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SUMMARY

An investigation of dynamic modeling and control of srsakile absorption heat pumps is
presented. Previous studies on sraajpacity absorption systems demonstrated that these systems
often operate under varying conditions of cooling demand and ambient temperatures. Therefore, it
is important to develop control methodologies to maintain the desired performance metrics. The
first step in this study involved a comprehensive review ofitemture to identify the existing
transient modeling and control methodologies for heat pump systems. The review included both
vapor compression and absorption systems. Most of the reported studies focused on vapor
compression technology as it is veridespread. Advanced control and simulation tools for vapor
compression systems were identified. The research on absorption system controls was identified to
be sparse and lacking the level of detail and technological development in comparison to the vapor
compression systems. The literature review identified thrust areas for research on the control of
absorption systems and avenues for cm&s applicability of techniques used for vapor
compression systems. A detailed roadmap for advancing theo$thigart of controls for

absorption systems was developed.

Previous studies that involved dynamic modeling of ammuosair systems utilized
iterative procedures to calculate the thermodynamic properties of the fluid mixture at various
operating points of thsystem. Transient simulations that are used to study long duration of system
response can involve millions of such property calculations. Iterative property libraries contribute
significantly to the computational overhead in such simulations in adtiitiie norlinear system
of conservation equations. Therefore, a rapid property computation method using artificial neural
network (ANN) was developed. Large sets of thermodynamic property data were utilized to
develop explicit functions for calculatinggtmodynamic properties. The new method provided up

to 60% reduction in the computational time compared to the iterative methods.

XX



Transient modeling methods for different components of an ammaaier absorption
system were developed to evaluate the tionestants of different processes. It was identified in the
literature review that several modeling approaches exist for vapor compression systems with a
relatively fewer number of studies on absorption systems. In this study, the dynamic modeling
approactwas revisited to address two key aspects. First, to reduce the complexity of these models
while maintaining accuracy to capture the effects essential for a control system, and &econd,
improve the computational efficiency. The first aspect is addreksedgh the development of
detailed, discretized models of different components. These segmented models provide high
resolution of property variation along the fluid flow path inside the component. The models
included effects of both mass and energy stonagjee the fluid volume and the heat exchanger
wall material. To simplify the segmented models, it was assumed that the microscale geometries
utilized in the smaikcale systems led to negligible changes in the stored mass inside the fluid
channel. The mlts from this simplified model demonstrated good agreement with the detailed

model and validated the assumption.

Reducedbrder modeling methods were developed to assist in the design of control
algorithms and improve the computational efficiency. A mgboundary method that lumped the
fluid properties in each flow region of the tywhase flowwas developed. This significantly
reduced the computational expense (~60 times) while maintaining accuracy in the predicted
properties at the outlet of the heatleanger. The model compared well with the detailed segmented
model. A similar reducedrder model was developed for the desorber component that utilized
concepts from diabatic distillation columns. The desorber model agreed well with experimental

data angrovided accurate prediction of vapor generation rates and composition of outlet streams.

The second aspect of the transient modeling research involved identification of efficient
solvers for the resulting system of differential algebraic equations (DAigse equations can be

stiff or nonstiff depending on the component that is modeled. Commonly used explicit solvers are
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inefficient in solving such systems of equations. The present study identified and evaluated

advanced implicit solvers that providailske, fast and accurate solutions for such models.

Previous research identified the desorber heat source temperature and flow rate as
important process variables for the control of the system. In this study, both thesttgadyodels
and transient mode were used to identify additional control degrees of freedom such as the
expansion valve positions and the solution circulation rate. A system dynamic model was used to
develop feedback control algorithms. The algorithms modulated the refrigerant expeaasie
position to optimize the heat transfer performance of the evaporator. A second control loop
modulated the desorption temperature to continuously vary the capacity of the systerpatipart
operation and at varying ambient temperatures. The dalgorithms demonstrated improved
performance of the system with good reference tracking. The COP of the system was predicted to
improve by ~8%due to a 8C decrease in the ambient temperature in comparison to a system
operating without active controlshie study demonstrated the potential for energy savings and

performance improvement using feedback controls.

