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Abstract: Organic Rankine cycle (ORC) is widely used to recover low-grade waste heat. The effects
of heat-source temperature amplitude and period on ORC systems are discussed based on operating
parameters and power-generation performance. The maximum allowable heat-source temperature
amplitude under different superheat and average heat-source temperature was discussed. The
results showed that the amplitudes of power-generation and operating parameters were proportional
to the amplitude. The operating parameters of the system had a certain response time and were
proportional to the period. The performance of ORC deteriorated at any amplitude or period. The
superheat degree was not conducive to the power-generation performance, but could effectively
avoid the working fluid is wet vapor into the expander. This conclusion can be applied to any ORC
system driven by a single organic working fluid, which provides theoretical support for the design of
control systems and power-generation device.

Keywords: dynamic performance; Organic Rankine cycle; fluctuant industrial waste heat; super-
heat degree

1. Introduction

In the past few decades, the demand for energy has been increasing. This has exacer-
bated the global energy crisis and caused serious environmental problems. Studies show
that about 50% of available energy is wasted as waste heat. [1-3]. Therefore, improving
energy efficiency and reducing energy consumption is particularly important. Organic
Rankine cycle (ORC) is a kind of power-generation technology which can effectively uti-
lize medium-low temperature heat sources. It has the characteristics of simple structure,
convenient maintenance, and a high energy-utilization rate [4-6].

The establishment of ORC power-generation systems must involve the design of
important system parameters. Once the ORC system is completed, these parameters
are difficult to change; thus, the system must be able to adapt to the changes of the
environment [7]. Dynamic modeling is a method for designing ORC systems and studying
their dynamic performance [8,9]. However, the current research mainly focused on the
steady-state performance and the optimization of working fluid, and there are few studies
on the dynamic performance.

An ORC system is a kind of thermodynamic circulation system which takes organic
fluid as the working fluid, so the research of working fluid is more extensive and in-depth.
Hu et al. [10] selected five kinds of organic working fluid for the artificial low-temperature
geothermal ORC generation systems, and optimized the systems with the goal of net
generating capacity per unit mass of geothermal water. The results showed that R245fa
was the most suitable working fluid when the local hot water temperature ranged from
80 °C to 100 °C. Tchanche et al. [11] analyzed the thermophysical properties of 20 work
fluids using a solar ORC power-generation system. The results revealed that R152a, R600a,
and R600 all had good performance, and R134a was the most suitable for small-scale solar
applications due to its safety. Li et al. [12] studied the efficiency of a subcritical ORC
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power-generation system using different working fluids. The results showed that ORC had
higher efficiency when R245fa was used as the working fluid, but R601a was more suitable
when the temperature was high.

In the relevant research of ORC, how to improve the thermodynamic performance
is the focus of the research, so many scholars use the steady-state model to study the
optimization problem of the system. Liang et al. [13] proposed an ORC design method,
in which the heat-exchanger networks were simultaneously considered for mixed heat
sources and working fluids. The results showed that the net power output of the system was
increased by 48.19% compared with the basic ORC system. Rad et al. [14] used industrial
waste heat at temperatures between 120 °C and 300 °C to generate electricity through ORC
with different working fluids. The results showed that the energy efficiency and exergy
efficiency were the highest when the heat-source temperature was 120 °C with R245fa as
the working fluid. Wang et al. [15] proposed a two-stage series ORC system of double heat
sources. The results showed that the power-generation cost and payback period of it were
better than TSORC system with a single heat source and basic ORC system; as additionally,
it was more suitable for low-temperature heat sources. Pili et al. [16] designed an ORC
power system for waste-heat recovery of heavy trucks with the goal of net unit power
output.

