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The organic Rankine cycle (ORC) can be used to recover waste heat from an internal combustion engine.
In such a system, the evaporator design is critical. Determining the amount of heat that can be transferred
in a designed evaporator is extremely important for a successful ORC system. In this paper, the perfor-
mance of a finned-tube evaporator used to recover exhaust waste heat from a diesel engine is presented.
First, the exhaust heat of the chosen diesel engine is evaluated based on the measured data. Subse-
quently, a mathematical model of the evaporator is created based on the detailed geometry and the spe-
cific ORC working conditions. Then, the heat transfer of the evaporator is estimated as the diesel engine
runs through all of its operating regions defined by the engine speed and the engine load. The results
show that the exhaust temperature at the evaporator outlet increases with engine speed and engine load.
Although the convective heat transfer coefficient of the organic working fluid is significantly larger than
that of the exhaust gas, the overall heat transfer coefficient is slightly greater than that of the exhaust gas.
Furthermore, the heat transfer rate is the greatest in the preheated zone and least in the superheated
zone. Consequently, the heat transfer area for the preheated zone is nearly half of the total area. In addi-
tion, the area of the superheated zone is slightly greater than that of the two-phase zone. It is concluded
that the heat transfer area for a finned tube evaporator should be selected carefully based on the engine’s
most typical operating region.
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1. Introduction

Only a small portion of combustion energy becomes output
from the crankshaft of an internal combustion engine; most of
the energy is wasted in the exhaust and coolant systems. To im-
prove the thermal efficiency of an internal combustion engine, an
organic Rankine cycle (ORC) can be used to recover the waste heat.
Several studies analyzing the ORC performances have been con-
ducted recently [1-7]. One important challenge is determining
how to bottom an ORC to an internal combustion engine to maxi-
mize energy efficiency during all operating regions of the engine.
Results have been reported on applications with a gasoline engine
[8,9] and a diesel engine [10,11].

Engine waste energy is transferred to the organic working fluid
by an evaporator in an ORC, where the organic working fluid
changes from a liquid state to a gas state under a high pressure.
Subsequently, the organic working fluid, which has a high enthal-
py, is expanded in an expander, and output power is generated.
Therefore, the evaporator is a key component of the ORC for an en-
gine waste-heat recovery system. The heat transfer effectiveness of

Abbreviations: b.s.f.c, brake specific fuel consumption; LMTD, log mean
temperature difference; ORC, organic Rankine cycle.
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the evaporator will influence the entire system’s performance.
Generally, there are two evaporator types used for waste heat
recovery: the plate type and the shell-and-tube type. For a high
temperature and pressure application, the finned-tube heat ex-
changer is widely used [12].

In this study, the performance of a finned-tube evaporator de-
signed to recover the exhaust waste heat from a diesel engine is
evaluated theoretically. R245fa is selected as the working fluid of
the ORC. A mathematical model of the evaporator is established
according to the detailed dimensions of the designed evaporator
and the specified ORC working conditions. Then, the heat transfer
of the finned-tube evaporator is estimated as the matched diesel
engine runs through all of its operating regions defined by the en-
gine speed and the engine load.

