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Abstract The paper presents the calculations for the failure conditions
of the ORC (organic Rankine cycle) cycle in the electrical power system. It
analyses the possible reasons of breakdown, such as the electrical power loss
or the automatic safety valve failure. The micro-CHP (combined heat and
power) system should have maintenance-free configuration, which means
that the user does not have to be acquainted with all the details of the
ORC system operation. However, the system should always be equipped
with the safety control systems allowing for the immediate turn off of the
ORC cycle in case of any failure. In case of emergency, the control system
should take over the safety tasks and protect the micro-CHP system from
damaging. Although, the control systems are able to respond quickly to
the CHP system equipped with the inertial systems, the negative effects
of failure are unavoidable and always remain for some time. Moreover,
the paper presents the results of calculations determining the inertia for
the micro-CHP system of the circulating ORC pump, heat removal pump
(cooling condenser) and the heat supply pump in failure conditions.
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Nomenclature
A — surface
B — calorific value, J/kg
cp —  specific heat at constant pressure, J/(kgK)
Co —  specific heat at constant volume, J/(kgK)
CHP — combined heat and power

— derivative gain

— mathematical operator of differentation
— gravitational acceleration, m/s2

— enthapy, kJ /kg

—  pumping head

— integral gain

—  control signals

overall heat transfer coefficient, W/(m?K)
— heat exchanger’s length, m

— mass, kg

— mass flow, kg/s

organic Rankine cycle

— power, proportional gain, W

ID - proportional integral derivative controller
programable logic controller

—  pressure, Pa

volumetric flow rate, m? /s

—  Laplace operator

—  temperature, °C

— time, s

— drynees factor
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Greek symbols

A — thermal conductivity, W/(mK)

p — mass density, kg/m?

a — heat transfer coefficient between fluid and wall surface, W/(m?K)

6 — wall thickness, mm
Subscripts

b —  boiling

hfe — hfe7100 working fluid

ins — insulation

n — input

c — condensation

l - liquid

n — control panel

out — output

ol —  thermal oil



www.czasopisma.pan.pl P N www.journals.pan.pl

Y
Changes of the thermodynamic parameters in failure. . . 45
p — initial condition, measuring signal
radiator — thermal radiator
water — cooling water
v — vapour
T — drynees degree

1 Introduction

Thermal cycles are equipped with automatic control systems that enable
stable operation at variable loads. They also protect other systems from
failure. There are many publications available about the operation of the
controlling systems of thermal cycles at working conditions. It is easy to
find information about the risk and possible consequences of their break-
down. Although, the theoretical studies discuss the physical and mathe-
matical modeling of the dynamic effects occurring in the basic components
of the thermal plants (boilers, turbines, heat exchangers, etc.) quite com-
prehensively [1-4]. There are not many publications about the ORC cycle
modelling at failure condition [5-9]. Relatively small amount of available
sources of information induced for writing this article and acknowledging
the reader with quite new subject [10].

Beside the analysis of the micro-CHP system (Fig. 1) operation at nor-
mal condition, the possible failures resulting from the lack of the power
supply or the automatic safety valves damage should be considered. Micro-
CHP system operates as a free maintenance installation which means that,
the final user does not need to know all the details about the system oper-
ation because it is equipped with special control systems that turn off the
circulation of the system in case of any failure.

To protect the micro-CHP system from the negative effects of the sys-
tem failure, it is important for the control system to immediately take over
all its tasks. Although the control systems are able to quickly respond to
micro-CHP systems equipped with inertial systems, they always maintain
for a while, under the influence of the negative effects left after the break-
down of the system.

