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ABSTRACT
Heat exchanger networks are important systems in most thermal engineering systems
and are found in applications ranging from power plants and the process industry to
domestic heating. Achieving cost-effective design of heat exchanger networks relies
heavily on mathematical modelling and simulation-based design. Today, stationary
design calculations are carried out for all new designs, but for some special appli-
cations, the transient response of complete networks has been researched. However,
simulating large heat exchanger networks poses challenges due to computational
speed and stiff initial value problems when flow equations are cast in differential
algebraic form. In this paper, a systems approach to heat exchanger and heat ex-
changer network modelling is suggested. The modelling approach aims at reducing
the cost of system model development by producing modular and interchangeable
models. The approach also aims at improving the capability for large and com-
plex network simulation by suggesting an explicit formulation of the network flow
problem.
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1. Introduction

Heat exchanger networks (HENs) are essential components for thermal engineering
systems such as power plants, most process systems, marine machinery systems and
energy harvesting systems. When faced with the challenge of designing complex sys-
tems, a common approach is to use a simulation-based approach based on mathemat-
ical modelling of the total system and its components [1–3]. The heat exchanger is the
main component of HENs, and the heat exchanger and system transient response is
important with regard to both system optimization and control. Papastratos et al. [4]
investigated HEN dynamics as a part of a larger HEN design optimization problem.
The authors concluded that simulation of the heat exchanger dynamics is important
when performing design optimization to ensure that the system copes with dynamic op-
eration conditions such as operation mode changes, start-up and shut-down. Mathisen
et al [5] investigated heat exchanger modelling with the goal of investigating HEN
controllability. The authors argue that wall heat capacity may significantly affect dy-
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namics, especially for gas phase heat exchange, and that pipe residence time is an
important factor affecting the dynamics of HENs.

To achieve cost effective system model development, a library of interchangeable,
reusable component models of appropriate fidelity needs to be available. According
to the evaluation of different modelling approaches by Vangheluwe [6], this is best
achieved by using bond graphs. Bond graph modelling is an unifying approach suit-
able for multi-domain modelling and model interchangeability. In addition, component
connectivity and causality are visualized.

Several suggestions for thermo-fluid bond graph modelling have been put forward.
Thoma [7, 8] introduced a true bond graph using temperature as the effort variable and
entropy flow as the flow variable for representing energy flow. Brown [9] introduced a
bond graph with two effort variables and one flow variable. Stagnation enthalpy and
pressure were chosen as effort variables and mass flow as the flow variable to represent
the flow of energy and mass. Karnopp [10] introduced thermo-fluid pseudo bonds for
modelling thermo-fluid systems. Here, the energy flow is represented by two bonds,
one hydraulic and one pseudo thermal bond. The pseudo thermal bond has thermal
energy flow as the flow variable and temperature as the effort variable. Several heat
exchanger models using the approach of Thoma have been presented [11–13]. However,
due to the unconventional nature of entropy flow calculation, the authors chose to use
the pseudo bond graph thermo-fluid approach of Karnopp.

The use of pseudo thermo-fluid bonds to model heat exchangers is presented in
several publications. Bentaleb et al. [14] presented a lumped bond graph model for
a plate heat exchanger (PHE) using thermo-fluid pseudo bonds. The heat exchanger
consists of a multiport C-fields with R-fields connecting upstream and downstream
fluid lumps. The C-fields calculate pressure and temperature based on the accumulated
mass and energy. Hot and cold sides are connected through an R-element determin-
ing the heat flow. A heat exchanger model is configured by connecting several heat
exchanger elements in series. The challenge with this approach when using liquids as
the working medium is that the system becomes very stiff due to the incompressible
nature of liquids. This approach is therefore not well suited for system simulations in
which simulation times of minutes to hours are of interest.

