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Abstract:

This paper proposes an innovative approach for the dynamic modeling of heat exchangers without phase
transitions. The proposed thermo-flow model is an alternative to the traditional 1D finite-volumes approach
and relies on a lumped thermal mass approach to model transient responses. The heat transfer is modeled
by the well-known Logarithmic Mean Temperature Difference approach, which is modified to ensure
robustness during all possible transient conditions. The lumped parameter models are validated with
references models and tested within a Concentrating Solar Power plant model. Results indicate that the
developed lumped models are robust and computationally efficient, ensuring the convergence of the Newton
Solver. They are significantly faster (~10-fold) than the traditional finite volume models, although a more
extensive comparisons would be needed to confirm this figure. They are well suited to be integrated in larger
system models, but are not appropriate for the simulation of detailed thermo-flow phenomena.

Keywords:
CSP, Dynamic modeling, Lumped parameter, Modelica, Semi-empirical, Steam cycle, ThermoCycle.

1. Introduction

Dynamic simulation of thermodynamic systems is neglito evaluate and optimize their response
time, or to define, implement and test controltsiyges. The Modelica language is well adapted to
the formulation of thermo-flow problems, mainly bese it is an a-causal language that allows
interconnecting the models in a "physical” way [[.recent years, several libraries have been
developed to model thermodynamic and thermal systienModelica. A nhumber of tools are now
available to model steam and gas cycles (e.g. To®®ysPro, Power Plants, Thermal Power,
ThermoPower, etc.) or refrigeration systems (TIirConditioning, etc.).

Most of these libraries and simulation tools rely finite volume approaches for thermo-flow
problem (e.g. ThermoPower [2], ThermoCycle [3], TH]). They propose detailed models, in
which the accurate geometry of each component bmusiser-defined. Heat exchangers are usually
discretized, which involves many thermodynamic prop calls and multiplies the number of
nonlinear equations (at least one per cell or notle¢refore, these models are subject to lack of
robustness (i.e. the convergence of the NewtoneBas/ not ensured) and are computationally-
intensive [5].

Discretized heat exchanger models can be advantalyeceplaced by lumped dynamic models
based on the epsilon-NTU or LMTD methods [6]. Sanhapproach is appropriate for the following
cases:

= The level of detail required by the model is lotg.hain goal is the evaluation of the component
behavior integrated in a wider system, rather tthenaccurate computation of, e.g, the heat
transfer and pressure drop. This is especiallycdse when implementing and testing control
strategies of a whole system or power plant.

= The heat exchanger exact geometry is unknown. ignddse, a simplified lumped approach is

more appropriate than a detailed model, provided tine main physical phenomena are taken
into account.
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In this work, a simplified but still physically meiagful, semi-empirical heat exchanger dynamic
model is proposed and included into the open-solifeermoCycle Modelica Library [3]. The
models are based on a lumped approach, which aftmwsbustness and computational efficiency.
The proposed models are compared in terms of robsistand simulation speed to the traditional
finite volume heat exchanger model present in theroCycle library. A detailed model of a 2-
MW steam power plant coupled to concentrated gmarer (CSP) is then developed based on the
proposed heat exchanger lumped model, for the perpd evaluating the system’s reaction to
transient conditions. The proposed model provetaanore robust and significantly faster than
traditional models.

2. Proposed simplified models

In this work a simplified lumped-parameter heathamger model is presented, based on a modified
version of the LMTD method. This method was orijina@eveloped for steady-state simulation.
The proposed method called robust LMTD (RLMTD)dmsveloped to handle the crossing of the
temperature profiles (negative pinch point) maktrgyitable for dynamic modeling.

The model has been developed for single-phasedcenomizer, super-heaters) operation only and
it is intended to be very simple, in order to mazienthe robustness and the simulation speed, while
maintaining an acceptable accuracy. It is basea static energy and mass balance on the two fluid
sides and thermal energy accumulation in the nved#ll The thermal masses of the two fluids and
of the wall are lumped into a single thermal magssated in the wall. Contrary to a steady-state
model, the heat transfer problem is divided in two:

= A first heat transfer between the hot fluid andwrsd|
= A second heat transfer between the wall and the: faat
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Fig. 1. Sketch of the variables used in the model