The final user needs only to turn on the system by pushing ON button
on the controller or OFF if he wants to turn it off. The user operates also
the thermostatic valve mounted on the radiators. The control system of
the micro-CHP automatically adjusts the system to the heat demand. In
the feedback loop, there is a special control system responding to heating
requirements of the individual system components. The micro-CHP system
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Figure 1. Schematic of the micro-CHP: 1 — multifuel boiler grid, 2 — inlet gas fuel, 3 —
inlet of the liquid fuel, 4 — chimney, 5 — combustion chamber, 6 — multifuel
boiler coil, 7 — air supply system, 8 — solid fuel screw drive, 9 — solid fuel
store, 10 — pressure (relief) valve, 11 — valve, 12 — electric motor oil circulation
pump, 13 — oil circulation pump, 14 — evaporator, 15 — pressure relief valve, 16
— microturbine, 17 — electric generator, 18 — regenerator, 19 — condenser, 20 —
micro CHP circulation pump, 21 — micro-CHP circulation pump engine, 22 —
heating circuit pump engine, 23 — heating circuit pump, 24 — safety valve, 25
— thermostatic valve, 26 — coil of heating system, A — automatic actuator, R —
manual controller.

is a very complex system (Fig. 2) used to provide stable thermal parame-
ters. It consists of three subsystems

e multifuel boiler system,
e micro-CHP system,

e heating system.

The systems are equipped with actuators such as valves adjusted, engines
(with inverters), and additional protection automation systems.

The PLC control system applied in the micro-CHP systems allows for
the internal feedback loops programming. Thanks to that the subsystems
can activate with a scheduled delay. The internal control loops consist of

e PID (proportional integral derivative controller) control system for the
the heat pump (gives the possibility for the he final user to change
the heat flux),

e PID control system for the circulation pump working within the micro-
CHP cycle,
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Figure 2. Signal flow diagram for the continuous control of the micro-CHP system. P —
pressure, T — temperature, S — engine, A — actuator, R — manual controller, G
— generator, PLC — programmable logic controller.

e PID control system for thermal oil circulation pump and security sys-
tem (regulating pressure that increases after the emergency shut down
of the thermal oil pump),

e PID system controlling the temperature and heat flux in the multifuel

boiler.

The aim of the paper is to present the calculations determining the time
neccessary for the micro-CHP system inertia to react in case of failure of the
ORC circulating pump, heat removal (cooling condenser) circulating pump,
and heat supply (heating the evaporator) circulating pump.

2 Subcycle models of the micro-CHP

Assumptions and simplifications adopted in the model describing the failure
working conditions:

e lumped-parameter model,

e model describing thermodynamic parameters changes in time (tran-
sient model),

e combustion model presenting the convective heat transfer (skipping
the processes of the radiative heat transfer),
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e ORC system controllers working in a negative feedback loop,
e PID controller manages the pump control cycle with a scheduled delay,

e state variable (fluid mass flow) is used for regulation purposes in fail-
ure conditions,

e heaviside step function models the system failure conditions in the
steady state,

e the model does not include the boiling process disappearance in the
boiler.

e specific heat of the two-phase mixture was determined for the dryness

factor z = 0.5.

Below presented equations describe the processes present in heat ex-
changers during the phase change. Figures 3 and 4 illustrate condensation
process and boiling process, respectively.

Tambient

Ting

ins

Tambient

Figure 3. Graphical interpretation of the condensation process in the exemplary heat
exchanger.

e Condensation process

dT; 1 .
d—tk = oo, [Awauknfewair Twar — Ti) + mnpe (hy —hy)] . (1)

e Heat transfer through the condenser’s wall
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Tambient

lins

ins

Tambient

Figure 4. Graphical interpretation of the boiling process in the exemplary heat ex-

changer.
dTyail 1
dt Mwallcp,wall[ wall hfe,wall( k wall) -+
+Awallkwall,water (Twater — T’wall) ] . (2)

e Water cooling

dT’water _ 1
dt Myater Cp,water
Ainskwater,ins (Ens - Twater) + Awallkwall,water (Twall - Twater) ] . (3)

[cp,watermwater (Twater,in - Twater) +

e Heat transfer through the insulation

dr; 1
dztns - Minscp,ins [Ainskwater,ins (Twater - T%ns) +
+Ainskins,ambient (Tambient - T%ns) ] . (4)

The following equations illustrating the processes undergoing in the evapo-
rator.