Borutzky [15] presented a lumped pseudo bond graph of a simple counter flow heat
exchanger. His model consists of one thermal lump for the hot side and one for the
cold side. The hydraulic flow and thermal flow are partly split. Hydraulic flow and
thermal flow are connected with a flow signal from the hydraulic side, which is used to
calculate the heat transfer due to advection. Heat transfer between the hot and cold
side is determined based on the logarithmic mean temperature. In addition, a valve
is used to control one of the hydraulic flows. Representing hot and cold side by single
lumps and using the logarithmic mean temperature difference lacks the capability of
capturing the effect of internal flow patterns on the heat exchanger transient response.
Real heat exchangers normally have complex flow patterns that require additional
lumps to capture a more detailed thermal transient response. In addition, using the
logarithmic mean temperature difference requires additional logic for simulation of
start-up and shut-down or other scenarios where the hot and cold side temperatures
are equal. A single control valve in the flow to a heat exchanger is not a common
way of controlling the outlet temperature. Using a heat exchanger bypass and a three
way valve is the standard approach, which will be shown to present challenges when
formulating the hydraulic flow problem.

Engja [16] presented a shell and tube heat exchanger (STHE) model with the goal of
capturing the flow patterns of more complex heat exchanger designs. This is achieved
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by dividing each thermal flow into several thermal lumps, with divisions between
sections with counter, parallel or cross flow. Previous time step temperatures were used
without compromising accuracy for the calculation of heat transfer rates, removing
the need for thermal lumps representing the heat exchanger wall. The need for a wall
temperature model is due to heat transfer coefficients being dependent on the wall
temperature, and the wall temperature depends on the heat transfer rate, resulting in
an algebraic loop.

Several computational challenges arise when connecting models of components, such
as heat exchangers and valves, to form a heat exchanger network model. With the as-
sumption that pressure drop is included in the hydraulic part of the heat exchanger
and valve models, component-to-component connection leads to a hydraulic network
flow problem. Steady state flow calculations in hydraulic networks are solved by it-
erative methods [17], where stiff initial value problems make guessing initial values
challenging. Using this formulation of hydraulic flow in simulations leads to differ-
ential algebraic equations (DAE). Such equations may be computationally costly to
solve, especially for large complex systems. In addition, computational problems may
occur for situations in which a valve closes, resulting in infinite flow losses. This paper
will present an approach in which simple model modifications based on introducing
fluid compliance between components will result in explicit formulations of the flow
equations and, as such, support a modular component-based modelling approach.

The novelty of the method proposed is the ability to model HENs in a consistent
manner based on library components, where the final hydraulic flow formulation is cast
in an explicit form. The approach is suitable for simulation-based design of complex
systems.

In Section 2, examples of typical heat exchanger models are presented. Additional
challenges related to modelling HENs are discussed, and the approach for explicit
formulation is presented. Section 3 presents examples of the modelling approach, while
discussions and the conclusion are found in Section 4.

2. Model development

2.1. Heat exchanger modelling

To achieve the goal of efficient and consistent model development, heat exchanger
modelling is based on the bond graph formalism and a control volume representation
of the heat exchanger. The mathematical description of the physical processes is based
on 1D mass and heat transfer modelling. This leads to a lumped model formulation
in which bond graph elements representing physical processes, such as heat transfer
and lumped fluid flows, are the basic building blocks forl modelling different types
of heat exchangers. Hydraulic flow is assumed to be incompressible with a constant
flow rate throughout the heat exchanger. In addition, a physical modelling approach
to mathematical formulation is used to ensure simulation capability of start-up, shut-
down, reverse flow, control systems and changes in flow topology due to changes in
valve positions. The thermal transient response of different types of heat exchangers is
captured by how the bond graph elements are combined to represent a heat exchanger
heat and mass transfer flow pattern.

Four bond graph elements are used to capture the mass and heat transfer process:
thermal lumps C, heat transfer RC elements for convection and conduction, thermal
flux RV̇ elements for heat transfer between thermal lumps by advection, and a hy-
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Figure 1. Generic bond graph model for heat transfer through a material separating hot and cold flows. Solid

bonds represent hydraulic flow, while dashed bonds represent the flow of thermal energy. Flows are assumed
to be incompressible.

draulic pressure drop element R. Figure 1 shows a generic connection of three thermal
lumps representing flow one, the material in the separating wall and flow two. The
dashed bonds represent the heat transfer. Solid bonds represent the hydraulic flow.