Finally, a breadboard facility (2.6 kW design cooling capacity at a COP of ~0.6) was
fabricated to evaluate the performance of different conlgorithms andvalidate the modeldhe
breadboard absorption chiller utilized an electrically heated mineral oil loop as the heat source for
the desorber allowing simulation of different types of heat sources. The condenser and absorber
were hydronically oupled and allowed flexibility in investigating the effects of varying ambient
temperatures. Finally, an electrically heated water loop served as the heat source for the evaporator
and enabled simulation of different cooling demands. The system incluslgtbelc expansion
valves and variable speed pumps for the flow of ammaaier mixture and the desorber heat
source. These actuators allowed the utilization of all control degrees of freedom. A programmable

controller was used to implement the contrgioaithms and continuous data acquisition.
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Detailed experiments were conducted to quantify the effects of perturbations in different
input variables such as the concentrated solution flow rate, heat source conditions and ambient
temperatures. The experinterdemonstrated the relative magnitude of the effect of these input
variables on the performance of the system and allowed for synthesis of parameters for different
control loops. Using this information, a multivariable feedback algorithm is developed and
implemented. The capacity control loop utilizes the feedback of the supplied coolant temperature
and manipulates the solution circulation rate, and the desorber heat source conditions to achieve
the desired temperature of the supplied coolant. Two sepgmdtegmance control loops are also
implemented to monitor and regulate the performance of the desorber and evaporator. These control
loops provide continuous turndown of the system capacity to as low as 50% of the design capacity
while maintaining the CORt neardesign values. The response to step changes in demand and
ambient conditions is fast, stable and repeatable. The control algorithms developed in this study

utilize few temperature measurements in the system, and therefore, are inexpensivartenimple
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CHAPTER 1. INTRODUCTION

Energy consumption foheating, ventilation and air conditioningdYAC) and
thermal comfort in buildings amounts to ~10% of total electricity consumption in the
world, and ~20% of electricity use in buildings. With increasing demdodsair-
conditioning systems, in part due to rising-papitaincome, and therefore improving
standard of living in hotter regions of the world, coupled with rapid manufacturing of
HVAC systems, the electrical energy required for HVAC is projected to tharetriple
by 2050 (IEA, 2018. US residential electricity usage is ~30% of the total electricity
generation in the countr{ElA, 2016. Of this electricity usage, ~36% is used for HVYAC
and water heating applicatiofBIA, 2014). A significant amount of energy (~60%) is
rejected as heat or wasted in conversion losses. This rejected heat presents a significant
avenue for waste heat recovery applications. Absorption heat guropde an alternative
to the convectional electrically driven vapor compression systems (VCS). Vapor
absorption systems (VAS) can utilize a variety of heat sourotsasiwaste heat streams,
solarthermal energy, and geothermal energy, in addition toibg fossil fuels to provide
cooling and heating. These systems can significantly reduce the dependence on electricity,
and consequently on fossil fuels. Moreover, the working fluids for these systems can be
selected to have zero global warming potentiahking them environmentally benign
compared to the conventional VCS using synthetic refrigei@utkhirin et al, 2001J).

Despite these advantages, large scalenverialization of VAS has not occurred, and their

use has been limited to large industrial applications or district heating and cooling plants.



VAS have been studied for over a century. Various cycle configurations ¢single
double, and triple effect andgeneratofabsorber heat exchange (GAX)) for these systems
have been investigated. More complex cycles provide enhancement in system efficiency
or coefficient of performance (COP) but are difficult to implement and operate in practice.
The simplest configation for these systems is a singlect cycle(Heroldet al, 2018§.

It consists of a higltemperature heat source to supply the heat of desorption, a medium
temperature sink for rejection of heat of absorption and condensation, and- a low
temperature source for the heatwhporation for the refrigerant. The working fluid in the
system is a binary mixture of absorbent and refrigerant. The seffgiet cycle is a two
pressure system. The liquid mixture is pumped to the-tagiperature and pressure
desorber where the movelatile refrigerant is separated by application of heat. Refrigerant
vapor is condensed in the condenser and the heat of condensation is released. Liquid
refrigerant at higkpressure is throttled through an expansion device and provides cooling
in the evaorator. The dilute solution from the desorber expands to thetessure side

of the system and absorbs the refrigerant vapor in the absorber where the heat of absorption
is released. The cycle is completed as the solution mixture is regenerated glehefiaot

cycle efficiency is improved by adding recuperative heat exchangers on the solution and
the refrigerant stream for internal heat recoveigurel.1 shows schematics of VCS and

VAS.

