotating speed and optimizing
some structure. Comparing case 1 and case 2, although the total-static efficiency in case 2 is lower, the
wheel friction loss is not higher (17.6 kW in case 1 and 4.7 kW in case 2). Due to its lower velocity
ratio and impeller diameter, the shaft power in case 2 is similar to case 1.

Nonetheless, the raising of the rotating speed in case 2 causes a series of other design difficulties as:
shaft design, seal design, bearing and generator selection. With the aim of limiting the rotating speed
under 30000 rpm, the case 3 was worked out by decreasing the velocity ratio to 0.46, which shorten the
impeller diameter to 76.7% compare to the case 1. Though the total-static efficiency was lowered, the
shaft power is still acceptable as 128.7 kW.

Therefore, regard the rotational speed, size and efficiency, the paper take case 3 as the most balancing
design, whose data based on the 3D flow channel design of the turbine.

Table 4: Comparison of 1D design case of power turbine

Parameters Case 1 Case 2 Case3
Rotational speed /rpm 30000 50000 30000
Velocity ratio 0.60 0.56 0.46
Impeller diameter /mm 266.6 149.3 204.4
Reaction 0.55 0.60 0.60
Inlet absolute angle /° 18.11 20 18.11
Incidence angle /° -3.04 -2.94 10.84
Wheel diameter ratio 0.4 0.5 0.4
Exit blade angle /° 30 35 30
Total-static efficiency 0.797 0.692 0.738
Shaft power /kW 1423 141.5 128.7

3. DETAILED DESIGN OF TURBINE

The stator blade exit Mach number is about 0.866 calculated by 1D model. As shown in Figure 1, TC-
2P blade shape is the most suitable as its energy loss efficiency is the least under such circumstance.
The stator’s 3D model is shown in Figure 3.
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Figure 2: Layered distribution of rotor blade angle and thickness
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The rotor designed by controlling mean camber line and blade thickness, the mean camber line is
defined mainly by blade angle and enveloping angle, the blade surface is defined mainly by mean
camber line and blade thickness. Figure 2 shows a plot of blade angle or thickness versus normalized
meridional coordinate from leading edge to trailing edge.

Furthermore, the impeller tip clearance should be considered as well, because it dramatically influence
the turbine efficiency and furthermore, the safety. Regard the impeller would expand under high
temperature, the radial and axial clearance are both set to 0.5mm.

From what has been discussed above, the turbine detailing design data are shown in Table 5.

™

Figure 3: Geometries of the stator and rotor and the turbine parameters

Table 5: Turbine geometric parameters

Input conditions Volute Stator Rotor
T 753.15K r 180 mm vane TC-2P rs 102.75 mm
p1 380 kPa My 0.068 r 138.5 mm b4 6.8 mm
G 0.8 kg/s b2 6.8 mm P 90°
s 101.3 kPa r3 108.5 mm Issh 75.95 mm
b3 6.8 mm Fsh 53.7 mm
Zs 21 bs 22.25
o3 18.11 Psb 30
M3 0.866 Z; 13
Othroat 9.7 mm Ar 0.5 mm
A, 0.5 mm

4 AERODYNAMIC SIMULATION

4.1 3D flow field analysis

After detailling design as above, the 3D model of the turbine was constructed by ANASYS Bladegen.
Through the grid-independent verification, the meshed results are shown in Figure 4.

The simulation results under design point is simulated by CFX and shown in Figure 5 and Figure 6,
which give the temperature. pressure. velocity at 50% spanwise. The contours and pressure distribution
curves show that the flow accelerate gently at forehead while fiercely at the throat, and deflects under
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the guidance of the vane. Correspondingly, the temperature and pressure changed gently at the
beginning and then lowered dramatically.

Meanwhile the velocity decreases slightly at the gap between stator and rotor, showing the flow mixed
in the gap. Such mixture makes the gas tend to be even at the inlet of rotor and contributes to the noise

reduction and erosion prevention.

O<at

Figure 4: Meshed volute, stator and rotor

Moreover, the flow separation was happened at the impeller suction side, and thus created vortex. This
is mainly due to the reduction of impeller diameter according to the case 3 in Table 4. The positive
incidence angle at 10.84°, which directly causing the flow separation on the impeller blade suction side.
As a result, the turbine efficiency is declined by additional energy losses.
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Figure 5: The contours of temperature, pressure and velocity at 50% spanwise
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Figure 6: Stator and rotor blade pressure distribution at 10%, 50% and 90% streamwise
As shown in Figure 6, the pressure at the rotor blade pressure side change smoothly and gently, proving
the steady and continuous work on the impeller. On the other side, due to the flow separation, the suction
side exists a 28 kPa low pressure area, nevertheless, the pressure recovered rapidly and keep stable.
Moreover, under the forces driven by hub and rotor blades, the gas was deflected causing pressure
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increased to 139 kPa at 10% spanwise.

4.2 Off-design operating point simulation

In order to analyze the turbine working character under off-design operating point, the paper simulate
different gas flow and rotational speed under turbine inlet temperature 480 C and exit pressure 103.4
kPa. The rotational speed ranges from 26000 to 32000 rpm, and the mass flow ranges from 0.5 to 0.85
kg/s.

As shown in Figure 7(a), it’s easy to conclude that the specific flow rate Gs increases as pressure ratio
ps raises, while the specific speed ns increase as ps decrease.

In addition, as can be seen from Figure 7(b), the turbine efficiency curves at each ns are approximately
parallel to each other. The decreasing of ps or increasing of ns, causes a lower incidence angle, which
reduce the energy loss due to the flow separation, thus helps to improve turbine efficiency. Therefore,
in the process of working with diesel engine, turbine’s output power could be increased effectively when
the exhaust pressure increases, but the power turbine efficiency would decreases slightly (ps increases
by 0.1 as 7 decreases by about 0.2%).
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Figure 7: Characteristic curves of power turbine for off-design operating point

According to the power characteristic curves as shown in Figure 7(c), the turbine shaft power increase
with the specific speed as the rotational speed varies from 947~1129, however, the power drops
significantly while the specific speed continues to increase to 1165. This means that to ensure maximum
turbine power, there is an optimum value for specific speed, about 1129. The optimum specific speed
corresponds to 30000 rpm at 480 °C.

5. CONCLUSIONS

In order to recover the exhaust gas and improve the heat utilizing efficiency, this paper analyzed the
matching character between one type of low-speed diesel engine and the power turbine by one
dimension calculation. By comparing three design cases and balancing the efficiency and compactness,
part of efficiency was sacrificed so as to reduce the speed ratio to 0.46 and impeller diameter reduce
23.3% (compare to the original casel).

Furthermore, this paper made detailing structure designed aided by ANASYS based on the one
dimension design. The 3D aerodynamic simulation is analyzed by CFX. The simulation shows that in
the stator gas flow accelerate gently at forepart while fiercely during the throat and deflected under
guidance of vanes, meanwhile the flow separation was happened at the impeller suction side and created

5% International Seminar on ORC Power Systems, September 9 - 11, 2019, Athens, Greece



Paper ID: 211, Page 8

vortex which is mainly due to the high incidence angle.

Totally the inside flow field of the turbine is smoothly and averagely, which meets the requirement. The
off-design operating point simulation of the turbine shows though the pressure ratio increase will cause
the efficiency decline a little, the total shaft power rises. On the other side when the turbine work on
30000 rpm, it possesses the optimum shaft power and efficiency.
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