With the resulting causalities mass flow is given by the pressure drop

ṁ = f(∆P ) (1)

while heat transfer by advection or convection is a function of the temperature differ-
ence and mass flow

Q̇ = f(∆T, ṁ) (2)

As hydraulic flow is not connected to the thermal energy flow, ṁ is distributed as a
signal to all elements requiring the mass flow as input. Energy accumulated in the
thermal lumps are given by the integral net energy flow in and out of the control
volume.

dQ

dt
=

∫ n∑
i=1

Q̇i (3)

Heat transfer by advection in RV̇ elements between adjacent thermal lumps is deter-
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Figure 2. Temperature profiles between hot and cold liquid through the wall with two liquid control volumes

for a single wall control volume and for three wall control volumes

mined by the mass flow rate and the temperature of the upstream thermal lump.

Q̇V̇ i =
ṁ

2
cp
(
T(i+1) − Ti

)
+
|ṁ|
2
cp
(
T(i+1) + Ti

)
(4)

Heat transfer due to convection and conduction between a thermal lump and a wall
lump is determined by the temperature difference, the convection heat transfer coeffi-
cient h, the area of heat transfer A, half the wall lump thickness dw and the thermal
conductivity of the wall material kw,

Q̇Ci =
Ti − Twi

1/hA+ dw/kwA
(5)

For Biot numbers below 0.1 the error of using a single wall lump is small [18]. However
additional lumps or other models such as finite difference may be used for cases where
Biot number is above 0.1 and transient wall heat transfer have a significant effect
on the transient response of the heat exchanger performance. Time dependent heat
transfer through the wall is captured by the change in wall lump temperature when
wall boundary temperatures change. Temperature profiles through the wall for one
and three wall lumps are given in Figure 2 where Tw is the temperature calculated in
the wall lumps.

Empirical correlations for the heat transfer and the pressure drop for different types
of heat exchangers are available in the literature, e.g., [19]. Using appropriate correla-
tions is a modelling decision where limitations on flow regimes, temperature differences
and geometry should be considered. Guidance to selection of appropriate correlations
would be beneficial if implemented in a modelling tool, however such a feature is not
considered in this study. The modelling structure suggested does not lock the modeller
into specific empirical relationships or specific modelling assumptions. Limitations that
are imposed are those that comes from using a lumped modelling approach.

The presented basic bond graph element building blocks can be combined to repre-
sent the various flow patterns found in different types of heat exchangers. Identifying
appropriate control volumes is an important task when modelling heat exchangers
and requires some experience. Selecting control volumes for which there are relatively
small variations in temperature and flow velocity within the control volume allows for
calculation of heat transfer coefficients with small errors for the control volume. This
is achieved by selecting control volumes with either parallel, counter or cross flow.
For large sections of parallel, counter or cross flow, several control volumes may be
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Figure 3. Heat exchanger schematics for (a) a shell and tube heat exchanger with baffles, (b) a U-arranged

plate heat exchanger

required to capture the transient response.
Models for a typical STHE and a PHE are presented as examples. Schematic dia-

grams for the example heat exchangers are given in Figure 3.

2.1.1. Shell and tube heat exchanger

A typical STHE consists of an outer shell with internal baffles directing fluid flowing
in the shell across and partially along a bank of tubes. Different standard designs are
designated according to the Tubular Exchanger Manufacturers Association (TEMA)
classification. The STHE considered here is a two pass tube, baffled single pass shell
heat exchanger. Due to the baffles and the two pass tube flow arrangement, the flow
in the shell alternates between flowing through the turn and return tube banks. A
reasonable approach is to divide the shell side into control volumes between two baffles
and to apply a division in the longitudinal direction between the turn and return banks
of the tubes. The same division is also done for the tube side with the addition of a
control volume at the rear end.

A bond graph example of a heat exchanger with two baffles is given in Figure 4. Only
the thermal bonds are included to increase readability. As the bond graph is somewhat
complicated, all shell thermal lumps have been designated Cs, all pipe thermal lumps
Cp and all wall lumps Cw.