Advances in microscale heat and saxchangers were exploited for VAS by
Determan and Garimella (2012einath (2015)and Garimella et al. (2016¥or the
development of a microscale cooling system, a residestaé heat pump water heater,

and a residential chiller, respectively. Residentiald smdtscale mobile HVAC systems
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Figure 1.1: Schematics of vapor compression and singkffect absorption cycle

often operate under varying operating conditions of cooling/heating load and ambient
temperature. Especially in wadteatdriven systems, the waste heat rate and temperature
can vary over wide ranges. These applications needlladesigned control system to

optimize system performance over the range of operating conditions.

1.1 Transient Analysis and Control of Absorption Systems

The characterization of the transient behavior of heat pumps is important to
understand the time respse of the system due to variations in the manipulated variables
and the associated control actions. Moreover, transient models can be implemented in real
time controllers to predict the system response a priori and provide appropriate control
decisionsFor the development and analysis of control algorithms, a transient model needs
to capture the key system variables yet be computationally inexpensive for implementing

control algorithms of varying complexity. The underlying requirement for any control



sydem is the ease of implementation in the real system. For most applicationsyraléow
controller is preferred for implementation using a digital comptederson, 1998 This

can be achieved either by using a reduced order system (plant) model or simplifying a
higher order controller obtained from a detailed system model. Both approaches necessitate
reliable prediction of transient sgem performance and time evolution of controlled

variables in response to control actions.

There are several approaches for modeling transient behavior of tferino
systems. The available methods span from simplified lumped parameter type models to
very detailed discretized models. Comprehensive reviews of system modeling approaches
can be found in the papers Bgndapudi and Braun (20Q&Basmussen (201,2andAfram
and JanabBharifi (2014a) The main challenge in transient simulation of heat pump
systems is the modeling of differeheat and mass exchange components igysiEm.

The heat exchangers used in these systems typically operate with multiple fluid phases.
Moreover, the components in a VAS, such as the desorber and rectifier, can contain
multiple inlets and/or outlets. HE resulting system of equations from conservation
principles is coupled and ndimear, and is a combination of differential and algebraic
equations. Advanced numerical solvers are typically used for these systems of equations.
Finally, the zeotropic mixtres used as the workkilgiid in VAS introduce the additional
complexity of computing complex thermodynamic properties at eachsiateand time

step. These challenges must be addressed to develop an accurate and computationally

efficient transient moel to predict the response of VAS.

Current modeling techniques for VAS are limited to simplified lumped parameter

models or datdbased models. The accuracy of these models and their ability to be applied



for a general class of absorption systems is vienigdd. There is a need for developing
accurate and computationally efficient transient models for absorption heat pumps.
Computational efficiency can be increased by developing reeuded models that can
characterize the key parameters of the systanh as thermal capacitances and fluid flow
regimes, to guide the control algorithms. Information obtained from these models is crucial

in identifying the design of a systewide control scheme to optimize the performance.

Research on the control &fAS is limited and seemingly unorganized in the
literature.The control system forms a critical component if the technology has to progress
as a viable alternative to the existing heat pump technologies for residential and mobile
applications.Some of the earliestudies on the control of absorption heat pumps
investigated on/off operation, opéwop controls, and thermodynamic optimization of the
models to achieve better performance. On/off control based on variations in the duty cycle
applies, with certain limétions, to VCS because the compressor dynamics are much faster
than those of heat exchangers. However, for thermally driven systems, turning the heat
source on/off leads to the loss of the pressure differential in the system between these
switching cycleslt takes significanthyamount oftime to resorethe system performance
due to the thermal inertia of various compongatyd therefore this approadeads to

energy losses.

The control systems for absorption systems are still very simplified and rbgsan
on/off type control andsingleinput singleoutput SISO feedback loops. Some
researchers have investigated thermodynamic optimizaiead system identification,
but the resulting control methodologies are not generalizBhble to the strongly agpled

dynamics between different components of VAS, #gvglent that absorption heat pump



controlsrequire more sophisticated logiddvanced control algorithms can potentially
improve system performance over a wider range of operating conditions a&nd ¢xé
envelope of system operation. The energy savings through active control, especially during
partload and offdesign operation, can add to the value proposition of these systems.
Finally, a weltdesigned control system can accelerate the commeatiah of absorption

heat pumps leading to efficient utilization of otherwise neglected sources of thermal energy

and wastéheat streams.