2. System description

The schematic of an ORC for exhaust heat recovery of a diesel
engine is shown in Fig. 1. The fresh air is boosted by the compres-
sor. Then, the air enters the engine cylinders, which combusts with
the injected fuel. After expanding in the cylinders, the high-tem-
perature gas is exhausted to the turbine to be expanded further.
Here, at the turbine outlet, the temperature of the exhaust gas is
still high between 200 °C and 600 °C. This high-temperature waste
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Nomenclature
A heat transfer area (m?) o fin height (m)
c specific heat (J/kg K n efficiency
D outer diameter (m) A thermal conductivity (W/m K)
d inner diameter (m) u viscosity (kg/ms)
ES correction factor o density (kg/m?)
f resistance coefficient
G mass flux (kg/m? s) Subscripts
H convective heat transfer rate (W/m? K) 0 reference state
h enthalpy (kJ/kg) 1,2, 3,4,5,6 state points for the R245fa
1 tube length (m) a, x, ¥, b state points for the exhaust gas
M molecular weight (kg/kmol) exh exhaust gas
m mass flow rate (kg/s) f fluid
mf mass fraction g gas
P pressure (Pa) i inner
Q heat transfer rate (kW) l liquid
S fin space (m) Im log mean
T temperature (K) m mean value
U overall heat transfer coefficient (W/m? K) nb nucleate boiling
w vapor quality 0 outer
X,y molar amount ph preheated
Re Reynolds number ref R245fa
Pr Prandtl number sh superheated
Nu Nusselt number tp two-phase
w wall
Greek letters
o correction factor
Y tube thickness (m)
Compressor
Air
<> <> <> <> Engine Superheated Two-phase Preheated
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Fig. 1. Schematic of an ORC for engine exhaust heat recovery.

heat can be utilized via bottoming an ORC, where the evaporator is 450
connected to the turbine outlet, which can be considered as a
counter flow arrangement in this study. The actual layout is a cross
flow arrangement. However, there are enough rows that it can be
treated as a counter flow heat exchanger [13]. R245fa is used as
the working fluid on the tube side of the evaporator because of
its good safety and environmental properties [4]. The associated
T-s diagram of the ORC is described in Fig. 2. Taking the practical
operating conditions of a vehicle engine into account, the conden-
sation temperature of the R245fa is set to 300 K in this investiga-
tion, and the evaporation pressure is set to 2.4 MPa. In the
preheated zone, the sub-cooled liquid is heated to a saturated li-

400

Temperature (K)

quid state 3. Subsequently, the working fluid continues to evapo- 0.8 1 12 1.4 1.6 1.8
rate to a saturated gas state 4 in the two-phase zone. Then, the
saturated gas is heated further until the working fluid temperature
increases to 25 °C. The ORC working parameters configured above

Entropy (kJ/kg.K)

Fig. 2. T-s diagram of the ORC.
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Table 1

Specification of the R425 diesel engine.
Item Parameter Unit
Model R425 -
Displacement 2.499 L
Bore x stroke 92 x 94 mm
Cylinder number 4 -
Valve number per cylinder 4 -
Fuel injection equipment Common rail injection system -
Rated power 105 kw
Rated speed 4000 r/min
Max. torque 340 Nm
Speed at max. torque 2000-2400 r/min

Table 2

Geometric dimensions of the finned-tube evaporator.
Item Parameter Unit
Number of tubes in row 5o0r6 -
Number of tube rows 9 -
Total number of tubes 50 -
Tube outside diameter 27 mm
Tube inner diameter 20 mm
Row pitch 46.77 mm
Tube pitch 54 mm
Fin density 50 m-!
Fin height 27 mm
Fin thickness 4 mm
Total length with finned tubes 34
Tube material Stainless steel -
Fin material Stainless steel -
Tube row alignment Staggered type -
Internal heat transfer area 1.068 m?
External unfinned area 1.154 m?
Finned area 6.417 m?
External total area 7.571 m?

can be used to maximize the thermal efficiency of the ORC accord-

ing to Ref. [14].

The designed evaporator is used on a turbocharged diesel en-
gine, model type R425 manufactured by Jiangxi Jiangling Motor
Group Co., Ltd. Table 1 gives the detailed specification of the
R425 diesel engine. A finned-tube heat exchanger shown in Fig. 3
is designed to recover the engine exhaust heat. Table 2 lists the
geometric dimensions of the finned-tube evaporator.

3. Mathematical model

To analyze the heat transfer of the finned-tube evaporator, when
the R425 diesel engine is operating at various conditions, a
mathematical model for the finned-tube evaporator is established.