The abovementioned steady state can carry out a relatively complete optimization
study on all aspects of the system performance in some cases. However, due to the
change of environment and requirements, the actual running state of the system is often
changed. In this case, the optimization results of steady-state model have no reference
value. Therefore, some scholars have carried out research on the dynamic optimization
of ORC systems. Yu et al. [17] studied the effect of heat source fluctuation amplitude and
period on the basic ORC system and obtained the maximum heat source fluctuation range
according to the safety and efficiency requirements. The results showed that the maximum
amplitude was 25 K—40 K for large fluctuation periods, while the allowable maximum
amplitude was greater than 35 K for fluctuation cycles less than 200 s. Shu et al. [18]
researched the dynamic performance of an ORC system with 14 different working fluids
using Simulink, and the dynamic response characteristics were compared and analyzed.
The results showed that ORC using a low-temperature working fluid usually respond
faster than those using high-temperature working fluids. Chen et al. [19] defined three
dynamic regions, established the fitting equation of heater response time based on different
heat-transfer coefficients, and studied the influence of frequency and thermal inertia on the
dynamic response. The results showed that the pressure fluctuation in the heater decreased
with the increase of heating power. Li et al. [20] studied the dynamic performance of a
small solar ORC considering disturbance. The results showed that there was a resonance in
a specific range of thermal energy-storage capacity in a certain solar cycle. Reis et al. [21]
established an off-design ORC system model, and conducted energy and exergy analyses
of the system to determine its main irreversibility and performance characteristics. Finally,
the economic benefits of the application of the energy recovery system were discussed.
Manuel et al. [22] compared the dynamic performance of direct and indirect evaporative
ORCs under different unsteady heat sources. The results showed that the resistance ability
of the non-evaporative ORC system to the unsteady heat source was significantly stronger
than that of the direct evaporative ORC system. Chatzopoulou et al. [23] investigated the
off-design performance of small- and medium-sized ORC engines. The results showed that
the efficiency of the screw expander was reduced by 3% and that of the piston expander was
increased by 16% under off-design conditions. Pierobon et al. [24] studied the relationship
between the dynamic response performance of a regenerative ORC system and the total
volume of the heat exchanger when heat-source temperature changes. The results showed
that the overshoot of ORC system parameters decreased with the increase of the heat-
exchanger volume. Johan et al. [25] studied the dynamic change process of ORC parameters
and the control strategy targeting superheat when engine exhaust parameters changed
continuously based on the moving boundary model. It was found that the p, of the working
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fluid fluctuated obviously and the range was large whether it was simple PID or complex
PID control. Yannic et al. [26] compared the dynamic performance of an ORC system under
actual driving conditions when non-real-time online optimized NMPC and feedforward PI
control were adopted, respectively, and found that the average power output difference
of ORC under the two schemes was less than 1%. Zhang et al. [27] established a dynamic
model of 100 kw ORC driven by waste heat. A novel control strategy was proposed based
on this dynamic model, which combined a linear quadratic regulator with a PI controller.
Quoilin et al. [28] compared three different control strategies through the ORC dynamic
model. The simulation results showed that the control strategy based on cyclic steady-state
optimization was optimal. Wu et al. [29] proposed a novel control method for ORC systems
based on the mechanical nonlinear model. The results showed that this method had better
performance than the sequential control design.

In summary, most of the existing studies on ORC dynamics focus on the control sys-
tem, and there are few studies on the dynamic performance of ORC driven by fluctuating
industrial waste heat. The response mechanism of heat-source temperature fluctuation to
the operating state and the regulation principle of superheat degree are rarely studied in
the existing literature. In the actual operating process, industrial waste heat will fluctuate.
Considering the phenomenon, the purpose of this study was to determine the influence
of the fluctuation amplitude and period of heat source on the dynamics of the system. In
this study, the operation of the system was analyzed for seven different superheat vapor
temperatures. According to the requirements of system safety, the maximum amplitude un-
der different superheat degree and the influence of superheat degree on power-generation
performance were obtained.

2. System Description

The ORC system consists of an evaporator, an expander, a condenser, and a pump; the
schematic diagram is shown in Figure 1. Firstly, liquid—organic working fluid exchanges
heat with waste heat and produces high-pressure vapor in the evaporator, and the vapor
enters the expander to convert heat energy into mechanical work, which twists the generator
for power generation. Cooling water in the condenser cools the vapor discharged by the
expander to a liquid state. Finally, the working fluid flows from the expander to the pump
to be pressurized, so it circulates continuously.

Heat Source

< S |
6 | o q 4 | g 1

7 Evaporator 8

Pump Turbine :@

Generator

4 Condenser 3 Working Fluid
5 Ei ( \ < L)

Cooling Water g

Figure 1. Schematic diagram of the ORC.

Figure 2 shows the T-s diagram of the organic Rankine cycle. Where, process 6-7-8-1 is
organic working fluid heated from liquid to saturated vapor under constant pressure in
the evaporator; process 1-2 is the work carried out by the working fluid in the expander;
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procedure 2-3-3-5 is the constant pressure cooling of the working fluid in the condenser;
and process 5-6 is the working fluid pressurized by the pump.

—

=
Heat Source

“

"”C”ooling Water

s [kJ/(kg'K)]
Figure 2. T-s diagram of the ORC.

3. Mathematical Model

The models of the evaporator, expander, condenser, and pump were established,
respectively, and the physical parameters of the working fluid and heat source were
obtained. The main system parameters are shown in Table 1.

Table 1. Main parameters of the dynamic ORC model.

Parameters Unit Value
Isentropic efficiency of the expander 0.80
Wall thickness of the evaporator m 0.002
Outside diameter of the evaporator m 0.4
Cylinder volume of the pump m?3 0.000045
Inside diameter of the evaporator m 0.065
Isentropic efficiency of the pump 0.70

3.1. Evaporator

The establishment of the evaporator and condenser is the key in the process of building
the dynamic model. The time constant of the heat exchanger is much higher than that of the
expander and pump, and the dynamic response of the ORC system is mainly determined
by the heat exchanger because the mechanical transient process is much faster than the
heat-transfer phenomenon [30].

Two common modeling methods are the moving boundary method (MB) and finite
volume method (FV) for two-phase flow heat exchangers. Both methods consist of the
law of conservation of energy, mass, and momentum in heat exchangers. The results of
the FV model are accurate, but the computational efficiency is lower than that of the MB
method. The lumped parameter method is used to reduce the order of the MB model and
improve the calculation efficiency, and the calculation accuracy is close to the FV model [31].
Therefore, the MB method was used to model the exchangers in this study:.