1.2 Research Scope and Objectives

The objective of this study is to develop modeling tools for predicting the transient
performance of VAS and devise control algorithms for siwaglacity absorption heat
pump systems. The desired characteristics of the transient system model and the control

system are:

1 Rapid computations and accurate prediction of component and overalnsyst
performance.

1 Generalized transient modeling that accounts for relevant capacitance terms that
characterize the mass and energy transport delay in different components.

1 Reducedordermodekto assist in the design and analysis of control algorithms.

1 Contol algorithms designed using the information obtained from transient
model simulations

1 Stable and fast controf desired system parametézading toextersion ofthe

operating envelope of the system
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Figure 1.2: Research objecties and approach

Figurel.2 shows a schematic of the approach used in this study.

1 Previously developed cycle and component heat transfer models are used to
identify the physical and heat transfer parameters of different components of a
smallscale ammoniavater VAS.

1 Computation ofthermodynamic properties is identified as a significant
bottleneck in the overall computational expense. Available property libraries for
ammoniawater mixtures utilize iterative solvers that can require significant
computational time during transient sifations. Rapid thermodynamic property
routines are developed using artificial neural networks (ANN) that provide a

significant computational speegb.



1 A comprehensive evaluation of various generalized modeling approaches is
performed to identify computanal bottlenecks. Single inlet/outlet heat
exchangers such as the condenser, evaporator and absorber are modeled using
detailed discretized methods to obtain performance results and property
variations at high resolution. Simultaneously, a redwarelér noving-boundary
approach is developed for these components and its performance is compared
with the predictions of detailed models.

1 A detailed model for the desorber component is developed to account for the
specific flow configuration of liquid/apor couterflow. The resulting model is
solved using advanced numerical solvers designed specifically for the stiff
system of differentiahlgebraic equations (DAES).

1 A transient system model is utilized to evaluate feedback control algorithms and
their performane is assessed using simulations of real operating scenarios. The
simulations also assist in the identification of controller gains that are ultimately
used in the experimental evaluation.

1 A test facility is fabricated to implement the proposed contrarélgns on a
complete ammonisvater absorption chiller. The breadboard system is
optimized at the baseline to achieve the desired performance. The control
hardware and actuators are programmed using a flexible user interface that
allows evaluation of mulple control algorithms in a repeatable manner. The
control algorithms are evaluated to study the system response to the two most
common operating scenarios: pkrad operation and varying ambient

conditions.



1 Finally, analyses of model reduction techniqgaed comparison of the transient

performance of individual component and subsystem models are presented.

1.3 Organization of Thesis

The rest of the thesis is organized as follows:

1 Chapter 2 presents a detailed survey of the literature to identify the current
practices and deficiencies in the areas of dynamic modeling and control of VAS.

1 Chapter 3 presents the development of an artificial neural network based
thermodynamic property library for ammomnater mixtures. The proposed
method drastically reduces th®mputational time for the calculation of
thermodynamic properties.

1 Chapter 4 describes the methods and results from component level transient
models for different components of an ammenater VAS. The governing
equations, modeling assumptions and oftersstic features of various
components are presented along with simulation test cases. Multiple modeling
approaches such as the spatially discretized finite volume method and the
lumped parameter moviFgoundary method are discussed, and their
performane is compared.

1 Chapter 5 presents the control algorithms developed using the system transient
model and their performance is demonstrated using realistic operating scenarios
simulated using the model.

1 Chapter 6 describes the details of a breadboard almsogooling system and

the implementation of various control algorithms in the experiments. Advanced



feedback control algorithms are implemented, and their performance is
characterized through test cases involving load variation and changes in ambient
corditions.

Chapter 7 describes the details of the model reduction process. Experimental
data are also used to validate the performance of the transient models developed
for the different components of the system.

Chapter 8 summarizes the important conclusimom this research. Lastly,

recommendations for future research are discussed
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CHAPTER 2. REVIEW OF DYNAMICS AND CONTROL OF

HEAT PUMPS

This chapter presents a review of the literature on transient modeling and control of
heat pump systems. Various methods fodelmg heat pump components and overall
systems with their applications in VCS and VAS are discussed. A detailed review of current
practices in the control of VCS and VAS is presented. The review identifiesawerss
applicability of control techniquesdm VCS to VAS. Lastly, the scope and objectives of

the present study are identified.

