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oReport summary (English)

Principal investigator: Naoki Shikazono, Professor, The University of Tokyo
R & D title: Development of Trilateral Steam Cycle for Waste Heat Recovery

1. Purpose of R & D

Trilateral cycle is a thermal cycle that forms a substantially triangular shape in the temperature
entropy diagram. This cycle is realized by heating the working fluid in the liquid phase, introducing
directly the single liquid phase or gas-liquid two-phase into the expander, and causing gas-liquid
two-phase expansion. Since heat is transferred from the high temperature heat source to the liquid
single phase working fluid, an ideal cycle with minimum exergy loss can be realized for heat sources
whose temperature changes during heat exchange. This technology is considered to be indispensable
for recovering work from exhaust heat from factories, warm wastewater and geothermal heat, which
has great expectations for energy savings. Since the expansion process of trilateral cycle is gas-liquid
two-phase, it is necessary to develop an expander with high adiabatic efficiency in the two-phase
expansion process under wet condition. In this project, a reciprocating expander with cross-balance
mechanism which is expected to achieve both low vibration and high efficiency is developed. And
an operation control method which can respond to start-stop, flow rate and temperature fluctuations
are investigated. In addition, an expander-pump integrated system is developed. Furthermore, a cycle
simulator is developed to clarify the cycle specification such as size of the heat exchanger and buffer
tank capacity, etc. In parallel, a dynamic simulation is carried out to reproduce the load changes
including starting up and shutting down, and to investigate the sensing parameters for stable cycle
operation.

2. Outlineof R & D
(1) Contents:

In the present study, a reciprocating expander which is efficient and reliable with high
expansion ratio is adopted. A novel cross-balancing mechanism is chosen to overcome the vibration
and noise which are the major issues of the reciprocating machine. The cross-balance mechanism has
rotating shafts that rotates in opposite directions, which can cancel force and torque and makes
piston side force and vibration extremely small. Four expander prototypes are developed and
evaluated to investigate the feasibility of gas-liquid two-phase expansion in a cycle using HFC134a
as the working fluid.

In order to promote gas-phase heat transfer of the heat exchanger, the target values, i.e. heat
transfer coefficient enhancement of 2.5 times and the j/f factor of 90% compared with the smooth
surface are set. An optimization simulation code using adjoint analysis is developed. Optimization
was carried out for oblique wave heat transfer surface at low Reynolds number at Re=500, where
heat transfer deterioration is severe.

(2) Achievements:

From the investigations using the fourth prototype of the cross-balancing reciprocating
expander, it was found that the adiabatic efficiency target can be reached if the suction pressure loss
is reduced. Under such condition, the indicated adiabatic efficiency satisfying the stage gate target
value was obtained. Furthermore, it was confirmed that the output could be taken out as a heat cycle
even when the expander and pump were integrated.

Regarding the heat exchanger, the shape of the heat transfer surface was optimized by the
adjoint method with the difference between the pressure loss and the heat transfer rate as a cost
function. Finally, heat transfer enhancement of 2.6 times and a j/f factor of 91% were achieved.

(3) Future developments:

The cross-balance mechanism functions as a compressor as well if the design is slightly changed.
Due to its small size, high performance and low vibration, it can be expected to be applied to various
cooling applications such as refrigerators and air conditioners. A gas compressor will also be one of
the promising applications.