2.1.2. Plate heat exchanger

PHEs consists of four ports representing inlets and outlets for hot and cold liquid
streams. The ports distribute and collect the streams to and from small channels be-
tween the plates, with hot and cold streams flowing in alternate channels. The PHE
may be divided into n×m sections, where each section contains three thermal lumps,
hot and cold streams and the heat exchanger wall. n is the number of horizontal divi-
sions, and m is the number of vertical divisions. The number of horizontal and vertical
divisions needed depends on the accuracy requirements for transient prediction. De-
pending on the selected number of divisions, several plates and channels are combined
together in a single lump. In addition, thermal lumps for the ports have to be included.
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A PHE model with 2× 2 sections is presented in Figure 5. Only the thermal bonds
are included to increase readability.

2.2. Heat exchanger network modelling

With the suggested modelling approach, the thermal transient response within a heat
exchanger is captured by spacial discretization of the heat exchanger with thermal
lumps. The transient response due to changes in the HEN flow and flow distribution
is, however, determined by the network of connected hydraulic R-elements. Each R-
element represents a component with a pressure drop such as a heat exchanger or a
flow passage. This direct component-to-component connection with only R-elements
leads to DAEs. This problem resembles the flow calculation problem known from the
calculations of hydraulic networks. In hydraulic network flow problems, mass conser-
vation in junctions is established based on a law equivalent to Kirchhoff’s current law,
while mass or volume flows are calculated between junctions based on non-linear pres-
sure drop equations. This system of non-linear equations has to be solved using an
iterative method [20]. The convergence rate depends on the system topology, iteration
method and selection of initial values [21, 22]. The initial values are often required to
be very close to the solution for the iteration method to guarantee the correct solution.
Simulation of large systems of DAEs often results in a slow computational speed due
to the large system of algebraic equations that needs to be solved iteratively at each
time step.

This study proposes the introduction of bulk modulus compliance C-elements at 0-
junctions and between series-connected hydraulic pressure drop R-elements. The bulk
modulus C-element has accumulated mass as the state and calculates the pressure
based on the bulk modulus of the liquid.

C =
V

β
(6)

where V is the volume and β is the bulk modulus. With this approach, pressure is
calculated at every node and between series-connected R-elements, resulting in flow
out causality for all R-elements and explicit formulation of the hydraulic flow problem.
The goal of the proposed approach is to increase the simulation speed and allow for
flexible system model assembly and increased flexibility in selecting the initial values.
It should be noted that the R-element flow out causality will require an iterative
solution of the pressure drop equation.

This approach resembles the approach of [23], in which the authors suggested using
simulation instead of iteration to solve stationary hydraulic network flow problems.
Their approach was to include the bulk modulus of the pipes to determine the pressure
at nodes, combined with a relation giving the flow rate as a function of the pressure
drop in pipes. Simulations were run until a steady state was achieved. A key difference
between the use of the bulk modulus to calculate the pressure at nodes for heat
exchanger networks and the typical applications of hydraulic network flow is the size
and length of pipes. Typical applications of hydraulic network flow involve city water
distribution systems with large pipe diameters and long pipe lengths. HENs typically
have much shorter pipes and smaller diameters, which have an significant effect on the
time constants τ in the system. The time constant is determined by the bulk modulus,
pressure drop and volume.
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Figure 5. Bond graph representation of a U-arranged plate heat exchanger
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τ =
β

RV
(7)

where R is the pressure drop as a function of flow rate [ kPa
m3/s ] and V is the geometric

volume. The time constant of the bulk modulus of liquids is generally very small, which
poses a computation speed challenge. One method to reduce the system stiffness is
to reduce the bulk modulus value to levels that give both a high simulation speed
and negligible errors in the simulation results. However, care must be taken, and the
simulation result validity must be checked. The effect of changing the value of the bulk
modulus on the simulation results and the simulation speed will be explored in the
next section.

The introduction of bulk modulus C-elements also solves a potential mathematical
problem when using three way valves in hydraulic network flow problems. A typical
valve pressure drop equation is a function of the valve area A, mass flow rate ṁ and
discharge coefficient Cd.