2.1 Dynamic Modeling of Heat Pumps

Transient simulation of heat exchangers and complete heat pump systems has been
an active area of research filve past50 years.It is important to understand the time
response of the system performance as the operating conditions and control inputs change.
It is also a very powerful tool for the design and analysis of controllers for these systems
that can lead to improved efficiencieshéBe models can be incorporated in -teaé
controllers to predict the system performance in response to predicted changes in operating
conditions and input parameters. However, the hardware implementation requires the
transient model to be computatiolyathexpensive, while maintaining reasonable accuracy

to predict key phenomena.

Comprehensive revieswof system modeling approaches can be fourieindapudi

and Braun (2002)Rasmussen (2012andAfram and Janabbharifi (2014a) The main
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challenge inthetransient simulation of heatimp systems is the modeling of different heat
andmass exchange components in the system. The heat exchangers used in these systems
typically operate with multiple fluid phases. The Howar system of conservation
equationsis solved using different appaches. Modeling of heat exchangers follows
similar techniques across different types (efectrically or thermallydriven) HVAC

systens There areaveral approaches for modeling these systesnging from simplified

lumped parameter type models to veetailed discretized modelBigure2.1 shows the

different modeling paradigms for heat pump systérs study focusses on physicased

modeling approaches, specifically discussing the mekigndary and discretized

methods. Terefore black and greyi box modeling methods are not presented.
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Black-box Models

Moving Boundary
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Transfer Functions
State-space Models
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Figure 2.1: Classification of dynamic modeling approaches for heat pumps
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2.1.1 Lumped Parameter Models

Lumped parameter models form a class of phylsa&ssed models where the property
variations inside the heat exchanger are averaged over the entire spatial dahsaireat
exchanger. This approach significantly reduces the computational expense and leads to
reducedorder models suitable for modehsed control desigmhar and Soedel (1979)
first presented a lumped parameter model for a vapor compression S¥8&$h They
neglected pressure drop in individual heat exchangers and therefore simplified the model
by neglecting the momentum conservation equation. No experimental validation for the
model was providedChi and Didion (1982performed a lumped parameter simulation of
a VCS and validated the results with experimental data.yT¢wncluded that detailed
modek will be required tocapturethe effects ofcompressibility and twqphase mixture
propertiesSamiet al.(1987)developed a lumped parameter model for heat pump systems
using conservation equations for mass, monmargnd energy. The twphase zone model
accounted fotheslip between the phases as well, and good agreement was observed with
experimental datarao et al. (2013) presented a lumped parameter modelad VCS and
obseved that the model predictions agd with experiments within 10%he governing
differential equatios of conservation principles were converted to a stpce notation

by linearization and averaging of properties.

Lumped parameter modeling for abstop heat pumps has been investigabgd
many researchers in the past, mainly due to its lower computationafpnustg the first
reported works on transient simulation of vapor absorption system (VAS) is the paper by
Anandet al. (1982) They presented a transient model for wiiteium bromide (HO-

LiBr) systems using a simplified transfer function and time delay for individual

13



components. The model was able tedict the startip and spirdown operation of the
chiller; however, detailed analysis of steadgte control was not discuss&aushiket al.
(1985)presente@ dynamic model of an ammoniaater VAS based on lumped parameter
modeling. The model incorporated fluid mass storage in a sump as well as in the heat
exchangers.Butz and Stephan (198resented a dynamic modeling method for
absorptions systems. Mastrage inside most components was neglected. The approach
involved a combination of discretized and lumped parameter models. They noted that the
system of DAEs resulting from the discretized ordinary differential equations (ODE)
required a special solvehowever, few details of the actual solution and modeling
procedure were provideWargaset al.(1998)developed a lumped parameter model for an
NH3-H2O absorption system and designed feedback control loops duwydbe transient
model. Jeong (1999)presented a lumped parameter dynamic model for.@-LiBr
absorption system. All components were modeled as operating with saturated state flui
(pure or mixture). The model was used to evaluate system response as the operating
conditions variedFuet al.(2006) presented results from a modular, objedented model

for absorption systems. Twghase heat and mass exchange components were modeled
using a lumped approach and singlease components were modeled as discretized
systemsKim and Park (2007¥liscussed @aumpedparameter model for a singédfect
NHz-H-O absorption system and investigated typical stprtime constants. The model
accounted for the thermal capacitance of only the desorber (refrigerant generating
component).Kohlenbach and Ziegler (20082008b) discussed a transient modeling
method for a complete J-LiBr system using lumped parameter madahd a thermal

transport delay to account for species and mass storage in various fluid sumps. Component