According to the state of the working fluid, the heat exchanger can be divided into
three regions: the subcooled zone, the two-phase zone, and the superheated zone by the MB
model. In the simulation, the size of the region varies with the boundary of saturated liquid
and saturated vapor, and the evaporator moving boundary model is shown in Figure 3.
Some assumptions were made as follows before establishing the model [32].
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Figure 3. Schematic diagram of the evaporator moving boundary model.

(1) The evaporator is defined as a horizontal cylindrical tube with a constant cross-
sectional area.

(2) The flow of working fluid and heat source in evaporator is horizontal, without vertical
flow.

(8) The pressure drop of the working fluid in the evaporator is negligible and the pressure
in the tube is uniform.

(4) The two-phase flow of the working fluid in the evaporator is uniform.

(5) The kinetic energy as well as the gravitational potential energy of the working fluid in
the evaporator are neglected.

(6) Axial heat conduction of the working fluid and tube is ignored.

In a practical system, the pressure drop of evaporator will affect the actual operation of
the system. However, if the pressure drop is considered in the MB model, the momentum
conservation equation needs to be added, which will greatly increase the calculation amount
of the model and reduce the robustness of the model. The MB method is widely used in
evaporator dynamic modeling and provides the right trends, although the specific values
are different from the experimental results [33].

The differential conservation equations were established for each region, based on the
abovementioned assumptions. The mass conservation equation on the working fluid (WF)
side is as follows:

davi dpi

PlE + ‘/IE = Mjn — Mout (1)

where, p is the average density, V is the volume of the region, m is the mass flow rate, t is
the simulation time, The subscript i stands for the sub-cooled region, two-phase region,
and superheated region, and the subscript in and out are the input parameter and output
parameter, respectively. The energy conservation equation of the WF side is as follows:

d(oiu; Vi)

it = Minhin — Mouthout + Qj )

where, u is the specific internal energy, / is the specific enthalpy, and Q is the heat quantity.

(1) Sub-cooled region model

Since there is no phase transition in the sub-cooled region of the evaporator, the
following equations can be obtained.

Psc = Psc ((Pr hsc))
Usc = Usc P, hsc
3
hy = hy(p) )
hsc = (hin + hv)/2
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where, p is the pressure, and the subscript v and sc stand for the saturated liquid and the
sub-cooled region, respectively. The following equation is obtained by deriving the above
equation and bringing it into Equations (1) and (2):

AVse dp [ 9psc 10psc| dhy 10psc| dhin
— + Vi | == = — = = Mip — 4
Psc at + Vsc ap i 2 dhge pdp 2 ohge p dt Min — My 4)
dp [ Qugc 1 dusc dhy 1 dhy, Juge
PSC[ (E';p o T 20 dp)+2 at aZSC }
Psc:lflscd;llisC + Vsc 5
' +u apsc ap dhy + 1 9Ps dhin (5)
sc dt ap hee 2 ohsc | p dp 2 0hsc |p dt

= Minhin — myhy + Qsc

The energy-balance equation and heat-transfer equation of the wall are as follows:

dT
Mw,sc Cw,sc % = Ks,scAs,sc ( Ts,sc - Tw,sc) — KscAsc ( Tw,sc - Tsc) (6)

where, M is the quantity, c is the specific heat, T is the temperature, A is the heat-exchange
area, K is the heat-transfer coefficient, and the subscript s and w stand for the heat source
and the wall, respectively.

(2) Two-phase region model

The average density and enthalpy of the WF in the two-phase region are expressed as
follows:
prp =11+ (1= 7)oy @)
prptitp = yporuy + (1 — 7)pvity
where, the subscript 1 and tp stand saturated vapor point and the two-phase region respec-
tively, and y is the void ratio and its expression is as follows [34]:

1+ (1/n)*?[2/3In(1/p) — 1]

r=1- . ®)
where, y is the density ratio, and its expression is as follows:
p=te ©)

O1

The following equations are obtained by deriving the above equation and bringing it
into Equations (1) and (2):

avi d doy d
tp P1 N A A
oo+ Ve gy + (L= = my —m (10)
dVip dpju doyuy d
prpttp "+ Vipr =+ (1= ) SR =y — b+ Qg (1)
The energy-balance equation and heat-transfer equation of the wall are as follows:
ATwip _
Mw,tpCW,tpT = Ks,tpAs,tp (Ts,tp - Tw,tp) - KtpAtp (Tw,tp - Ttp) (12)

(38) Superheat region model
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Since there is no same-phase transition in the superheated region, the mass and energy
conservation equations of the WF are as follows:

dVsh dp [ 9psh 10pgn | dhy 10psn | dhout
— PR— — p— - 1
Psn g T Vel e | p ne | 20hgy |, dp ) T 20mg, |, ar | T Mo (13)
9Ps 1900sn | diy Jugy 19 us dh d
[l =2 3) o (5, 2], 2)] 2
sh + psh _|_ 1 dhout (14)
shzahhp Psh3 hhp dt

dav,
+pshush7 = mihy — Mouthout + Qsh

The subscript sh stands for the superheat region. The energy-balance equation and
heat-transfer equation of the wall are as follows:

AT,
Mw,shcw,sh I;\;’s = Ks,shAs,sh(Ts,sh - Tw,sh) - KshAsh(Tw,sh - Tsh) (15)

