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The trilateral flash cycle shows a greater potentiality in moderate to low grade
heat utilization systems due to its potentiality of obtaining high exergy efficiency,
compared to the conventional thermodynamic cycles such as the organic Rankine
cycles and the Kalina cycle. The main difference between the trilateral flash cy-
cle and the conventional thermodynamic cycles is that the superheated vapor ex-
pansion process is replaced by the two-phase expansion process. The two-phase
expansion process actually consists of a flashing of the inlet stream into a vapor
and a liquid phase. Most simulations assume an equilibrium model with an in-
stantaneous flashing. Yet, the experiments of pool flashing indicate that there is
a flash evaporating rate. The mechanism of this process still remains unclear. In
this paper, the flash evaporating rate is introduced into the model of the two-phase
expansion process in the reciprocating expander with a cyclone separator. As such,
the obtained results reveal the influence of evaporating rate on the efficiency of the
two-phase expander.
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Introduction

Nowadays, efficient utilization and conversion of energy has been a hot topic in the
field of energy science. There are two types of typical and well-known thermodynamic cycles in
the field of low to medium temperature waste heat recovery, namely the organic Rankine cycles
(ORC) [1-5] and the Kalina cycle [6-11].

Recently, the trilateral flash cycle (TFC) has attracted more and more interest because
of its better matching of the temperature profiles in the heater and its greater potentiality of ob-
taining high exergy efficiency [12-15]. Several authors showed that the TFC could have a better
performance than the traditional ORC [16-18]. However, there are also some troublesome dif-
ficulties in the process of designing and operating of the TFC-system, and one of the main
difficulties is the design of the expander with high volume expansion ratio [19]. To solve this
problem, simulations and experiments of two-phase expanders were carried out. Both the recip-
rocating expanders and twin-screw expanders were suggested as possible candidates [20, 21].

Kanno and Shikazono [22] conducted an experiment study on the setup with cylinder
and piston which mimics the reciprocating expander, and a model of two-phase adiabatic ex-
pansion in the reciprocating cylinder was also proposed in their study. The experimental data
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was used for model validation and the proposed model could reproduce the pressure evolution
of the two-phase expansion process within about 5% accuracy. Bianchi et al. [23] carried
out numerical investigations of a two-phase twin-screw expander for the TFC applications
and assessed the effects of inlet pressure, inlet quality and revolution speed on the expander
performance.

However, little is known about the actual fundamentals of the two-phase expansion
process. The isentropic efficiency of a two-phase expander was always assumed as a given
value and was unknown in the published literature. For different structures, sizes and rotation
speeds, efficiency of the two-phase expander would be different because of its altered leakage
and flow resistance. Experiments conducted by Kanno and Shikazono [24] showed that the ef-
ficiency of two-phase reciprocating expanders decreased with the increase of the piston speed.
According to the experimental results, quasi-static process could not describe the real process
of the two-phase expansion. It was believed that when the piston speed was increased, the
lack of evaporation would result in the decrease of efficiency of the reciprocating expander.
Therefore, it is crucial to include the evaporating rate in the simulation model and analyze the
influence of the evaporating rate on the efficiency of the two-phase expander.

In this paper, the flash evaporating rate, which is the mass evaporated per unit of time
and volume of the liquid, is introduced into the simulation model of the two-phase expansion
process. The research is focused on a reciprocating expander with a cyclone separator. The
obtained results show the influence of the evaporating rate on the two-phase expansion process.

The evaporation process and evaporating rate in the cyclone

The flow diagram of the TFC with the reciprocating expander is shown in fig. 1. The
T-s diagram of the TFC is shown in fig. 2.
To avoid the hydraulic shocks, injec-
JW L J tion and flash evaporation takes place in a
/\/\T/\/\ small cyclone above the piston chamber.
v This cyclone provides the phase separation

1 M 2 3 of liquid and vapor, keeps the liquid out of

Pamp Heater the piston chamber, and allows vapor flow
into the cylinder. In this case, the flash evap-
oration occurs in the cyclone [25]. At the

beginning of the expansion process, satu-

Condenser

: Piston Cyclone rated liquid refrigerant is injected into the

\/\/J/q\“/\/ — = cyclone rapidly. When the piston moves, it

’7 —I results in a pressure decrease, which leads

to supersaturation of the liquid. Then the

W liquid evaporates into vapor to fill the ex-

Figure 1. Flow diagram of the TFC with piston panding cylinder. The evaporation of liquid
expander and cyclone separator refrigerant in the cyclone can be seen as the

separation of liquid and vapor in a closed

volume under decreasing pressure. During the expansion process, the liquid evaporates con-

tinuously under decreasing pressure. The driving force is the difference between the saturation

pressure of the liquid and the inner pressure in the cyclone. Finally, the vapor expands in the
reciprocating expander during the expansion process.