14



wide mass, species and energy balances were used to model the different components.
Mean temperature values for external and internal sides of ttesrsygere used to model

heat transfer. Experimental validation demonstrated dependence of model outputs on
external source/sink temperatures, and the results differed more as the conditions varied
from the baselineCai et al. (2012)presented a lumped parameter model for an ammonia
water system and aganted for pressure drop in different components. Other researchers
(Bian et al, 2005 Matsushimeaet al, 201Q Monnéet al, 2011 Borg and Kelly, 2012

N6 Ts o ethalp 20E2 Zinetet al, 2012 Evolaet al, 2013 Iranmanesh and Mehrabian,

2013 Marcet al, 2015 also discussed lumped parameter models $@-HBr systems.
Lumped parameter modeling of2BFLIBr systems is an attractive option because the
refrigerant is pure water and therefore, the computational challenges owing to the
thermodynamic propges (temperature glide during phase change and absorbent
volatility) of ammoniawater are not encountered. Howevemsinlumped parameter
models that average the properties for the entire component are unable to predict
experimental observations accuratas key dynamics and physics of twbase heat
exchangers are not modeled adequately. Several models use empirical correction factors to

account for dynamics that are mobdeled

2.1.2 Discretized Models

On the other end of the spectrum of detail are diga@tmodels, using finite volume
(FV) or finite difference (FD) method, which divide the component into multiple control
volumes. The governing equations are discretized using numerical differencing schemes
and a system of simultaneous equations is sdtvsonulate the time response. Apart from

profile assumptions for numerical differencing methods, these models are very detailed and
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can be used to accurately predict and analyze property variation over smaller spatial and
temporal scales. The increasaaturacy is achieved at the cost of a greater computational
cost and more complex higherder models. Several researchers investigated discretized
models for VCSGruhle ad Isermann (198%resented an evaporator model and included
momentum conservation as well. They also discussed a methodology for the control of the
expansion valveMacArthur and Grald (1983%eveloped a detailed discretized model of

an evaporator (neglected momentum equatiaml also validated the results using
experimentsWang and Touber (199i)cluded the momentum equation in their model of

a dry-expansion evaporator and noted the importance of void fraction computations on the
predictions of the overall mod&ami and Comeau (1998¢veloped a model for zeotropic
refrigerant mixtures and included the effects of slip between different pigas. and
Stoyan (1994andJiaet al.(1995)included the momentum conservation equation in their
models and pointed toward the need for iterative DAE solvers for solving tiesénof
equationsMithraratneet al. (2000) presented an FV model of an evaporator (neglected
momentum equation) and its control using a thermosemansion valve. They also
investigated the dynamics and the consequent hunting of the refrigerant expansion valve.
Koury et al. (2001)andKim et al. (2004)presated simulations of full systems modeled
using the FV methodG a r -Vailamlareset al. (2004) simulated a doubipipe heat
exchanger and included momentum conservation and radial discretization in the pipe wall
and insulation. Partial validation with experimental data was also pro\Béedlapudet

al. (2005)presented a discretized FV modébovCS with experimental validation. Their
model did not account for momentum conservation. Detailed model formulation and

methods for numerical solution were discusggdrmes and Melo (200§)resented a
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detailed review of modeling and simulation techniques, and simulated the response of a
household refrigeratorBeghi and Cecchinato (2006¢veloped a discretized FD model
of a fin-coil evaporator using refrigerant R404a and used it to tune the controlt&efor

electronic expansion valve.