(4) Heat source model

There is no phase transition of the heat source in the heat-transfer process of evaporator,
so the change of its physical parameters is not considered. The energy-balance equation of
heat source in each region of evaporator is as follows:

Qs,i = mscs,i(Ts,in - Ts,out) (16)

where, T is the temperatures, and the subscript s stands for the heat source.
(5) Heat-transfer coefficient
The Dittus—Boelter correlation is widely used to calculate Nusselt numbers for fluids
in the tube-side single-phase, as follows: [35]
Nu = 0.023Re*8pr04 (17)

where Re is the Reynolds number and Pr is the Planck number. The heat-transfer coefficient
of the tube-side is expressed as follows:

ANu

d out

Ks; =

7

(18)

where A is the thermal conductivity. For the WF side, Heat-transfer coefficient of the
single-phase region is obtained by the Gnielinski equation: [36]
(f/8)(Re —1000) Pr

din 2/3
T 14127 /F/8(PR23 1) +<Li> ] )

where, the friction factor f is calculated by Filonenko’s correlation:

f = (1.82lgRe — 1.64) 2 (20)

The heat-transfer coefficient in the two-phase region is calculated by the following
formula:

Ktp - Ksc{ l:(l - x) + 1. 2x04(1 _ x) (ZY)0.37:| -22

Kan ,0.01 070\ 067\ ] -05 (21)
[ (-0 (5)")
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where x is the mass fraction of the gas in the two-phase region, which is expressed as:

o =y
hy— hy

(22)

3.2. Condenser

The condenser is also modeled by the MB method. The WF is transferred to the
saturated gas phase in the superheated region, then to the saturated liquid phase in the two-
phase region, and finally passes through the sub-cooled region. The condensing pressure
can be controlled by adjusting the mass flow of cooling water under the condition of
constant temperature. It can be assumed that the condensing temperature and condensing
pressure are constant for simplicity and a faster calculation speed, since the experimental
and simulation data of [37] showed that the variation of condensing pressure is small under
dynamic operation.

3.3. Pump and Expander

Compared with the heat exchanger, the dynamic characteristics of the expander and
pump are fast, so this paper used algebraic equations to model them [38].

The mass-flow rate, outlet thermal energy, and power consumption of organic WF in
the pump model are calculated by the following formula:

Mp = Mp,vol Vppp,inwp (23)

where, 77 is the efficiency, w is the rotational speed, and the subscript p and vol stand for
pump and volume, respectively.

hyjis — Iy i
hp,out = hp,in + % (24)
is,p
The subscript is stands for isentropic.
Pp,out — Ppji
Wp = mp =2 P @5
Pp,mﬂp,ls

where, W is the power. The modeling equation of expander is as follows:

mMyx = Mx,vol VxPx,inwx (26)

The subscript x stands for the expander.

hx,out = hx,in + Mx,is (hx,is - hx,in) (27)

where, 77y s is the isentropic efficiency of the expander, which can be expressed as fol-
lows: [39]
NMx,is = CH CFZUx,iSO (28)

CF; is related to the ratio of expansion wheel top velocity v to spray velocity cy, and
CF; is related to the ratio of the mass-flow rate to the design mass flow rate, as shown in
Figure 4.
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Figure 4. Influencing factors of expander isentropic efficiency. (a) Relationship between CF; and v/cg.
(b) Relationship between CF; and fraction of design flowrate.

where, spray velocity cg is expressed as:
Co = 2(hx,in - hx,is) (29)
The power output of the expander and net power output of the system are as follows:
Wx = (hx,in - hx,out)ﬂxmx (30)

Whet = Wy — Wp (31)

The subscript net stands for net output, and the thermal efficiency is calculated by the
following formula:
th = Whet/ Qe (32)

where, Q is the heat exchange of working fluid, and the subscript e and th stand for the
evaporator and thermal, respectively.

Nex = Whet/ Ein (33)
where, E and the subscript ex both stand for exergy.

3.4. Model Solution

The dynamic model of the main components was established at first, and then the
system model was established by proper combination according to the relationship between
the component models. For ORC system modeling, the relationship between each compo-
nent is shown in Figure 5. It can be found that input parameters of the whole model were
the temperature and mass-flow rate of the heat source and cooling water. All parameters
and equations were coupled with each other to become a closed loop so as to obtain the
unique solution of the model. In this study, MATLAB and an odel5 s solver were used
for programming and solving. The physical parameters of the organic working fluid were
obtained by calling REFPROP.
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Figure 5. Relationship between the input and output parameters of each module in the ORC system.

4. Validation

The modeling method of the dynamic model is consistent with that of reference [33].
The parameters were set in accordance with the literature to verify the accuracy of the
dynamic model.

The pe of the simulation results and the length of each phase region were compared
with the results of the references as shown in the Figure 6. During the simulation, the pump
speed increased by 5% at t = 0 s. The external heat-transfer coefficient increased by10% at
30 s. Finally, the nozzle coefficient increased by 10% at 60 s. The simulation results are very
close to those of the literature. This proves the accuracy of the dynamic model established
in this paper. The reason for the small difference between the results is that the error of
the iterative algorithm used in the literature is different from that in this paper. A larger
allowable error was adopted in the model of this study for obtain better robustness. It can
be found from Figure 6 that this operation did not affect the accuracy of the model.