According to the ORC working parameters mentioned previously,
the organic working fluid in the tube experiences three zones: the
preheated zone, the two-phase zone, and the superheated zone.
In the preheated zone, the R245fa is heated from the sub-cooled
state 2 to the saturated liquid state 3. Accordingly, the exhaust
gas is cooled from state y to state b. In the two-phase zone, the
R245fa is heated from state 3 to the saturated gas state 4 while
the exhaust gas is transferred from state x to state y. In the super-
heated zone, the R245fa continues to absorb the waste heat from
the exhaust gas and changes from state 4 to a superheated gas state
5. Simultaneously, the exhaust gas varies from state a to state x.

The mathematical model gives a set of thermodynamic equa-
tions with regard to each zone of the evaporator. First, the thermo-
dynamic properties of the exhaust gas and the R245fa are
calculated for each zone based on the corresponding temperature
and pressure. Second, the heat transfer rate for each zone is ob-
tained according to energy equilibrium. Subsequently, considering
the geometric dimensions of the evaporator, the convective heat
transfer coefficients are estimated using the relative correlations.
Then, the heat transfer area of each zone is determined. Moreover,
when the engine’s operating condition varies, the exhaust temper-
ature and mass flow rate change accordingly. The variation of the
heat transfer performance with the engine’s operating condition
is evaluated using the established evaporator model, which can
provide a plausible reference to maximize the utilization of the ex-
haust waste heat.

3.1. Exhaust gas properties evaluation

The exhaust gas properties, which include the specific heat at
constant pressure, the dynamic viscosity, and the thermal conduc-
tivity, must be determined for the heat transfer analysis. The main
components in the exhaust gas of a diesel engine are CO,, H,0, N,
and O,. Moreover, the mass fractions of these components vary
with the engine’s operating condition. When the engine operates
at steady state, the injected fuel quantity and the intake air amount
can be measured on the engine test bench. Petroleum-derived die-
sel fuel is composed of approximately 75% saturated hydrocarbons
and 25% aromatic hydrocarbons. Thus, the average chemical for-
mula for common diesel fuel can be denoted by C;,H53 [15]. There-
fore, the combustion process of diesel fuel with air in the cylinders
can be expressed simply as

xCi2Has +y(02 + 376N2) — 12xCO, + 11.5xH,0 + 376yN2
+(y - 17.75%)0, (1)

The molar flow rates of the fuel and the intake air are calculated
based on the measured mass flow rates. Consequently, the mole
fractions for components CO,, H,0, N, and O, are obtained. The

—

Exhaust outlet

* R245fa outlet

Fig. 3. Arrangement of the finned-tube evaporator.

f R245fa inlet
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corresponding mass fraction of each component can also be deter-
mined. If the exhaust temperature and pressure are measured, the
specific enthalpy and the specific heat at constant pressure and the
density for component i (i represents CO,, H,0, Ny, or O,.) can be
computed by REFPROP [16]. REFPROP, which was developed by
the National Institute of Standards and Technology of the United
States, is a program used to calculate the thermodynamic and
transport properties of industrially important fluids and their mix-
tures with an emphasis on refrigerants and hydrocarbons. It imple-
ments three models for the thermodynamic properties of pure
fluids: equations of state explicit in Helmholtz energy, the modi-
fied Benedict-Webb-Rubin equation of state, and an extended cor-
responding states (ECSs) model.

[hi Cp,i PJ :f(Texm PEX]h 1) (2)

Typically, the exhaust temperature is between 200 °C and
600 °C, and the exhaust pressure is slightly higher than atmo-
spheric pressure. Therefore, the exhaust gas can be treated as a
mixture of ideal gases [17]. Thus, the specific enthalpy and the spe-
cific heat of the exhaust gas can be calculated as

e =S i 3)
i=1
4

Com = meicpj (4)
i=1

According to Amagat’s law of additive volumes [17], the density
of the exhaust gas is

Z?:] mfiM;
StimfiMi/p,;

Many heat transfer correlations require the Reynolds number
and the Prandtl number. Therefore, the dynamic viscosity and
the thermal conductivity of the exhaust gas should be estimated.
If the exhaust temperature and pressure are known, the dynamic
viscosity and the thermal conductivity for component i can be
computed by REFPROP. Then, the Herning and Zipperer method
can be used to calculate the exhaust viscosity [18]. The Wassiljewa
equation is used to calculate the thermal conductivity of the ex-
haust gas [18].