Several researchers used detailed discretized models for VAS. However, due to the
presence of additional components and binary woritind mixtures, these models are
more complex than VCS modelShin et al. (2009) presented a model of arn®HLiBr
VAS and used it to develop control algorithms. Other resear¢Warther et al, 2015a
Ochoaet al, 2016 Xu et al, 2016 also used the discretized approach to simulate the
response of bD-LiBr systems.Viswanatharet al (2013)used the FV method to model
and simulate an N#HH20 VAS. Their model accounted for thermal capacitance of the heat
exchanger structure and fluid inventory. The model required considerably long simulation
times as every component was modeleddisaretized manner. For systdavel transient
simulations, detailed discretized models are computationally very expensive. To simplify
the models, the momentum conservation equation is typically neglected as the pressure loss
in the component is a smdhaction of system operating pressurébese models are
seldom used for controller design but focus on understanding the system and component

level dynamics.

2.1.3 Moving-boundary Method

The movingboundary (MB) method belongs to the general category of lumped
parameter models. However, in this approach, the fluid properties are averaged in each

individual fluid phase, and the interface between different phases is tracked. Each fluid
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phase region is modeled as a separate control volume and the governing PDEs for
conservation of mass and energy are integrated over the control volume boundaries. This
results in a system of fewer ODEs and significantly reduces the computational expense
while providing important details about phase boundaries and transient component
performancgBendapudiet al, 2008. Most studies neglect the momentum conservation

eqguation to simplify the formulation.

Several researchers studied MB maeder VCS.Broersen and van der Jagt (1980)
simulated the response of an evaporator using an MB model and discussed the
implementation of controls using a thermostatic expansion v&vald and MacArthur
(1992) presented a detailed model outlining the MB method for a vapor compression
system. Two key assumptions in their model were: negligible dependeiatendtheat of
vaporization of the refrigerant with pressure, and fimvariant mean voidraction for the
two-phase region as described Wedekindet al. (1978) When the inlet and outlet
gualities are constant in a heat eanger, the mean void fraction can be assumed to be
time invariant. The evaporator model simulated the response of adiqupded, counter
flow heat exchanger. Typical test cases involving inlet mass flow rate variation and the
resulting outlet superheariation indicated satisfactory performance. Additionally, a full
system model was also developeld et al. (1997)andHe et al. (1998)useda moving
boundary based VCS model to design multivariable feedback controllers. The models were
used for their computational advantage over the discretized models. They were
implemented in a statgpace form to enable a compact and modular structure lawd al
linearization for controller design. However, they did not include capabilities to address

large transients, which lead to the need for modifications in the equation structure for each
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componentWillatzenet al. (1998)andPettitet al. (1998)presented an MB model for an
evaporator and presented simulation results involving larger transients. They discussed
event handling constraints when a fluid regime would appear or éiaapping refrigerant
enthalpy as the switching parameter. A differersiglebraic equation (DAE) solver
(Brenanet al, 1999 was used to solve the system of equations in MafNaplesoft,

1998. They discussed numerical integration methods for theseritiitioned systems of
equations. A simple controller was also implemented to demon#teatapability of the

model for use in such applications.

Several researchers improved the basic MB moltelach Jensen and Tummesithe
(2002)used a detailed void fraction model and studied its effect on the overall model. Key
assumptions used in obtaining a tirerying void fraction were: the vapor generation rate
is assumed to be uniform or a linear profile of quality is assuametkthe slip velocity ratio
is assumed to be constant in the {pl@ase regior(Zivi, 1964). Analysis of different
dynamic modes revealed key aspects of fast and slow modes and their importance in the
design of a controller. The slow modes were associated with large capacitance terms,
generally arising from wall thermal capacitan@ues and average void fraction. They
suggested simplifications to the models by assuming wall and fluid temperatures to be
equal and neglecting the dynamics of the superheated region for the evaporator. The
simulations were performed using DymbiEImqvistet al, 1999. Leducget al. (2003)
presented a transient model for a VCS. The average void fraction-jphiage region was
calculated using an empirical correlation and assuming a linear variation of quality. The
wall temperatte was assumed to be constant along the length of thphage region. An

extended MB model that incorporated the momentum conservation equation for solar
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collector evaporators was developed¥Ysbraet al. (2005) It was also pointed out that