3250 :

T T T T T T T T 3.0 T T T T T T T T T

—— Model in this paper

—— Model in reference
3200 A

——Model in this paper |
— Model in reference

3150 B 24

P, (kPa)
Lg;; (m)

3100 | -

3050 B 1.8

3000 L ! 1 1 1 1 1 1 L L 1 1 1 1 L 1 1 1

-0 0 10 20 30 40 50 60 70 8 90 2000 10 20 30 40 50 60 70 80 90
Time (s) Time (s)
() (b)

Figure 6. Model validation. (a) The evaporating pressure. (b) The length of the superheated region.
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5. Results and Discussion

This paper focused on the dynamic performance of ORC driven by low-temperature
waste heat. The temperature below 473.15 K is called low-temperature industrial waste
heat, so the average heat-source temperature was set as 448.15 K and the mass flow rate
was set as 0.5 kg/s. The low-temperature ORC with R245fa as the WF has high circulation
efficiency, so R245fa was used as the WF of the system [40].

In practical engineering, waste heat fluctuates under different amplitudes and periods.
The general results of dynamic behavior of ORC system driven by fluctuating residual heat
are obtained by setting T as a sine function. The T fluctuates as follows:

Ts = Tavg + AT sin 2?7? (34)
where, Ay is the amplitude, Py is the period, the subscript AVG stands for the average value.
In this section, the effects of sinusoidal T on the dynamic response performance of the basic
ORC system were evaluated and the evaporating pressure (p.), net power output (Wnpet),
thermal efficiency (17y,), exergy efficiency (1ex) and superheat degree (SH) were analyzed.
On the basis of SH = 30 K steady-state heat source, the temperature of the sine heat source
fluctuated when the amplitude was ATs =5 K, 10 K and 15 K, and the fluctuation period
was 20 min, 25 min, and 30 min, respectively, to ensure the normal operation of the dynamic
model. The operating parameters and power-generation performance of the system under
the steady-state heat source are shown in Table 2.

Table 2. Main parameters under the steady-state heat source.

Parameters Unit Value
Heat-source temperature K 448.15
Heat source mass-flow rate kg/s 0.50
Evaporating pressure kPa 1350.99
Working fluid mass-flow rate  kg/s 0.82
Superheat degree K 30.00
Condensing pressure kPa 148.25
Net power output kW 29.55
Length of the evaporator m 102.42
Thermal efficiency % 12.80
Exergy efficiency % 48.26

5.1. Influence of Fluctuating Heat-Source Temperature

The effect of sinusoidal T on the dynamic response performance of the ORC system
was studied. Where, the heat source amplitudes were set as ATs; = 5K, 10 K, and 15 K, and
the fluctuation period was set as 25 min.

Figure 7 shows the dynamic response of p. under different amplitudes. The results
showed that the change of p. was approximately sinusoidal and was the same as that
of the heat source. The p. increased with the increase of amplitude. The reason is that
when the temperature rises, the WF in the evaporator absorbs more heat and generates
more saturated vapor, resulting in a rapid increase of pe. At the early stage of the model
operation, the p. showed irregular changes. The reason is that the Ts changed at the same
time of the system operation, and the system was not stable. The maximum values of pe
were 1397.37 kPa, 1442.65 kPa, and 1486.91 kPa, and the average values were 1350.66 kPa,
1349.67 kPa, and 1348.02 kPa, respectively. The maximum value of p. increased with the
increase of amplitude, but its average value decreased with the increase of amplitude and
was less than the steady-state value. This indicates that the increase of T has less influence
on p, than the decrease of Ts.
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Figure 7. Evaporating pressure under different amplitudes.

From Figure 8, the dynamic response of the Wt showed the same trend as the pe,
the change of it showed a sinusoidal trend, and the dynamic response was unstable at any
fixed fluctuating amplitude. The amplitude of the Wyt increased with the increase of the
Ts amplitude. The reason is that when the temperature rises, the heat transfer of the WF in
the evaporator increases, and the enthalpy into the expander will increase, thus increasing
the Whet. The average values of the Wpet under the three amplitudes were 29.38 kW,
29.36 kW, and 29.33 kW, respectively, which are all less than the Whye; of the ORC system
under the steady-state condition, and that is negative correlated with the amplitude. The
fluctuation of Ts will make the density of the WF at the outlet of the evaporator fluctuate,
thus changing the mass-flow rate of the expander, and it will affect the isentropic efficiency
of the expander.

35 ————
—— AT, =

5K ——ATl,=10K ——ATL,=15

34

33

25 F -

24 I N 1 N 1 N 1 N 1 " 1 " 1 " 1
0 10 20 30 40 50 60 70

Time (min)

Figure 8. Net power output under different amplitudes.
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Figure 9 shows the dynamic response of 77y, under different amplitude, which is the
same as the variation trend of pe and Whyet. It can be found that the instability of 7y, is
increased in the first cycle. The reason is that the heat transfer in the evaporator fluctuated
with small amplitude in the first cycle, and the 77y, is the ratio of the Wpet to it. The average
thermal efficiencies of the three amplitudes were 12.72%, 12.71%, and 12.69%, respectively,
which are all less than the steady-state value and negatively correlated with the amplitude.