Pm = (5)

3.2. Heat transfer rates calculation

Assuming that the exhaust temperature at state b is known, the
exhaust enthalpy at state b can be calculated. Then, the overall heat
transfer rate and the mass flow rate of the R245fa are determined
by

Q = mexh(ha - hb) = mref(hS - hZ) (6)

The thermodynamic properties of the exhaust gas at state x and
state y can also be calculated according to the energy equation for
each zone. Hence, the heat transfer rates of all zones are obtained.

Qpi = Mexn(hy — hy) = Myer(hs — ha) (7)
Qtp = Mexp (hx - hy) = mref(h4 - h3) (8)
Qsh = mexh(ha - hx) = mref(hS - h4) (9)

3.3. Convective heat transfer coefficients

Considering the exhaust gas outside of the tubes, the convective
heat transfer coefficient can be calculated with the Dias and Young
correlation [19].

DH, exh
;Lexh

prl/3 <S>0.296 10)

exh 5

0.718
=0.1378 (%>

exh

For the single-phase working fluid flowing in the tube, the Gni-
elinski correlation is used [20].

[(Re— 1000% {1 G)j ) a1

1+127\/

Considering the working fluid in the two-phase zone on the
tube side, the experimental results show that the Liu and Winter-
ton correlation accurately predicts the convective heat transfer
coefficient of the R245fa [21]. Therefore, the Liu and Winterton
correlation is used for the convective heat transfer coefficient in
the two-phase zone.

NUf =

Hyp = \/(EHpo)* + (SHp)? (12)

The correction factor for the film boiling is

0.35
1 +wPrl<p’ 1)} (13)
Pyg

The convective heat transfer coefficient for film boiling Hp is
computed based on the Dittus-Boelter correlation [22].
The correction factor for the nucleate boiling is

1
 1+0.055E""Ref,'®

E=

(14)

The Reynolds number corresponding to the saturated liquid
state is expressed by

G(1-wyd

Refy =
10 1

(15)

The convective heat transfer coefficient for the nucleate boiling
H,; is calculated according to the pool boiling correlation of Copper
[22].

3.4. Heat transfer areas

The overall heat transfer coefficient based on the tube outer sur-
face is calculated as follows.
1
U= T AT (16)
R TR
The log mean temperature difference (LMTD) method is often
used to predict the performance of a heat exchanger [23,24]. The
LMTD is defined as

AT, — AT,
ln(AT1 /ATz)
where T, is the maximum temperature between two fluids at each

end of the heat exchanger, and T is the minimum temperature be-
tween the two fluids. Then, the heat transfer area is

__Q
~ UATy,

AT = (17)

(18)

4. Results analysis

A program was created to evaluate the evaporator performance
in Matlab according to the established mathematical model. The
thermodynamic properties of the exhaust gas and the R245fa are
calculated using REFPROP. The computation procedure is shown
in Fig. 4. First, the mass flow rate and the thermodynamic proper-
ties of the exhaust gas at state x are calculated. Second, the
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Assume a value for the exhaust
temperature at the evaporator outlet

L]

Calculate the

the mass flow rate of R245fa

heat transfer rates and

L]

Compute the exhaust gas
temperatures at the states x and y

L]

Compute the convective heat transfer
coefficient for each zone

* Input a new
Calculate the heat transfer area for temperature
each zone A

L]

Obtain the summation of heat transfer

areas A

A equals the real value?