e Evaporation process
dal, 1

dt m [Awallkhfe,wall,b (Twall - Tb) - mhfe (hv o hl)] ’ (5)
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e Heat transfer through the wall of the evaporator

dTwall 1
dt Mwallcp,wall [ wallVh fe,wall ( b wall) +
+Awallkwall7ol (Tol — Twall)] . (6)

e Qil heating

dTy 1 .
d: = Molcp,ol [Cp7olmol (Tol,in - Tol) + Ainskol,ins (Tins - Tol) +
+Awallkwall7ol (Twall - Tol)] . (7)

e Heat transfer through the insulation

dT; 1
i MinsCpins [Ainskot,ins (Tor = Tins) +
+Ainskins,ambient (Tambient - Ens)] . (8)

In Egs. (1)—(8), an overall heat transfer coefficient, k, has been adapted
to determine the temperature of the wall in the heat exchangers (Fig. 5).
Dependencies presented in Eq. (9) were taken into consideration.

Sy 9)

Figure 5. A scheme for the designation of the heat transfer coefficient.
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Figure 6. Diagram illustrating the modelled multifuel boiler.

Figure 6 presents the scheme applied for the thermal balance estimation
in the boiler, while Fig. 7 introduces the scheme of the heating balance in
the utility room. A dynamic model describing the operation of the boiler
cycle (indirect evaporator heating system).

e Heat transfer in the thermal oil
dTy, 1

dt = Molcp,ol [Cp,olmol (Tol,in - To ) - kwall,olAwall,ol (Tol - Twall)] . (10)

e Energy balance for the boiler

dTboiler . .
Mboilercp,boilerT = [mfueleuel + Cp,airmairTair+

+Cp,olm0l (Tol,in - Tol,out) - kinsAins (Tboiler - ,Tizol) - (11)
_Cp,ewhaustmemhaustTemhaust - Cp,ashmashTash] .
e The dynamics of the heat transfer describes equation, showing the

cold liquid return from the heating system (Fig. 7)

M dTwater,out . T T
water Cp,water i = MuwaterCp,water,out ( water,in — water,out) -

_kradiator,roomAradiator (Twater,out - Troom) . (12)
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The dynamics of the heat transferred from the heated room to the environ-
ment describes the equation

dTroom
Mroomcp,room dt = kradiator,roomAradiator (Twater,out - Troom) -
_kroom,ambientAambient (Troom - ambient) . (13)
Tambiem
heated T
room oom
.
( radiator
ORC _
condenser 1Water,ln
=) /-\__
Twaler,oul pump

Figure 7. Diagram presenting the modelled heating system.

Additional equations describing the pumps and micro turbines.

e Pump net power

P =QHpg. (14)
e Pump head
Py
e Temperature at the outlet of the micro turbine:
epo(Th)
cv,v(T))
Dhe ep,v(Tg)
Ty, = | (Ty + 273,15) (p—) cow(Te) | —273.15. (16)
b

The equation describing the dependencies of the regulator’s functioning
1

<P+I— +Ds> (tn, — ip)
S

Graduate changes have been introduced to the presented control system to

simulate the circulation pump power failure (according to Heaviside’s step
function).

P(s)=0< < max . (17)
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3 The calculations results

All the provided calculations apply to the initial phase of the processes
(presented in the Tabs. 1-4) taking place in the ORC cycle subsystems.

Table 1. Initial and boundary conditions adapted to designate the condenser’s dynamics.

Agent HFE7100 | Cooling water
Initial conditions
T=10°C
Boundary conditions for working fluids at the condenser’s outlet
Tz‘n,hfe:70 °C | Tin,water'zzo °C

Supplementary data
Qhfe,wall = 2000 W/(mZK)7 Pwall = 7900 kg/md§ Cp,wall = 455 J/(kgK)7 Qyater,wall =
400 W/(m2K); pins = 60 kg/m3§ Cp,ins =0.1 J/(kgK); Qairyins = 10 W/(m2K)§ Awall
58 W/(mK); Xins = 0.001 W/(mK); § =1 mm

Table 2. Initial and boundary conditions adapted to designate the evaporator’s dynamics.