However, no literature of flash evaporation under these conditions is found by the

authors. A similar topic in the field of desalination is superheated water exposed to a sudden
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pressure drop [26, 27]. Under a sudden pressure
drop, the evaporating rate gradually decreases
during time. In the two-phase expander, evap-
oration happens during all the working pro-
cess. That means the pressure drop between
the saturation pressure of the liquid and the
inner pressure in the cyclone would be main-
tained at a constant or varying level during the
working process. Because of such pressure
drop, which is the driving force of evapora-
tion, the evaporating rate might be maintained FiU
at corresponding level. Considering the condi-
tion that the pressure drop plays a major role in
such superheated evaporation, the initial evapo- s
rating rate from water pools under such sudden Figure 2. The T-s diagram of the TFC with
pressure drop is suggested as the instantaneous  working fluid water
evaporating rate during the two-phase expan-
sion process. It is necessary to clarify that the evaporation processes of the water pool and the
two-phase reciprocating expander are different, however, this is the closest model that could
be found. To get the closest evaporation model, the evaporation case in water pool for flowing
water is adopted in this paper [28]. It is believed that such an evaporating rate would reveal its
influence on the performance of the two-phase expander.

For the flash evaporation of water pools, where a sudden pressure drop would result
in the superheat of the water film and result in its flash evaporation, a non-equilibrium function
(NEF) was defined to describe the evaporation process [29]:

T(t)_Tsat
e (1)

sat

Isentropic
expansion

——

NEF(7)=
where T is the temperature of the superheated water, ¢ — the time, T, — the saturation tempera-
ture of water under pressure, p, T, — the initial temperature of the superheated water, and 7 — the
dimensionless time for one stroke.

Evaporated mass during the evaporation process could be obtained based on eq. (1)
[30-33]. The evaporated mass, M, is defined:

(%4

_ pc,AT

ev

[1- NEF(7)] ()
P

where p and ¢, are density and isobaric heat capacity, respectively, AT —the degree of superheat,
7 — the latent heat of vaporization. One experiment reported the empirical formula of NEF [28],
as shown:

a

pC,

NEF (r)=erf Hy
2\

)

where H, is the height of the water film, 1 and a, are expressed by egs. (4) and (5), respectively:
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a, =0.565AT"'™! (5)

Then, the unit volume evaporating rate, m,, [kgm=], could be obtained from deriva-
tion of evaporated mass with respect to time, as shown:

2ap
a 7& & —a
_a_zpcpAT ﬂ Pl 6[2\/7] l 2[% (6)
\ «
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For the water in the cyclone, the height, H,, could be replaced by the ratio of volume
to the section area of the cyclone. Equation (6) describes the evaporating rate along the time
under local pressure, p, and the degree of superheat, A7. Obviously the initial evaporating rate
is the maximum. This maximum evaporating rate, m,,., [kgm>s'], is adopted to calculate the
pressure evolution in the cylinder in this paper, as shown:

2ap
a | VL PCp —ap a,+2
v c AT [2 ] o A
m =22 pe | IL /pTP AL (24N # 2 7

P 24, r

where V| is the volume of water in the cyclone, 4, — the section area of the cyclone, and 7 is
expressed by:

1

2a, \a V2 pc
T =| == Lot ®)
2+a, ) 44y u

The experiment range of evaporating rate is following: 1.5 K <AT<48 K, 0.0003 m?
<V <0.005 m?, and its initial temperature range is 317 K < T;, < 368 K. This low temperature
results in saturation pressure below atmospheric pressure. However, actual expanders typically
work at higher pressure. Therefore, the initial temperature in this paper is set to 460 K. This
arrangement is reasonable, because the temperature is not included in eq. (7).

Model of the expansion process

The element evaporated mass is given:

dM =V, m,.dt 9)

mev

Density of the liquid is assumed as constant during the process, thus evaporated
volume of the water is shown:
1
dv, =—dM (10)
P
To establish the simulation model, following assumptions are set.
— Walls of the expander and the cyclone are adiabatic.
This assumption is reasonable when insulation is applied in the expander, and rotation speed
of the expander is fast.
— Water flow resistance in the cyclone and vapor flow resistance in the expander is ignored
because it has no influence on vapor expansion in the cylinder.
— The latest evaporated vapor keeps its temperature at the saturation point.