Fig. 4. Computation procedure for the mathematical model.
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thermodynamic properties of the R245fa at state 2 and state 5 are
determined based on the specific ORC working parameters. Third,
an exhaust temperature value at state y is inputted. Accordingly,
the overall heat transfer rate and the mass flow rate of the
R245fa are computed according to energy equation. Then, the heat
transfer rates for all three zones are calculated. Subsequently, the
convective heat transfer coefficients of each zone are calculated
according to the heat transfer correlations and the thermodynamic
properties of the exhaust gas and the R245fa on each side. Further-
more, the overall heat transfer coefficient of each zone is obtained.
Then, the heat transfer area for each zone is calculated using the
LMTD method. If the summation of the three areas does not equal
the actual area, a new exhaust temperature for state b is assumed
again and a new iterative calculation is performed until the error of
these two area values is less than 1%.

To evaluate the evaporator performance, we first obtain the
waste heat quantities of the exhaust of the diesel engine. When a
vehicle is running, the engine speed and load can vary through a
wide range. Therefore, the engine performance test is conducted
in an engine test cell to obtain the thermodynamic parameters
for the exhaust, the intake air, and the coolant system over all en-
gine operating regions, as defined by the engine speed and output
torque. The test procedure is performed according to Ref. [25]. For
the measurements described here, the minimum and maximum
engine speeds are set to 1000 r/min and 4000 r/min, respectively.
The intermediate speeds are selected using a step increment of
200 r/min. At each selected engine speed, eight different load val-
ues are selected, ranging from a 100% load to a minimum stable
load value. The output power is measured using an eddy current

(b) Engine effective b.s.f.c.

700
800,
= 600
2 600l
3 500
G 400 L
b 400
n N
4 mk
250 4000 300
150 3000
Tq (N.m) 50 3000 2000 n (r/min)
(d) Exhaust temperature at state a
800
1000 750
800 - 700
3
—° 600 |- 650
600
400 .
350 550
500

% hn (r/min)

Fig. 5. Performance of the R425 diesel engine.
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dynamometer manufactured by Xiangyi Power Testing Instrument
Co., Ltd. (Model type GW300). The fuel consumption meter is also
produced by Xiangyi Power Testing Instrument Co., Ltd. (Model
type FC2212L). The exhaust temperature sensor is a K type thermo-
couple manufactured by Beijing Collihigh Technology Center Com-
pany. The mass flow rate of the intake air is measured using a
thermal air-mass flow meter provided by Shanghai ToCeil Engine
Testing Equipment Company (Model type ToCeil20NO80). The
high-speed data acquisition system is provided by Agilent Technol-
ogies Co., Ltd.

The measured engine data as a function of engine speed and en-
gine load is shown in Fig. 5. Fig. 5a displays the engine power at the
end of the flywheel. It can be seen that the output power increases
with both engine speed and engine load, reaching 99.6 kW at the
rated power point. The measured brake specific fuel consumption
(b.s.f.c.) is shown in Fig. 5b. Apart from the operating region where
the engine load is small and the engine speed is moderate or high,
all the b.s.f.c. values are less than 240 g/kW h. The results indicate
that the R425 diesel engine exhibits an excellent power perfor-
mance and good fuel economy. The exhaust mass flow rate, which
is the summation of the intake air mass flow rate and the fuel con-
sumption rate, is shown in Fig. 5c. It can be seen that the exhaust
mass flow rate increases slowly with engine load but rapidly with
engine speed, which is because the increment of the engine load is
primarily dependent on the improvement of the injected fuel
quantity, whereas the mass flow rate of the intake air remains
essentially constant for a stable engine speed. Fig. 5d shows the ex-
haust temperature at the evaporator inlet. The exhaust tempera-
ture increases slowly with engine speed but rapidly with engine
load because the combustion energy improves significantly due
to the large quantity of injected fuel for a high engine load. At
the rated power point, the exhaust temperature is 528 °C.