Agent HFE7100 | Heating fluid

Initial conditions

T=10°C
Boundary conditions for working fluids at the evaporator’s outlet

Tz‘n,hfe:70 °C | Tin,water'zzo °C

Additional data
Apfewall = 2704 W/(mZK)7 Pwall = 7900 kg/md§ Cp,wall = 455 J/(kgK)7 Aol wall =
546 W/(m2K); pins = 60 kg/m3§ Cp,ins =0.1 J/(kgK); Qairyins = 10 W/(m2K)§ Awall =
58 W/(mK); Xins = 0.001 W/(mK); § =1 mm

Table 3. Initial and boundary conditions adapted to designate the dynamics of the heated

room.
Initial temperature of the system Temperatures for the steady state
T, = 10 °C Tyoiter = 195 °C [ Ty ot = 175 °C | Tous,o0 = 185 °C

Additional data

Coil: ¢p o1 = 2000 J/(kgK); kwau = 80 W/(m?K); Asc = 350 m?; Myqu = 800 kg; 6 = 1 mm
Combustion chamber: ¢y qir = 1005 J/(kgK); ¢p exhaust = 1005 J/(kgK); B = 2.5 MJ /kg

Micro-CHP automatic loop programming is the main issue in the coordina-
tion of the systems. Good programming guarantees a quick response of the
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Table 4. Initial and boundary conditions adapted to designate the dynamics of the heated

room.
Initial temperature Steady state temperatures
Tp =10°C T’Luate'r,in =67°C | Twater,out =21.2°C | Troom =19.8°C

Additional data
Cpowater = 2000 J/(kgK); A = 100 m?; k = 200 W/ (m2K); M = 200 kg,
Aambient = 5000 m2; kambient =30 VV/(HIQI<)7 d=1mm

safety system in case of emergency. Figures 8, 9, 10 and 11 show the calcu-
lations for the ORC cycle in failure conditions. Calculations are performed
for the micro-CHP with and without security system.

Assuming that the output signal comprises from 10 to 90% of the signal
value in steady state, the rise time can be appointed. Steady state can be
accomplished if the vibrations value is not greater than 2% of setting value.

The rise time in boiler’s coil is equal to 0.21 s. The steady state has
been attained after 824 s. The minimum value of the steady state is equal
to 178 °C and the maximum amounts to 195 °C in nominal conditions. The
rise time of the thermal oil at the coil’s output equals 1355 s. (Fig. 8, line
2). The steady state has been attained after 2563 s. The minimum value of
the steady state is equal to 166 °C and the maximum amounts to 181 °C
in nominal conditions. The rise time of the thermal oil in the inlet of the
boiler’s coil equals 1548 s. (Fig. 8, line 3). The steady state has been
attained after 2825 s. The minimum value of the steady state is equal to
160 °C and the maximum amounts to 175 °C in nominal conditions.

The rise time of the heating water at the outlet of the heating room
(Fig. 9, line 2) equals 259 s. The steady state has been attained after 472 s.
The minimum value of the steady state is equal to 21.4 °C and the maxi-
mum amounts to 22.6 °C in nominal conditions. The rise time of the heating
room (Fig. 9, line 3) equals 259 s. The steady state has been attained after
472 s. The minimum value of the steady state is equal to 18.7 °C, while the
maximum amounts 19.75 °C in nominal conditions.

The rise time of the HFE7100 fluid at boiling point (Fig. 10, line 2)
equals 1548 s. The steady state has been attained after 2825 s. The min-
imum value of the steady state is equal to 160 °C, while the maximum
amounts to 175 °C in nominal conditions. The rise time of the HFE7100
fluid in condensation (Fig. 10, line 3) equals 257 s. The steady state has
been attained after 460 s. The minimum value of the steady state is equal to
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Figure 8. ORC circulation pump failure — results of calculations of temperature in the
boiler (failure condition): 1 — the boilers wall; 2 — thermal oil at the outlet of
the coil; 3 — thermal oil in the inlet of coil.
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Figure 9. ORC circulation pump failure — temperature in the heated room: 1 — heating
water temperature in the inlet of the heated room, 2 — heating water temper-
ature at the outlet of the heated room, 3 — heated room.