Wu, W., et al.: Influence of Evaporating Rate on Two-Phase Expansion ...
THERMAL SCIENCE: Year 2020, Vol. 24, No. 3B, pp. 2077-2088 2081

— Latent heat of vaporization comes from the sensible heat of the water temperature decreasing.
— The vapor does isentropic expansion in the cylinder.
— The water in the cyclone does not expand.
— For the evaporated vapor, it flows into the cylinder, and then it is kept away from the water.
It means there is no heat exchange between the vapor and the water in the cyclone.
Then the energy balance equation is obtained, as shown:

Mdh, =rdM (11)

Based on eq. (11), the temperature of the water in the cyclone could be obtained ac-

cording to its enthalpy. For vapor, volume of new generated vapor is calculated by:
ar, =M1 (12)
Py

Based on the assumption of isentropic expansion, density of the vapor, p,, could be
obtained by giving the pressure and the initial entropy.

Time iteration method is adopted in the simulation program. Giving the time step,
the new cylinder volume, V., could be obtained according to the piston motion. For a recip-
rocating expander, the equation of the piston motion and the volume of the cylinder are well
known. Under the given time step, guessing a new pressure, the total volume, V, ,,;, of vapor and
liquid water could be obtained. Comparing the total volume, V., with the cylinder volume,
Ve, if Vi < V., take a new smaller guessing value of pressure. If V,_,,, > V., take a new bigger
guessing value of pressure. When the difference between V,,,,, and V, is so tiny that it is less
than the preset permission error e, the pressure should be the vapor pressure in the cylinder at
this time step. Step by step, the pressure evolution process in the cylinder could be obtained.
All thermal physic characteristics of water are obtained from the NIST Database [34]. The
flowchart of the proposed time iteration algorithm is shown in fig. 3.

Outputted work of the expander is calculated:

w = pdv, (13)
Thermal efficiency of the TFC can be obtained, as shown:

60P
My (hy—hy)n
where P is the output power of the expander, /4, and %, are the specific enthalpies of water at
state points 3 and 2, respectively, n — the rotation speed of the expander, and M,, — the initial
mass of the water in the cyclone.

The isentropic efficiency of the expander, #,, is defined as the ratio of outputted work

to the isentropic work during two-phase expansion, as shown:

60P
M (hy—hy)n

(14)

Misth =

s = (15)

Results and discussion

The injected water is assumed at its saturated state. Thus, the initial pressure in the
cylinder is the saturation pressure. The volume of the cyclone (dead volume of the cylinder), the
volume of cylinder, the injected mass, the initial temperature and the rotation speed of the ex-
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|

Calculate the liquid volume, the
vapor volume and the total volume
(Vtotal), according to Egs. (1)-(12)

Guess a new Guess a new
bigger pressure smaller pressure

Output the
calculation results

Figure 3. Flowchart of the proposed time iteration algorithm

pander will all influence the isentropic efficiency. To make sure the liquid is kept in the cyclone,
the cyclone volume must be bigger than the initial volume of injected water, its ratio is defined:
Va

1

pL(Ty)

where V is the cyclone volume, M, — the injected mass of water, p; (7;,) — the density of water at
initial temperature. The cyclone volume can also be seen as part of the dead volume in a recip-
rocating expander, the ratio of the dead volume to the cylinder volume is defined:
Va
=4 17
r=7 (17)

C

The shape of the cylinder is described by a ratio of its diameter to the stroke length,
as shown in eq. (18).

d
A=— 18
7 (18)

Injected mass of the water is an important parameter. To evaluate this influence, a
volume ratio, f, is defined as eq. (19) and is the ratio of the saturated vapor volume at the
initial temperature to the total volume of the expander. In addition, the pressure ratio, &, that
is the ratio of initial pressure p, to discharge pressure pg;, is also considered as an important
parameter which could evaluate whether the selection of operating parameters of the expander
is reasonable, as shown:
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,B: pv,sat(TO) (19)
Vet V4
g=L0 20)
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To conveniently analyze the influence of the operating parameters on the two-phase
expansion process and clearly present the obtained results, it is very necessary to sum up all the
dimensionless ratios above-defined in a separate table, as shown in tab. 1.