(a) Overall heat transfer

100 . 60
50
i 50 |- 40
c 30
0L 20

350 2

150 3000

50 2000
T, (N.m) 1000 n (r/min)

(c) Heat transfer of two-phase zone

20
30 ..
20 - 15
S :
=
0% 10 J.- 10
0.L-
350

4000

150 3000

2000
T, (N.m) 50 1000

n (r/min)

The designed evaporator needs to operate under a high temper-
ature and pressure condition with a small weight and a compact
size. The most important condition is that it must recover enough
waste heat from the engine exhaust gas so that the exhaust tem-
perature can be reduced to near 100 °C. When combustion flue
gas is cooled in a heat recovery application, the temperature must
not be allowed to drop below the acid dew point. For this reason, it
is better for the cooled exhaust temperature to be set above 100 °C.
After the waste heat of the exhaust gas is obtained, the exhaust
temperature at state b can be determined using the previous iter-
ative calculation procedure. Accordingly, the specific enthalpies for
state a and state b can be calculated. Furthermore, if the heat loss
in the evaporator is neglected, the overall heat transfer rate in the
evaporator is computed; the results are shown in Fig. 6a. The over-
all heat transfer rate increases with engine speed and engine load.
This variation characteristic is similar to that of the engine power
because the waste heat energy provided by the exhaust gas in-
creases with engine power. At the rated power point, the overall
heat transfer rate reaches 70.4 kW.

Simultaneously, the enthalpies of the R245fa at state 2 and state
5 are computed. Then, the mass flow rate of the R245fa is deter-
mined using Eq. (6), shown in Fig. 7a. The mass flow rate of the
R245fa increases with engine speed and engine load. The variation
tendency is similar to that of the overall heat transfer rate because
the mass flow rate of the R245fa is proportional to the overall heat
transfer rate when the previous ORC working parameters are fixed.
At the rated power point, the mass flow rate of the R245fa reaches
0.221 kgJs.

Subsequently, the heat transfer rates for the preheated zone, the
two-phase zone, and the superheated zone are calculated accord-
ing to Egs. (7)-(9). The results are shown in Fig. 6b, Fig. 6¢, and
Fig. 6d, respectively. The variation of the heat transfer rate for each

(b) Heat transfer of preheated zone

40 .- 30
25
E 20 |- 20
s
e} 15
0 10
350
: 4000 5
150 3000
50 2000
T, (N.m) 1000 n (r/min)
(d) Heat transfer of superheated zone
12
10
g 8
5
<] 6
4
' ] 2
%0 2000
T,(N.m) 1000 n (r/min)

Fig. 6. Heat transfer rates of the evaporator.
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(a) R245fa mass flow rate
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(c) Exhaust temperature at state y
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(b) Exhaust temperature at state x
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Fig. 7. Exhaust temperatures in the evaporator.

zone is consistent with that of the overall heat transfer rate across
the entire engine’s operating region because the heat transfer rate
of each zone is also proportional to the mass flow rate of the
R245fa. Furthermore, when the engine is working at steady state,
the heat transfer rate of the preheated zone is the largest and that
for the superheated zone is the smallest. The heat transfer rate of
the preheated zone is close to the sum of the two-phase zone
and the superheated zone. At the rated power point, the heat trans-
fer rates of the preheated zone, the two-phase zone, and the super-
heated zone are 35.1 kW, 21.4 kW, and 13.9 kW, respectively.

Then, the enthalpy of the exhaust gas at each state can be deter-
mined using Eqgs. (7)-(9). Afterwards, the related exhaust temper-
ature is calculated according to the previous exhaust properties
evaluation method. The exhaust temperatures at state x, state y,
and state b are given in Fig. 7b, Fig. 7c, and Fig. 7d, respectively.
The variations of the exhaust temperatures at state x and state y
are similar to that of state a when the engine operating condition
changes. However, the variation of the exhaust temperature at
state b is close to that of the engine power because the magnitude
of the heat transfer rate becomes larger and larger as the exhaust
gas flows sequentially across the superheated zone, the two-phase
zone, and the superheated zone. Thus, the exhaust temperature de-
creases more and more rapidly. At the rated power point, the ex-
haust temperatures at state x, state y, and state b are 465 °C,
365 °C, and 197 °C, respectively.