1350 1 I I I I I I
——Al,=5K ——Al,=10K ——AT,=15K

13.25

12.25

12.00 . 1 . 1 . 1 . 1 . 1 . 1 . 1
0 10 20 30 40 50 60 70

Time (min)

Figure 9. Relationship between the thermal efficiency and heat-source temperature.

The variation trend of 77ex under sinusoidal the heat source is opposite to that of the
heat source, which is shown in Figure 10. The reason is that the heat source pressure
increases with the increase of T, and exergy is affected by both temperature and pressure,
which leads to the increase of exergy into the system. Under the three amplitudes, the
average exergy efficiencies were 47.99%, 47.96%, and 47.93%, respectively. The average
values decreased with the increase of amplitude and were lower than the steady-state
value.

51 T T T T T T T T T i T T T

——AT,=5 K ——Al,=10K ——AT,=15K

50

46

0 10 20 30 40 50 60 70
Time (min)

Figure 10. Effect of heat-source temperature on exergy efficiency.



Energies 2023, 16, 765

14 of 24

When the heat source fluctuates greatly, the WF cannot be completely evaporated
in the evaporator, which will damage the expander. Therefore, the SH in the evaporator
must be kept above 0 during the operation of ORC system. Figure 11 shows the effect of
fluctuation amplitude on SH when the period = 25 min. It can be found that when the
Ts fluctuated, the fluctuation trend of the SH was consistent with that of the heat source.
Different from the pe, the average values of the SH under the three amplitudes were 30.01 K,
30.03 K, and 30.05 K, respectively, which are all larger than the steady-state value of the SH.

55

T T — T T T T T T
—— A= 5K —ALL=10K ——AZ=15K

50

45

0 10 20 30 40 50 60 70
Time (min)

Figure 11. Effect of heat-source temperature on the superheat degree.

In summary, the fluctuation of system operating parameters and generation perfor-
mance increased with the increase of the amplitude of the fluctuating heat source, and the
average value was negatively proportional to the amplitude. The dynamic characteristics
of system operating parameters and power-generation performance were affected by the
amplitude of heat-source temperature, so reducing the amplitude is the key in industrial
waste heat pretreatment projects.

5.2. Influence of Heat Source Period

In this section, the relationship between dynamic performance and period of the
fluctuating heat source was studied. In practical engineering, the fluctuation period of
industrial waste heat is about 25 min [41]. Therefore, the amplitude of Ts was 10 K, and the
periods were 20 min, 25 min and 30 min.

From Figure 12, the fluctuation trends of p. under different fluctuation periods were
basically consistent with that of Ts, and the extreme values under the three periods were
almost equal. The second peak of pe occurred at 25.35 min, 31.65 min, and 37.95 min,
respectively, while that of T occurred at 25.00 min, 31.25 min, and 37.50 min, respectively.
The peak of pe appeared later than that of the Ts; the reason is when the temperature of the
heat source fluctuates to the peak, the heat absorption of the WF does not reach the peak,
and the heat transfer between that has a certain response time. The time difference between
the peak of pe and Ts was proportional to the fluctuation period.
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Figure 12. Evaporating pressure under different periods.

Identically to pe, the fluctuation trend of Whet was almost the same as that of the heat
source, shown in Figure 13. The second peak of Whet occurred at 25.45 min, 31.7 min, and
38.00 min, respectively, which is not only later than that of T, but also later than the pe,
because the saturated vapor into the expansion machine to do work requires a certain
response time. The average value of Wyt under the three periods was 29.36 kW, which is
lower than that in the steady state, indicating that heat source fluctuation is not conducive
to the Wpet, and the influence of fluctuation period on the average value can be ignored. It
can be found that this conclusion is the same as in Section 5.1. Whye; fluctuated erratically
in the first period for two reasons: firstly, the operating parameters of the system begin to
change in the initial stage. At this time, the iteration of physical quantities led to oscillation
in the first cycle. Secondly, the Whpet was derived from the Wy and the Wp,, and there is a
certain difference in response time between the two.

33 —rtr . r r r - r r 1 r T *r T T T T
Period = 20 min Period = 25 min Period = 30 min|

32

27

26 " 1 1 1 L 1 L 1 L 1 " 1 L 1 " 1 "
0 10 20 30 40 50 60 70 80 920
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Figure 13. Net power output under different periods.
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Figure 14 shows the dynamic response of 7y, under three periods. The fluctuation
of 7y, was irregular at the initial stage, because the 7y, is the ratio of Wpet to the heat
absorption of WF, and the response time of the two was different and it can be found that
this phenomenon also occurred when the temperature of the heat source dropped to the
trough. The iteration of parameters also resulted in this phenomenon when the T changed.
The fluctuation range of 77, was inversely proportional to the period, and the reason is that
the increase of the period will lead to the increase of the heat absorption of the WF. The
average value of 7y, under the three cycles was 12.71%, indicating that the fluctuation of
the T is not conducive to the #7y,.

13.250 — 1T T T T T T T 1
= Period = 20 min Period = 25 min

13.125 .

1 T I T
Period = 30 min/

13.000

12.875

12250 b —+ 1.0 1
0 10 20 30 40 50 60 70 80 90

Time (min)

Figure 14. Thermal efficiency under different periods.