No temperature gradient is considered through thiéthickness. The two computed heat flows are
not necessarily equal, the difference between thmmresponding to the thermal energy
accumulation or rejection of the metal wall (seg. Bi), which is accounted for by (1):

dT, . .
th - ch (1)

MG =

where M,, is the mass of the walt, is the specific heat capacity of the wdl}, is the mean

temperature in the wall, andhf and ch are the heat power transferred by the hot fluid an
received by the cold fluid respectively. The ab@guation allows computing the average wall
temperature, but not the temperature gradient witie wall. In the absence of axial conduction in
the wall, the evolutions of the temperatures in imfitely small volumes at each extremity of the

heat exchanger are given by (2) and (3):

dAT,,
My, - €y - — === dA - [Upp - (Tapn = Twa) = Uer - (Twa = Tera)] 2)
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dAT,
d:l’z =dA - [Upy - (Thf,z ~Tw2) = Ues (Twz — TCf'Z)] @)

where the subscript “1” and “2” indicate both exrtiges of the heat exchanger.

In a first approximation, the temperature evolusi@an be considered linear with the axial distance
and the two previous equations can be integrated fr to 2, leading to (4):

dAT,
Mw “Cy - TW = AUcf ' (ch,ex - ch,su - ATW) + AUhf : (Thf,su - Thf,ex - ATW) (4)

whereAT,, is the temperature gradient within the wall.

Equation (4) provides the slope of the temperatuoéile, and (1) provides its average value. This
temperature is therefore entirely defined by theseequations.

It is important to underline that no mass accunmats considered in the model. Therefore, the
outlet flow rate is always equal to the inlet floate for both sides of the heat exchanger.

2.1. Robust LMTD Method

The heat exchanger model comprises three difféeenperature profiles: the secondary fluid, the
wall and the working fluid. As previously mentiondtie goal is to compute the two heat flows
using the LMTD method, which is applied twice: beam the secondary fluid and the wall, and
between the wall and the working fluid temperafnfiles.

However, in dynamic simulation, temperature prafiten cross each other for a period of time, a
condition that impedes the use of the traditiondTID method. Furthermore during the
initialization process, temperature profiles arghty variable, which can also lead to simulation
failures in case of crossing.

In [7], a formalism was set up to avoid numerical failudesng the iterations of the Newton solver
(i.e. for steady-state simulation only). The idesibd this method is to rewrite the heat transfer
model using causal equations only, instead of fepvhe iterative process to the solver. This
method presents the advantage of allowing conditistatement and therefore brings a solution if
negative pinch points appear during the iteratidns,modifying the LMTD equation to avoid
logarithms of negative numbers.

This method has been reformulated for dynamic satiart and extended to ensure smoothness.
The result is the robust LMTD function reported® to (9).

dMW,Z * CW *

AT, — AT, if AT, > ¢, AT, > ¢ and 5)
In(AT,) — In(AT,) AT, # AT,
AT; + AT, if AT, > &, AT, > € and (6)
2 AT, = AT,
AT, — ¢
N . B n (%) C(1—¢- (AT, — ) if AT; > € andAT, < ¢ (7)

AT, — ¢
In(2) (1 =& (AT~ )
&

(1-¢ (T -9) - (1-¢- (AT, — €))

if AT; < € andAT, > ¢ 8)

if AT; < € andAT, < ¢ 9

whereg and¢ are two parameters to set by the user whose mfkies described below.

An isometric view of a 3-D representation of theNRID function for a range of temperature
gradients between the working or secondary fluid #re wall is shown in Fig. 2. Temperature
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differences on the two sides of the heat exchamgey from minus one to three Kelvin. The
position of the grids corresponds to DELTAT=0.
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Fig. 2. 3-D plot of the RLMTD function

An important feature of this function is that it S0-continuous, which allows an easier
convergence of the solver. Nonetheless, it careba & Fig. 3 that the derivatives of the function
are not continuous. A modification of the RLMTD fiion with splines functions could therefore
be implemented to make it Cl-continuous, which @oturther increase the computational
efficiency of the heat exchanger model. As shownFig. 2, RLMTD depends on the two
temperature differences and is non-null wiadh= 0. In this manner, the function is computable
even for negative temperature gradients. This @vsiichulation failure, e.g. in case of temperatures
profile crossing. However, it must be noticed tagbositive LMTD value when pinch points are
negative lead to a non-physical behavior: the fieat remains positive (although very small), even
for negative temperature differences, i.e. the feat is being transferred from the cold to the hot
side.