62 °C, while the maximum amounts 68 °C in nominal conditions. The rise
time of the HFE7100 fluid at boiling point (Fig. 11, line 2) equals 1520 s, for
protected ORC cycle. The steady state has been attained after 2745 s. The
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Figure 10. ORC circulation pump failure — temperature calculations for the ORC cycle.
1 — thermal oil temperature in the evaporator’s inlet, 2 — HFE7100 fluid tem-
perature in the evaporator, 3 — HFE7100 fluid temperature in the condenser,
4 — cooling water temperature at the condenser’s outlet.

minimum value of the steady state is equal to 120 °C, while the maximum
amounts to 124 °C in nominal conditions. The rise time of the HFE7100
fluid in condensation (Fig. 11, line 3) equals 247 s, for protected ORC cy-
cle. The steady state has been attained after 460 s. The minimum value of
the steady state is equal to 78 °C, while the maximum amounts 80 °C in
nominal conditions.

In order to verify the consistency of our model with the experimental
studies performed by Pei et al., [11], we have compared the time of reach-
ing set conditions. Figure 12 presents Pei et al. experimental results and
numerical calculations of the vapour in the turbine’s inlet. Figure 13 illus-
trates Pei et al. experimental results and numerical calculations of the R123
refrigerant placed in the condenser’s inlet. Experimental studies were con-
veyed for the rate of heat in the condenser equal to 16 kW [11]. Theoretical
model of the ORC cycle has been modified according to the attained results
of the experimental studies. The heat load in the model of the condenser
has been adjusted to 16 kW level. Figures 11 and 12 prove that parameters
in the theoretical model and the experimental studies are similar. The the-
oretical ORC cycle model reflects the operation of the real working systems
and the performed experiment validates this theory.



www.czasopisma.pan.pl P N www journals.pan.pl

N
Changes of the thermodynamic parameters in failure. . . 57
il M- N PO NN A s T D Ba
ey | Ao i EOH
i f\\r‘?’__ : {
/LTINS |
100 -+ : ' il

/ L :
f ’ :
1 Nl e =
Jd  F F o4 F o4 f m w
(1] 1000 2000 3000 4000 5000 8000 700D 2000 Q000 10000

tls]
Figure 11. ORC circulation pump failure — temperature calculations (ORC cycle pro-
tected): 1 — thermal oil temperature in the evaporator’s inlet, 2 — HFE7100

fluid temperature in the evaporator, 3 — HFE7100 fluid temperature in the
condenser, 4 — cooling water temperature at the condenser’s outlet.
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Figure 12. The temperature of refrigerant R123 at the turbine inlet in the theoretical
model compared with the temperature value in the experimental one.

4 Summary

The paper presents the issues related to the failure states of the micro-ORC
based on the CHP cycle that operates with the condenser evaporator, mi-
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Figure 13. The temperature of the R123 refrigerant in the condenser inlet in the theo-
retical model, compared with the temperature value in the experimental one.

croturbines, pumps and control systems. Failure conditions of the CHP
systems are described by the lumped-parameter models. The proposed
model of the automatically controlled micro-CHP system can predict the
system behaviour in case of any disturbances. It also allows to determine
the inertia of the system in case of failure. The time in which the system
attains the steady state determines the inertia of the system (30 min. to
1 h). The inertia time depends on the mass flow rate (Fig. 10 Exemplary
inertia time). The simulation of failure conditions allowed to define the time
needed for the operating conditions to change into stationary terms. It also
helped to determine the time of the security system response.

Comparing the parameters of our ORC cycle with the parameters ob-
tained in the experimental studies we can conclude that our model illustrates
the operation of the real system. The theoretical model presented above,

faithfully reflects the operation of ORC systems using various working flu-
ids.

Received 28 August 2012
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