The exhaust temperature can be lowered to near 100 °C at the
low engine speed and engine load region using the designed
finned-tube evaporator. For example, the exhaust temperature de-
creases from 366 °C to 108 °C when the engine speed is 1000 r/min
and the engine load is 127 Nm. However, the exhaust temperature
at the evaporator outlet increases with engine power. At the rated

power point, the exhaust temperature can only be reduced from
528 °C to 197 °C, which means that there is still waste energy that
can be recovered because the engine is operating in the high power
region. To evaluate the heat transfer efficiency of the finned-tube
evaporator, the waste-heat recovery efficiency is introduced.
Assuming the exhaust enthalpy is ho, where the corresponding ex-

Heat recovery efficiency

80, 70
60 65
S

= 40 160
455

20
350 150
45
Tq (N.m) 150 w0

3000
50 2000

1000 n (r/min)

Fig. 8. Exhaust heat recovery efficiency.
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Fig. 9. Estimated heat transfer surface areas.

haust temperature is 101 °C, the waste-heat recovery efficiency is
defined as

Q
T e (ha = ho) 1o

where Q is the overall heat transfer rate. The calculated waste-heat
recovery efficiency of the evaporator is shown in Fig. 8. The waste-
heat recovery efficiency decreases slightly as the engine speed in-
creases. The waste-heat recovery efficiency is between 60% and
70% for most of the engine’s operating region. At the rated power
point, this efficiency equals 64.1%. When the engine operates at a
high engine speed and small engine load region, the waste-heat
recovery efficiency drops because the overall heat transfer coeffi-
cient in the preheated zone decreases and the exhaust temperature
at the evaporator outlet rises.

Despite the waste-heat recovery efficiency essentially not
changing with the engine power, much of that waste heat energy
can still be recovered in the high engine power region because
the exhaust-waste heat energy increases significantly in the high
engine power region. To improve the recovery energy further, the
heat transfer area of the evaporator should be increased, which will
cause the exhaust temperature at state b to be less than 100 °C in
the small engine power region. Therefore, when the working con-
ditions of the ORC are specified, the heat transfer area of the evap-
orator should be designed carefully based on the engine’s
operating region that is most likely to occur.

The heat transfer areas of the preheated zone, the two-phase
zone, and the superheated zone can be calculated using Eqgs. (17)
and (18). The results are shown in Fig. 9. At the rated power point,
the heat transfer areas of the preheated zone, the two-phase zone,

and the superheated zone are 4.99 m? 1.60m? and 1.02 m?
respectively. The heat transfer area of the preheated zone is the
largest, which is almost half of the total area. The heat transfer area
of the two-phase zone is slightly greater than that of the super-
heated zone primarily caused by the discrepancies of the heat
transfer rates. In addition, Fig. 9d shows the calculated total heat
transfer area. The maximum relative error to the real area is
0.9%, which verifies the iterative calculation procedure is plausible.

The locations where the R245fa is in the saturated liquid state
and the saturated gas state in the tubes vary with the engine oper-
ating point. In the low-speed region, the heat transfer area of the
preheated zone increases, whereas it reduces in the two-phase
zone. The reason can be explained as below. Both the overall heat
transfer coefficient and the average temperature difference for the
two-phase zone increase in the low-speed region, which decreases
the heat transfer area according to Eq. (18). On the contrary, the
overall heat transfer coefficient and the average temperature dif-
ference of the preheated zone decrease. Considering the super-
heated zone, the overall heat transfer coefficient decreases while
the average temperature difference increases, which results in
the heat transfer area of the superheated zone changing very little
in the low-speed region. Additionally, the results show that the
heat transfer areas of the preheated zone and the two-phase zone
decrease while that for the superheated zone increases when the
engine speed is large and the engine load is small. The reason
can be explained as below. In the preheated zone, the average tem-
perature difference increases and the overall heat transfer coeffi-
cient changes little, which cause the heat transfer area to
decrease. For the two-phase zone, the overall heat transfer coeffi-
cient increases and the average temperature difference decreases.
The calculated heat transfer area reduces slightly according to
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Fig. 10. Temperature differences between the exhaust gas and the R245fa.