Therefore, LMTD value for negative pinches shoutdals small as possible so that the leakage heat
flow can be neglected. Paramete@ndé play a key role at this point:

= &influences how fast LMTD goes to zero, as showiriopp 4 and 6. Smalt values lead to
higher LMTD values aAT = 0, and thus to higher leakage heat flow. Onativer hand, higl
values entail steep variations of the RLMTD funistiavhich can also lead to simulation failures.

= ¢ is the threshold (in terms of DELTAT value) belaich the LMTD function is replaced by a
decreasing polynomial function (see equations ¢5)9)). It should therefore be set to a lower
value than the nominal pinch points of the moddiedt exchangers in order to ensure the
validity of the LMTD method in usual operating catimhs. As foré&, it should however not be
too small to avoid slow and non-robust simulatibig(4 and 5).

Fig. is a comparison of the RLMTD when varying tha@rameters and ¢, for the range of

temperature gradiemT, € (—1,3) and holdingAT; at the constant value of 2 K. The original
LMTD method has also been plotted.
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Fig. 3. Plot of three different LMTD robust funetiand original LMTD function

Fig. 4 to Fig. 6 present three 3-D surface of théVIRD function, with different values for the
parameters. LMTD original function has also beenttpt in Fig. 7.
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3. Model validation

The developed lumped model is compared to the etigzed counter-current heat exchanger from
the ThermoCycle library. The main goal is to vetifyat the lumped heat exchanger model presents
a dynamic behavior similar to that of the discredizone. The comparison is carried out by
analyzing the models when subjected to the samsiénat condition:

= Temperature step (hot fluid)

= Mass-flow rate step (cold fluid)

The robustness and computational efficiency of motidels, which are the main focus of this work,
will be also evaluated and compared.

As above mentioned, in the simplified heat exchanipe thermal masses of the fluid are lumped
into the thermal mass of the wall, as shown in &dbl
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Table 1. Heat exchanger parameters for the conspari

Discretized heat exchanger

Simplified heat excbang

Hot fluid Therminol 66 Therminol 66
Cold fluid Water Water

Heat exchange area 15 m? 15 m?
Internal volume, hot side 371 -

Internal volume, cold side 371 -

Heat transfer coefficient, hf 1000 W/m2K 1000 W/mz2K
Heat transfer coefficient, cf 1000 W/m2K 1000 W/m2K
Thermal mass of the wall M,, - ¢, M,, - ¢y + Mps - cppg + Mg * cpcr
Metal mass of the wall 100 kg 100 kg
Number of cells 30 -

Nominal hf inlet conditions 3 kg/s, 125°C 3 kg/ah1C
Nominal cf inlet conditions 1 kg/s, 25°C 1 kg/s°e

3.1. Response to steps

3.1.1. Temperature step on hot fluid

The first simulation consists in applying a stepl80K on the inlet temperature of the hot fluid.
The simulation of this step with the two heat exxex models leads to a good agreement between
the outlet temperature profiles of each side, asvehin Fig. 8. A small discrepancy is only visible
directly after the step: the simplified model does reproduce the small response delay visible with
the discretized heat exchanger. This delay is duiaé temperature front propagation within the
heat exchanger, which is no taken into accounhensimplified model. Results also show that the
dynamics is well reproduced for the cold fluid (iom the other side of the step), but with a shght
higher difference for the outlet temperature ofsltee where the step is applied.

3.1.2. Mass-flow rate step on cold fluid

In this simulation a step is applied on the massvflate of the cold fluid, keeping the inlet
temperatures constant. The results are presentéd.i® and with a good agreement between both
models.
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Fig. 9. Simulation results when applying a
step on the mass-flow rate on the cold fluid
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3.2. Simulation speed

In order to assess the computational efficiencthefmodel, a comparison of the simulation speed
of each model is performed for the two simulatipnssented above: step on inlet temperature of
hot fluid and step on the mass flow rate of theldhlid. The comparison is performed on the basis
of the CPU time for integration with a 1000s sintigia.