The relationship between SH and periods is shown in Figure 15. Its fluctuation trend
was consistent with the T, and the fluctuation range was almost the same under the
three periods. The second peak of SH occurred at 25.3 min, 31.55 min, and 37.8 min,
respectively, under the three cycles, which are later than that of the T, but earlier than
that of pe. The reason is that the increase of SH leads to the increase of saturated vapor
and thus the increase of pe, so there is a certain time difference between the SH and pe.
To sum up, the operating parameters of the system have a certain response time, and the
response time increases with the increase of the period. When the fluctuation period is
large, the temperature fluctuation of heat source will lead to the decrease of the average
power-generation performance of the system.
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Figure 15. Superheat degree under different periods.

5.3. Influence of Superheat Degree

Under the condition of a pulsating heat source, the operation of the system needs
special attention. When the T drops substantially, the heat absorption of the WF in the
evaporator will be reduced, and the superheated region will disappear. The two-phase
WEF will go directly into the expander. Unsaturated wet vapor can easily cause liquid
shock in the expander, which seriously affects the operation safety of the unit. Therefore,
the minimum SH was defined as SH;,, and SH,;, > 0 was defined as the condition for
determining system safety. When the system uses a screw expander, the WF at the inlet of
the expander can be wet vapor. However, in order to make the conclusions of this study
applicable to different situations, we took SH as the key factor to evaluate the safety of the
system.

Ts has a large impact on system safety, and industrial waste heat fluctuates under a
long period. SH should be set in the initial design of evaporator to deal with the disap-
pearance of superheated region caused by T fluctuation. Therefore, Figure 16 shows the
relationship between the maximum allowable amplitude and SH of the system after a full
response. For the generality of the conclusion, the relationship between the maximum
allowable amplitude and SH was studied when T = 423.15 K, 448.15 K, and 473.15 K. It
can be found that the maximum allowable amplitude was approximately linear with the
SH, and the slope increased with the increase of the average Ts. Therefore, system safety is
directly proportional to the average Ts and SH.

The influence of Ts and SH on the operation of the system is discussed in this section. In
order to avoid the two-phase state of the WF entering the expander, the working conditions
were divided into the following categories according to the difference of SH, as shown in
Table 3. The data in the table were optimized from the steady-state model.



Energies 2023, 16, 765 18 of 24

T T T T T T T T T T T T T T
| =T, =42315K
—e— T,y =448.15K
| AT, =473.15K

\e} [\ %)
-~ [oe} (]
T T T
| 1 |

[\
<o
T

|

—
\S]
T

1

Maximum allowable amplitude (K)
|

B~
T
|

oM v
o 5 10 15 20 25 30 35 40

SH (K)

Figure 16. Maximum allowable amplitude with superheat degrees.

Table 3. Operation parameters of the ORC system under different superheat degrees.

Parameters Working Fluid Flow Rate, kg/s Evaporating Pressure, kPa
SH=10K 0.92 1473.02
SH=15K 0.90 1411.01
SH=20K 0.87 1380.78
SH=25K 0.84 1365.81
SH =30K 0.82 1350.99
SH =35K 0.80 1321.72
SH =40K 0.78 1293.47

The performance of the system with T between 423.15 K and 473.15 K is analyzed
from five aspects: pe, Wexp, Whet, ¢, and #ex.

Figure 17 shows the relationship between Ts and p. under different SH. It can be
found that the pe increased with the increase of the T, because the increase of the T’ led to
the increase of the heat transfer of the WF and saturated vapor in the evaporator. When
SH =10 K, the p. was always higher than other conditions; the reason is that when T
remains constant, the increase of SH will increase the length of the superheat region in
the evaporator, which will lead to the decrease of heat source side temperature in the
two-phase region, thus reducing the evaporation temperature. It can be concluded that the
Pe is inversely proportional to the SH and directly proportional to the T and the slope of
the curve decreases with the increase of T.
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Figure 17. Evaporating pressure with heat-source temperatures under different superheat degrees.

The curve of the relationship between the Weyp, and the temperature of the heat source
at different SH is shown in Figure 18. It can be found that the Wex, was directly proportional
to the Ts and inversely proportional to the SH. Although the increase of SH can increase the
enthalpy difference between the inlet and outlet of the expander, it will also reduce the mass
flow rate of the WF, as shown in Table 3. The reason is that the decrease of mass flow rate
leads to a longer heat exchange time between the WF and the heat source in the evaporator,
the increase of heat exchange and the increase of SH. When the SH decreased from 40 K to
10 K, and the output power of the expander increased by 11.32% at Ts = 448.15 K. Therefore,
lower SH is more conducive to the power output of the system.

42
40
38 |

36 -

22
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| —— SH=20K

== SH=15K

—v— SH=25K
—— SH=30K
—4+— SH=35K
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Figure 18. Power output of the expander with heat-source temperatures under different superheat

degrees.
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The relationship between the Wyt and the T is shown in Figure 19, which has the
same trend as the expansion work. The work consumption of the WF pump is related to
the outlet enthalpy of the condenser, but the effect of the condenser on the system is not
considered in this study. The SH decreased from 40 K to 10 K, and the net power increased
by 10.47% at T = 448.15 K. From the point of view of output work, whether the output
work of expansion or Wpet, output work and SH are inversely proportional.