∆P =
ṁ2

2C2
dA

2
(8)

Flow area A and Cd are functions of the three way valve rotor position. In this form,
the equation has effort out causality. For cases where flow out causality is required,
the inverse flow out relationship is used.

ṁ =
√

2∆PC2
dA

2 (9)

However, division by zero will occur if the valve closes completely (A = 0) for effort out
causality. When using bulk modulus C-elements, the effort out causality is avoided,
allowing the valve to close completely for both bypasses and heat exchanger loops.

In addition, the bulk modulus C-element can be expanded to a pipe model capturing
temperature transport delay by using additional thermal lumps. Transport behaviour
is dependent on the number of thermal lumps. Figure 6 presents a pipe model with a
C-element for the bulk modulus and three thermal lumps for thermal energy transport.
As the amount of liquid in the pipe is determined by the geometric volume of the pipe
and the bulk modulus calculation, the second thermal control volume is used to correct
for the change in fluid mass in the pipe caused by the change in pressure. The masses
of thermal control volumes one and three are constant. The pipe model may easily
be expanded to include the heat capacity of the pipe walls and the thermal energy
exchange with the surroundings.

An example of the use of the bulk modulus C-element is presented for a heat
exchanger bypass used for temperature control. The temperature is controlled by a
three way valve controlling the flow through two heat exchangers in parallel. Possible
causality assignment is presented in Figure 7, where elements MR1 and MR2 represent
the three way valve and R1 and R2 represent the heat exchangers.

When adding bulk modulus C-elements, as shown in Figure 8, all pressure drop
R-elements have flow out causality, resolving the algebraic loop.
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3. Simulation and results

In this section two modelling and simulation cases and a comparison with steady state
measurement data are presented. The first case compares two STHE with different
layouts evaluating the effect on transient response. The second case looks at HEN
modelling and simulation where the use of bulk modulus compliance C-elements is
investigated and evaluated.

Some common assumptions are made for the models developed in this section. Based
on the use of incompressible fluid and a limited temperature range: thermal conductiv-
ity and diffusivity, specific heat capacity and fluid density are assumed constant and
independent of fluid temperature. Viscosity is temperature dependent and is calcu-
lated based on exponential curve fitting. Heat transfer correlations are only included
for turbulent flow and does not take into account developing flow. If the effect of de-
veloping flow are to be considered, this have to be implemented as corrections to the
heat transfer coefficients in the affected thermal lump. It is also assumed that heat
transfer is dominated by the convection at the wall surfaces and that the temperature
difference over the wall is small, resulting in an neglible error from using a single wall
thermal lump.

For STHE models used in this section, the authors has chosen to use Gnielinski’s cor-
relation [24] for tube side Nusselt-number and the correlation suggested by McAdams
for shell side heat transfer coefficient [25]. Laminar flow is not considered. For the shell
side pressure drop the Kern method [26] is used while the Blasius equation is used for
the tube side. For PHEs Wang and Sunden Nusselts number correleations and Fanning
friction factor have been implemented [27].

Although no thorough model verification process has been undertaken at this time,
a comparison with an available data set has been carried out. The data set is for a
STHE lubrication oil cooler at a single steady state operation point. Heat exchanger
data is available in Table 1 Results from simulation with the suggested modelling
approach are found in Table 2. The comparison is found to show small differences
between the measurement and simulation data.
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Table 1. Data set for measured STHE used for comparison of steady state model prediction

Parameter Value
Shell diameter 382[mm]
Tube outer diameter 12.7 [mm]
Tube inner diameter 10.7 [mm]
Center tube to tube distance 16.5 [mm]
Pitch Rectangular
Tube length 1500 [mm]
Number of baffles 7
Number of tube passes 2
Tubes per pass 206
Tube liquid Sea water
Shell liquid lubrication oil
Lubrication oil inlet temperature 60.2 [C◦]
Sea water inlet temperature 6.2 [C◦]
Lubrication oil outlet temperature 47.5 [C◦]
Sea water outlet temperature 11.0 [C◦]
Lubrication oil flow rate 12.2 [kg/s]
Sea water flow rate 14.8 [kg/s]