Eq. (18). In the superheated zone, both the overall heat transfer
coefficient and the average temperature difference decrease. Thus,
the heat transfer area increases significantly.

The temperature difference between the exhaust gas and the
R245fa at any position in the evaporator tubes should be greater
than a certain value due to the pinch point analysis [26,27]. The re-
sults of the temperature differences at state q, state x, state y, and
state b are given in Fig. 10. The variation of the temperature differ-
ence at each state is consistent with that of the corresponding ex-
haust temperature because the relative working temperature of
the R245fa remains constant as the engine operating condition var-
ies. When the engine operates in steady state, the mass fraction of
each component in the exhaust gas does not alter. Therefore, the
temperature variation of the exhaust gas is proportional to the cor-
responding heat transfer rate. Considering the heat transfer pro-
cess between the exhaust gas and the R245fa, the pinch point
can only occur at state g, state x, state y, or state b. The results indi-
cate that the pinch point may occur at any of these four states be-
cause the mass fraction of each component varies with the engine
operating condition, which results in the variation of the exhaust
specific heat. In addition, the results show that all the temperature
differences are greater than 30 °C, which satisfy the requirement
for the pinch point temperatures.

5. Conclusions

In this study, the heat transfer characteristics of an ORC evapo-
rator applied on an R425 diesel engine were analyzed using mea-
sured data. A mathematical model was setup with regard to the
preheated zone, the two-phase zone, and the superheated zone
of a finned-tube evaporator. The performance of the evaporator

was evaluated over the engine’s entire operating region. Based on
our analysis, the followings can be concluded:

1. The overall heat transfer rate of the evaporator increases with
engine power and reaches 70.4 kW at the rated power point.
The mass flow rate of the R245fa increases linearly with the
overall heat transfer rate, which reaches 0.221 kg/s at the rated
power point. The heat transfer rate of the preheated zone is the
largest and is nearly half of the overall heat transfer rate. The
heat transfer rate of the two-phase zone is slightly higher than
that of the superheated zone. Furthermore, the heat transfer
rate of each zone is proportional to that of the overall heat
transfer rate when the engine operating condition changes.

2. In the evaporator, the exhaust temperature decreases gradually
as the exhaust gas flows sequentially across the superheated
zone, the two-phase zone, and the preheated zone. The exhaust
temperature can be reduced to near 100 °C when the engine
operates in the low engine speed and engine load region. Fur-
thermore, the exhaust temperature at the evaporator outlet
increases with the engine power. At the rated power point,
the exhaust temperature can only be reduced to 197 °C. More-
over, the waste-heat recovery efficiency decreases slightly from
70% to 60% as the engine speed increases. Therefore, the resid-
ual waste-heat energy in the exhaust gas increases with engine
power.

3. The heat transfer area of the preheated zone is the largest,
which is almost half of the total area. The heat transfer area
of the two-phase zone is slightly higher than that of the super-
heated zone. Moreover, the locations where the R245fa is in the
saturated liquid state and the saturated gas state in the tubes
vary with engine operating condition. In the low-speed region,
the heat transfer area of the preheated zone increases, whereas
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that for the two-phase zone decreases. Additionally, the heat
transfer areas of the preheated zone and the two-phase zone
decrease, whereas that of the superheated zone increases when
the engine speed is large and the engine load is small.

4. All the temperature differences are greater than 30 °C, which
fulfills the requirement for the pinch point temperatures. More-
over, the pinch point may occur at any of the states included q,
x,y, and b.
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