41 —T & * I - F -~ 1 & ~ 1 = & * 1
I —s— SH=10K
I —— sH=15K

[~ SH=20K
3 —— sH-25K
15 [ —— SH-30K

| —— SH-35K

~33 L >~ SH=40K
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23

21 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L
423 428 433 438 443 448 453 458 463 468 473
7, (K)

Figure 19. Influence of the power output on the superheat degree.

Figure 20 shows the relationship between 7y, and Ts under different SH. The 7y, was
directly proportional to the T and inversely proportional to the SH, and the slope of the
curve decreased with the increase of the Ts. The reason is that the heat exchange of the
system increases with the increase of the T, and its variation is larger than the Wpet, and
the 7y, is the ratio of Whet to heat transfer. When the SH decreased from 40 K to 10 K, the
Nth increased by 4.9% at T = 448.15 K.

140 T T T T T T T T T
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Figure 20. Relationship between the thermal efficiency and superheat degree.
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The relationship between 7¢x of the system and T’ is shown in Figure 21. It can be
found that the #¢x of the system was inversely proportional to the Ts and SH. The reason
is that the heat source pressure increases with the increase of T, and exergy is affected
by both temperature and pressure, which leads to the increase of exergy into the system.
When the SH decreased from 40 K to 10 K, the #¢y increased by 10.47% at T = 448.15 K.

53 —7tr r r - r - r - r - 1 1 1 ° 1
52
51
50
49
X 48
S47 —s— SH=10K . '
[ —— SH=15K o
- L g
i —— SH=20K T ]
sk —v—8H=35K S Coe )
i —e— SH=30K \ e WL
44 - —4— SH=35K T
i —— SH=40K Y ¥
43 | ]
42 [ L | 1 | L 1 L | 1 | L 1 1 | 1 | L 1 1 ]
423 428 433 438 443 448 453 458 463 468 473

7, (K)
Figure 21. Exergy efficiency with heat-source temperature under different superheat degrees.

The analysis of pe, the Wexp, Whet, 17th, and 77ex showed that Ts was inversely propor-
tional to #ex and proportional to other parameters, all of which were inversely proportional
to SH. Therefore, the SH of the system should be reduced as far as possible. When designing
the operating condition of the system, the temperature variation range of the heat source
can be predicted first, and then the SH of the WF in the evaporator can be calculated by the
fitting formula. On this basis, the initial setting of the SH can be adjusted. However, if the
screw expander is used in the ORC system, the inlet WF can be wet vapor.

6. Conclusions

The dynamic model of the Organic Rankine cycle (ORC) system was established to
study the dynamic performance under fluctuating waste heat. The amplitudes, periods
of fluctuating heat source, and superheat degree were considered comprehensively, and
their effects on system performance and operation were studied. The main conclusions are
summarized as follows. The effect of amplitude and period of fluctuating heat source on
power-generation performance can be extended to the basic ORC systems driven by single
organic working medium. When the temperature of the reservoir is different, the conclusion
is still applicable. Scholars can design the control system and component parameters of the
system according to the conclusions of this paper.

(1) The fluctuation of system operating parameters and generating performance are
proportional to the heat source amplitude, and their average is inversely proportional
to the amplitude. The fluctuation of heat-source temperature will degrade power-
generation performance at any amplitude. The amplitude of heat source has a large
influence on the system and reducing it is particularly key in industrial waste-heat
pretreatment engineering.
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®)

The operating parameters of the system have a certain response time, and that is
proportional to the period. The extreme values of the operating parameters and
net power output are independent of the period, but the amplitude of the thermal
efficiency is inversely proportional to the period. The fluctuating heat source resulted
in reduction of the average generation performance with any period.

The maximum allowable range of the amplitude is proportional to the average tem-
perature and superheat degree. The increase of superheat degree will reduce the
power-generation performance, but improve the adaptability of the system. Under
any superheat degree, the net power output and thermal efficiency are proportional
to the heat-source temperature, while the exergy efficiency is inversely proportional
to the heat-source temperature.
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Nomenclature

Nomenclature Subscripts

A Area, m? avg average

M Quantity, kg s heat source

D Diameter, m sc sub-cooled region
Q Heat quantity, | i interior

L Length, m in input

1% Pressure, kPa out output

K Heat-transfer coefficient, W/(m?-K) v saturated liquid
SH  Superheat degree, K 1 saturated vapor
Vv Volume, m3 tp two-phase region
c Specific heat, ] / (kg-K) o external

h Specific enthalphy, k] /kg sh superheated region
T Temperature, K w wall

m Mass flow rate, kg/s X expansion

t Time, s P pump

u Specific internal energy, kJ/kg c condenser

x Gas mass fraction vol  volume

Nu  Nusselt number e evaporator

Re  Reynolds number is isentropy

Pr  Planck number a amplitude

WF  Working fluid min minimum

Greek letters th thermal

o density, kg/m?3 ex exergy

0% voidage, %

U density ratio, %

n efficiency, %

w rotate speed, rpm

A thermal conductivity, W/(m-K)
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