Table 2. Comparison between simulation and measured data

Lubrication oil outlet Sea water outlet
Measured values 11.0 [C◦] 47.5 [C◦]
Simulation results 11.4 [C◦] 47.5 [C◦]

3.1. Shell and tube heat exchanger layout comparison

A case where two STHE with different flow arrangements is compared has been selected
with the aim of demonstrating the ability of the modelling approach to capture effect of
design geometry on transient response. The first design is a four pass, three baffle heat
exchanger, while the second design is a two pass, six baffle heat exchanger. The two
designs have approximately equal total heat transfer with equal flow rates. Features
that are different for the two designs are given in Table 3. Other design features are
not changed.

Table 3. Design features difference between the four pass three baffle and two pass six baffle STHE design

Design feature 2 pass - 6 baffles 4 pass - 3 baffles
Number of tubes 313 626
Shell diameter 0.353 [m] 0.50 [m]
Tube length 1.2 [m] 0.6 [m]

The simulation case selected is heat exchanger startup where all temperatures are
equal throughout the heat exchanger at the initial time. At time 0 flow and temper-
ature stepped to operation conditions. Figure 9 shows the transient response for the
first and last thermal lumps of shell and tube flow for the two designs. The model
predicts different transient response for the two designs before reaching approximately
the same steady state temperature, however at different times.
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3.2. Heat exchanger network modelling

An example of the suggested HEN system modelling approach has been implemented
and simulated. The goal of the simulation example is to compare the effect of different
values of the bulk modulus on temperature and mass flow results and the simulation
speed. The example is based on the bypass arrangement in Figure 8 with two parallel
PHEs.

The bypass valve is controlled by a PI controller with a set point of 309 K. Both the
cold and warm side inlet temperatures vary harmonically with different frequencies
to ensure that the bypass valve closes both the bypass loop and the heat exchanger
loop. The simulation scenario starts at 0 seconds and ends at 60 seconds. Temperature
and mass flow results are plotted in Figure 10. The differences between using a bulk
modulus of 2.2e9 and the modified bulk modulus values are plotted in Figure 11, while
the simulation speed results are given in Table 4.

Table 4. Comparison of simulation speeds for a 60 second scenario with different values of the bulk modulus.

Simulation time in seconds on a standard laptop computer

Bulk modulus [Pa] Simulation speed (times faster) Simulation time [s]

2.2e9 1 108.1
2.2e8 20 5.5
2.2e7 35 3.1
2.2e6 120 0.9
2.2e5 272 0.4

Relatively no effect on mass flow and temperature is found before a bulk modulus of
2.2e5 is simulated. However, significant simulation time gains are achieved with every
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reduction of the bulk modulus. Robust results and significantly increased simulation
speeds are found for bulk modulus values in the range of 1 · 106 − 1 · 107, which are
recommended as a best practice.

4. Discussion and Conclusion

The modelling approach suggested allows for easy assembly of complex HEN mod-
els for which all required sub-model modules are available in a common modelling
framework. Different types of heat exchangers have been developed. The modelling
framework fits the requirement for interchangeable and reusable models of appropri-
ate fidelity for system simulation by ensuring compatible interfaces. The use of bond
graphs allows for connection to additional models of components common to thermal
power systems. This allows for the investigation of coupled effects in complex engi-
neering systems. The use of bond graphs also highlights numerical issues with model
assembly such as algebraic loops and requirements for internal iterations. The use of
bulk modulus control volumes to resolve these algebraic loops is put forward as a
method to resolve these algebraic loops. However, introducing bulk modulus control
volumes is not without challenges, as they may introduce very small time constants.
To mitigate this problem, the time constants have to be modified by reducing the value
of the bulk modulus. The use of bulk modulus values in the range of 1 · 106 − 1 · 107

was found to produce significant improvement of the simulation speed without any
significant negative effect on the heat exchanger performance predictions. This again
allows for assembly of larger more complex networks without exponential growth in
computational power requirements.
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