Table 1. Dimensionless ratios used in the present simulation

Ratio Property Function
T Time ratio To reflect the progress of the two-phase expansion under a stroke
0 Volume ratio To determine the size of the cyclone volume
y Volume ratio To describe the relative size of the cyclone volume
A Length ratio To reflect the shape of the expander cylinder
13 Volume ratio To analyze the effect of the injected liquid mass
. Pressure ratio To evaluate whether the selecti'on of operating
parameters of the expander is reasonable

Influence of the rotation speed

Among these parameters, influence from the rotation speed is primary. Pressure evo-
lution profiles in the expander at different rotation speeds are shown in fig. 4.

1,95
T 11
=1.04
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Figure 4. Pressure evolution profiles during the expansion process under
different rotation speeds, (a) n =1 rpm; (b) n =500 rpm; (c¢) n = 1000 rpm
(0=1.2,y=0.027,A=0.5, f =3.325, T, = 460 K)
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It is shown that there is a pressure drop at the beginning of the expansion, then the
pressure rises quickly, and the expansion process goes on. This is because the evaporating rate
is zero at the beginning of the cyclone section, which results in a rapid decrease of pressure
and a big superheat of the water. Then, the flash
evaporation occurs and results in a fast pressure

—— T(500 rpm) X X
------ Ton (500 rpm) recovery. It is also shown that pressure in the
—=— T(1000 rpm) cylinder would decrease faster when the rota-

—5— T (1000rpm) tion speed is increased. The saturation pressure,
Psp» corresponding to the temperature of the
water in the cyclone, is bigger than the pressure
in the cylinder. This means that the water is in a
superheated condition. This superheat is larger
for higher rotation speed. The actual water tem-

perature, 7, in the cyclone and the saturation

00 02 0.4 0.6 0.8 10 temperature, T, of water under the pressure in

Fi s . lution of wat the cylinder are shown in fig. 5.
igure 5. Temperature evolution of water : : _
during the expansion process (6 = 1.2, y = 0.027, Figure 5 shows the decreasing tempera

1=0.5,p=3.325, T, = 460 K) ture and the saturation temperature during the

expansion process. At the beginning, the super-
heat is increased quickly, because the evaporating rate is zero. Then, during the following ex-
pansion process, the superheat is increased and later on decrease again.

Influence of the cyclone volume

In order to investigate the influence of the cyclone volume, the size of the cylinder
and the injected water mass flow rate remain unchanged. When the volume of the cyclone is
changed, both the ratios, d and A, of the cyclone volume to the initial volume of the water are
changed.

As shown in fig. 6, the efficiency of the expander will decrease when the cyclone
volume is increased. A bigger cyclone volume means more evaporated vapor to fill during the
expansion process, and it results in a lower pressure evolution profile during the expansion, as
shown in fig. 7. Thus, a higher cyclone volume will result in a lower efficiency.

Y 1.2
0.023 0.045 0.068 0.09 0.113 =11 12
1.0 | L 1 | % - ‘_
Rl e 100 rpm a o
091 —— 500 rpm 0.9
—--= 1000 rpm O.S—J
0.8+ 0.7 4k
1
0.7 0.6
0.5 -:
0.6- 0.4 1
0.3
0.5 T T i T T T T 1 0.2 T T T T T T T T T 1
1 2 3 4 5 5 0.0 0.2 0.4 0.6 08 1.0
Figure 6. Influence of cyclone volume on Figure 7. Pressure evolution during the
efficiency of the expander (4 = 0.5, f = 3.325, expansion process (4 = 0.5, f = 3.325,

T, =460 K) n =500 rpm, 7= 460 K)
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Figure 7 also shows an enlarged pressure drop at the beginning of the expansion pro-
cess with a larger volume ratio, d. This is because the evaporating rate is slower at the beginning
of the expansion process when the volume of the cyclone is larger.

Influence of the injected mass

As shown in fig. 8, efficiency is extremely high, when the injected mass is very low.
However, the pressure ratio of the expander is large too. A larger pressure ratio will result in
higher leakage and mechanic loss, and it will 1.0 60
also increase the cost of the expander. The ini-

tial pressure is 1.17 MPa, which is set as the 0.9 . S s 50
saturation pressure of water at 460 K. A higher d 0.8 . s ¢
pressure ratio also means low discharge pres- ]

sure, even a vacuum. If the discharge pressure 0.7 N L 30

is set as the standard atmospheric pressure, its
pressure ratio is 11.6 and the ratio £is 0.75. This ] p,=01MPa .

has also been indicated by the 0.1 MPa line in 0.5 N\ b L 10
fig. 7. Thus, S is suggested as bigger than 0.75.