Table 2. Simulation time for integration

Heat exchanger Simulation Step Time [s]

Discretized Temperature (hot fluid) 26
Mass flow rate (cold fluid) 21.6

Simplified Temperature (hot fluid) 2.3
Mass flow rate (cold fluid) 2.64

Table 2 shows that a significant increase in coedputal efficiency can be obtained with the
lumped model: it is about 11 times faster thanfihiée volume model for a temperature step and
about 8 times faster for a step on the mass flogv ra

4. Real test case

A dynamic model of a real cycle has been builttfe purpose of evaluating the suitability of the
proposed models for larger system simulations.réteioto provide realistic parameters, the models
have been tested for the modeling of a 2-MW paraltbiough CSP system coupled to a Rankine
cycle power plant. The parameters of the steam ppVeat correspond to those of an extraction-
condensing CHP plant connected to a district hgatetwork of the University campus in Liege
(Belgium).

4.1. Overall system model

After the development of each subcomponent modaynamic model of the overall cycle is built.
The model consists in a steam cycle coupled taabpéc troughs model.

[T}
Yvyy
s o
sola

Feed_pump

Fig.10. Diagram of the cycle used for the simulasio

For the steam cycle, two turbines are connectezkiies to allow modelling turbine bleeding and
regeneration. After them, the fluid flows throudte tcondenser, being its main entrance. Because
the developed cross-condenser in [8] does not densihe condensed steam flow collected at the
bottom of the condenser, a liquid receiver modetnfithe ThermoCycle library is added in series,
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which allows computing the working pressure of to@denser. The main feed pump extracts the
condensed steam and circulates it to the preheeatere it is heated up while receiving heat from a
portion of super-heated steam extracted befordnitie pressure turbine. The feed water from the
preheater is then sent to the deaerator, whichesninto remove non-condensable gases due to the
low working pressure. The water stored in the deaewessel is then pumped to the boiler system
by the feed pump.

The heat transfer fluid coming from the parabalaughs field enters at its maximum temperature
in the superheaters, then flows through the evamoemnd finally through the economizer, before
being returned to the collectors to be heated amag

4.2. Boiler system

The boiler layout is presented in Fig. 11 with thain system subcomponents, i.e. an economizer,
an evaporator, two superheaters, a pump, two peesgsaps and a drum.

Fig.11. Sketch of the boiler system Fig.12. Boiler system subcomponents

All heat exchangers in the boiler are modeled whthlumped model proposed in this work. For the
evaporator (i.e. with a two-phase side), the mbdslbeen slightly modified to allow computing the
LMTD in semi-isothermal conditions [8]. Since theat exchanger model does not take into
account the pressure drop, a separate model idddse series for that purpose, as shown in Fig.
12.

The liquid flow rate exiting the drum is imposed the evaporator pump, whose speed is set in
regard to the outlet vapor quality in the evaparaite vapor outflow of the drum mainly flows to
the superheater section, although a little fracisomsed for the deaerator (represented by anooutfl
connector). The super-heater section is dividetivim super-heaters, with a possibility to perform
de-superheating which is not modeled in this wditkis allows controling the temperature of the
vapor entering the high pressure turbine.

4.3. Example of simulation: Varying the DNI

The main purpose of this simulation is to see thadhic reaction of the system to a variation of
the ambient conditions, and to validate the usduofped heat exchanger models for such a
simulation. The simulation consists in submittihg tycle into transient conditions such as varying
the solar irradiation data. The irradiation, inpfithe solar filed model, has been defined as ja ste
that varies from 1000 W/mto 500 W/mi after steady-state conditions are achieved for al
variables.

Following this step variation, the temperature la¢ utlet of the collectors decreases from
approximately 385°C to 275°C. The output poweretuced from 2,2MW to 1MW. It should be

noted that no control system has been implememetiis simulation, the main focus being the
response of the different components to varyingndary conditions, and the response delays in
different parts of the cycle, such as the supenhgaemperature, the pressure in the boiler, the
electrical power produced by the turbines and thvedensing pressure. In order to compare the
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magnitude of these delays, all variables have lm@emalized (i.e., their values move between 0
and 1), and plotted in Fig. 13.
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Fig. 13. Response to key cycle values to a stépalles have been made non-dimensional,
varying between 1 and O
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Fig. 14. Zoom of Fig. 13

Fig. 14 shows a small delay in the response ofalbbles after the step (t=5000s). The delays are
different depending on the type and the situatibthe considered variable. As shown in Fig. 14,
just after the step (5000 to 5100s), the reactiow tof the different variables are ordered in the
following manner (from the fastest to the slowegt)®) boiler secondary fluid (HTF) inlet
temperature, () super-heating outlet temperaturé® @lectrical power, () boiler drum pressure
and (3") condensing pressure.