1 N.n=
064 ’ n\ 1000 rpm 20

0.4 ; . : . . 0

Influence of the injected water temperature g 1 z g 4 2 B e

The efficiency of the expander decreases  Figure 8. Efficiency and pressure ratio of the
clearly with decreasing injected water tempera-  expander with different / and rotation speeds
ture, as shown in fig. 9(a). A low injected water ~ 4= 0-5,9=12,7,=460 K)
temperature also results in low pressure evolution, and the pressure value will be below baro-
metric pressure, as shown in fig. 9(b). The negative pressure will increase the difficulty and cost
for designing and manufacturing the expander. This means that refrigerants with lower boiling
points are more appropriate than water for low temperature heat source.

1.0 1.2-
1 g — 460K
no_g_ %1.0— ---- 430K
] ] 400 K
0'8'_ 0'8'_ —=—370K
0.7 0.6 - - - 340K
0.6
0.5
0.4 U L L L AL L
320 340 360 380 400 420 440 460
(a) T, [K]

Figure 9. Efficiency and pressure evolution of the expansion process with different injected water
temperatures, (a) isentropic efficiency of the expander in function of injected water temperature
(b) pressure evolution (4 = 0.5, =1.2, f=1.33, y=0.011, n = 500 rpm)

Influence of shape of the cylinder

In fig. 10, the pressure evolution profiles of the expansion process under different di-
ameter/length ratios, 4, are presented. For a larger 4, more work is generated, which results in a
higher efficiency. The reason for this is that the average speed of the piston is smaller for larger
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=050 diameter/length ratio in a condition of constant
—e--)=027 cylinder volume. However, a too large diam-
0,06 — =016 eter/length ratio is not good for a reciprocating

© . . .
< expander, because the big piston would result in

20,051 a large reciprocating mass.
Conclusions
0.04

A simulation model of the two-phase ex-

pansion with water as the refrigerant in a re-

o34 ciprocating expander is developed in this paper.

GOHGHRG2N0S 0l Dm0 IbngRnilD The approximate evaporating mass flow rate is

introduced into the simulation model.

Figure 10. Pressure evolution profiles of the Obtained results show that there is a sudden
expansion process under different diameter/ .. .

length ratios (3 = 1.2, # = 1.33, y = 0.011, pressure drop at the beginning of the expansion

n =500 rpm, T, = 360 K) process, and the pressure drop would be larger

when the rotation speed is increased. Meanwhile,

the superheat of the liquid is also increased rapidly.

Higher cyclone volume, which is also called as clearance volume in a reciprocating
expander, would decrease efficiency of the expander. From this perspective, a rotary expander
is much more suitable for two-phase expansion due to its zero-clearance volume.

Efficiency is extremely high, when the injected mass is very low. However, pressure
ratio of the expander is big too. For water, if the discharge pressure set as the standard atmo-
spheric pressure, the injected water mass ratio, /3, is suggested as bigger than 0.75. Thus, re-
frigerants with lower boiling points are suggested as working fluid of the two-phase expander.

Simulation results support the conclusion that higher evaporating rate would lead to
higher efficiency of the two-phase expansion process. That means higher disturbing, larger
number of bubble cores and bigger wall area of the cyclone would improve the two-phase
expansion process. Based on this consideration, rotary expanders, such as the twin-screw ex-
panders, are more suitable for two-phase expansion process than the reciprocating expanders.
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Nomenclature

a - coefficient, [-] r  — latent heat, [Jkg™']
A - area, [m?] t — time, [s]

¢, — isobaric heat capacity, [Jkg 'K'] T - temperature, [K]
d - diameter, [m] V' — volume, [m?]

e — error, [-] W — work, [J]

h - specific enthalpy, [Jkg™!

H h];i oht, [m] py. ke ] Greek symbols

L - length, [m] p  — volume ratio, []
m  — flash evaporating rate, [kgms™'] y  — volume ratio, [-]
M - mass, [kg] A — difference, [-]

n  — rotation speed of the expander, [rmin~'] 0  — volume ratio, [-]
p  — pressure, [Pa] & — pressure ratio, [—]
P — power, [W] n  — efficiency, [%]
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A — length ratio, [-] is — isentropic

u  — coefficient, [—] L - liquid

p  — density, [kgm™] mev — maximum evaporating rate
T — time ratio, [—] sat — saturation

Subscri th  — thermal

ubscripts v — vapor

¢ — cylinder

d - dZad Acronyms

dis — discharge NEF — non-equilibrium function
ev — evaporated ORC- organic Rankine cycles

i — injected TFC — trilateral flash cycle
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