However, after a certain simulation time (5500 ¥@@s), this order is modified and become$) (1
condensing pressure,"p boiler drum pressure, '€} electrical power, #) boiler secondary fluid
(HTF) inlet temperature andtT}Ssuper-heating outlet temperature.

This phenomenon can be explained in the followimy:wust after the step (t=5000s), the response
time of the different variables is explained bypadximity parameter”. The heat transferred to the
oil decreases, so the temperature at the outlé¢hefcollectors (i.e. boiler secondary fluid inlet
temperature) is the first affected variable. Théofaing effects are in the boiler. The super-heatin
outlet temperature is the second affected, becautpends on the inlet temperature of the oil in
the boiler. The boiler's drum pressure, will alsecease, and with it, the boiler mass flow rate.
With a lower super-heating temperature of the fiilodving through the turbines and a lower flow
rate, the electrical power produced becomes smddleally, the fluid exiting the turbines with a
lower flow rate will affect the condensing pressure
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After a certain simulation time, the “proximity” fett becomes irrelevant, and the response time
mainly depends on the “natural” dynamics of theteys The pressure in the condenser, for
example, is largely independent of the rest of aiiele, which explains why it is the fastest to
decrease to its new steady-state value. On theargnthe temperature of the oil, which was
obviously the first effect of varying the solaradiation data, continues changing in a slower pace.
The boiler's pressure and the electrical power ierasely related one to another, i.e. as soon as
the first one decreases (leading to a lower flaw)rdahe second one follows it.

5. Conclusions

The main goal of this work was to design a librafysemi-empirical dynamic models that are
simplified but also physically meaningful, and wlawain characteristics are robustness, ease of
parameterization and computational efficiency.

The selected approach to achieve the above olgscias to simplify the different component
models to get rid of non-essential effects forghgoose of the simulation.

The main characteristic of the library is the LMT@mulation for the heat exchanger models. This
formulation, which is originally only valid for shely-state, has been extended to transient
simulation by dividing the heat transfer problemtwo and adding a lumped thermal mass. The
single-phase heat transfer function RLMTD signifita increases the robustness of the model. The
model does not take into account heterogeneous(flewa slip factor between the vapor and liquid
phases) or mass accumulation within the heat exgran

The proposed models have been validated by conmpawith a reference well-known 1D finite-
volumes model. The response to step variationshefltoundary conditions agree remarkably,
except if the very fast transients after the distmce are considered. Simulation time is decrepase b
a factor close to 10 with the lumped model.

The robustness and the ability of the proposed ihtodee integrated into a larger system have then
been tested using the case of a CSP plant coupkedteam cycle. All heat exchangers of the steam
boilers have been successfully replaced by thegsexgb ones. The overall simulation proved to be
both robust and computationally efficient, whichrevéhe main goals of this work

Future works will focus on the formulation of recor@ndations regarding the use of such models
(i.e. criteria to ensure acceptable accuracy, patarmzation guidelines, limitations...). In addition,
the simulation of the overall system presented Bboeild be compared to experimental data and/or
to a reference previously validated model.

It is finally worthwhile to note that all the modepresented here have been made available in an
open-source format within the ThermoCycle librang &an be freely re-used and adapted.
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Nomenclature

heat transfer conductance, W/K
specific heat capacity, J/kgK
mass, kg

heat power, W

temperature, °C or K

time, s

.—n-_|(o.zﬁﬁ )C>
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X vapor quality, —
Gresk symbols

A differential

€ parameter or RLMTD, —
& penalty factor, —
Subscriptsand super scripts

cf cold fluid

eco economizer

eva evaporator

ex exhaust

hf hot fluid

sf secondary fluid

shl first superheater
sh2  second superheater
su supply

w wall

wi working fluid
Acronyms

CHP Combined Heat and Power

CSP Concentrated Solar Power

DNI  Direct Normal Irradiation

HTF Heat Transfer Fluid

LMTD Log Mean Temperature Difference
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