MB models can mitigate chattering in typbase simulations as compared to discretized
methods because the phase transitions and property derivatives near phase transitions are
not computedlLei and Zaheeruddin (2005resenteda simplified lumpeeparameter

model of a water chiller by simplifying MB models and considering only the dominant
fluid regimes in a heat exchanger. Their model for the condenser only included the two
phase region as it was considered to be the domingiunteFor the evaporator, they
considered the twphase and superheated regioRasmussen and Alleyne (2006)
presented an MB model for VCS. The model was developed to sinaatgents in the
neighborhood of the design operating point. The model could be easily linearized and
advanced control algorithms were develo#tthng and Zhang (2006xtended the model
developed byPettit et al. (1998)to include largr disturbances and ensured robustness
through the use of a time varying void fraction. They assumed a linear variation of vapor
mass quality in the twphase region to calculate an average void fraction. Switching
between different modes of evaporatormien was implemented in a continuous manner
using the length of superheated region in the evaporator as the criterion. The model was
implemented on the Dymdt{EImqvistet al, 1996 platform.Llopis et al.(2008)utilized

a lumped parameter model for a condenser and trabtleedolume of each zone in the
condenser. However, it was unclear if the heat transfer area in the model varied for each

region as well.

Eldredgeet al.(2008)presented an extended MB model with the capability to handle
variable fluid outlet phases using accumulators at the outlet of the heat exchangers. This

approach dl not require variable equation structure to handle large trandidcitsnley
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and Alleyne (2008)presented an MB nuel for a VCS condenser with continuous
switching to simulate large transients. As discussed earlier, large transients can make the
MB models numerically unstable. The switching criteria developed by them was a
combination of the absolute value of switadhiwariables (zone length and mean void
fraction) and also the time derivative of these variables to ensure that the variables move
above or below the threshold and continued to move in that direction. The model was
developed on MATLAB and SimulinkM platform (The Mathworks Inc., 20)6Li and

Alleyne (2010)extended the model presented\dgKinley and Alleyne (2008)o include

startup and shutlown transients and included a more versatile equation structure to model
all likely operating scenarios of a VCSchurtet al.(2009)used an MB model to simulate

the response of a doubbipe counterflow heat exchanger without including thermal
capacitance of the walCecchinato and Mancini (201pyesented a switched MB model

for an evaporator. To ensure mass conservation at all time steps, they presented a different
choice of state variables, including the mean evaporator density instead of void fraction.
As void fraction is a strong function of quality and is computed using empirical
correlations, the errors introduced during transients can be large when voidfimosed

as a state variable. Switching is accomplished using the density and length of the
superheated zon&iao et al. (2014) discussed an MB model formulation including
pressure drop in the heat exchanger. Their switching criterion combined the refrigerant
outlet enthalpy and avage void fractionBonilla et al. (2015)presented a detailed review

of MB models and presented switched models for simulating condensers and evaporators
using the enthalpy and length of the CV that is disappearing or reappearing as the switching

variables. The model was\adoped using Modeli®&(Modelica Association, 20)0Yao
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et al. (2015)discussed a compact staeace representation of the VCS model using the
MB method. The key objective was to demonstrate the utility of such models in the analysis
of control schemes through linearizatidRodriguez and Rasmussen (20J8gsented
reducedorder models for heat exchangers used in VCS and compared the computational
efficiency and accuracy of different approaches. In particular, their emphasis was en a non
linear reducegrder modelhat offers significant savings in the computational cost and
maintains the high accuracy offered by fsdiale, discretized models. RecenRpdriguez

and Rasmussen (201discussed different switching paradigms for the MB method applied
to evaporator simulations. They identified the effect of threshold values on stability and
accuracy of the models. It was observed that the vaitidraand densitypased switching
criteria provided higher accuracy and stability as compared to the entiadpyg switching

criterion.

There are very few detailed studies on transient simulation of absorption heat pumps
using the MB method, and only twrk by Ryu (2011)on the simulation of a combined
gasturbine absorption cyelis noteworthy as it presents a discussion on modifying the
conventional MB method to apply it to ammomvater systems by incorporating new
thermodynamic property data. However, most assumptions from the MB models for single
component working fluid systns were retained. Experimental validation of the MB

method is still an area of active research.

Table2.1 and Table2.2 summarize the research on transient models for VCS and
VAS, respectivelylt can beobservedhat several control schemes have resulted from
different system dynamic models, and the complexity of the algorithms varies as the

modeling paradigm changes. Typically, simpler models resulting from the lumped
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parameter or movirgoundary methodre preferred for the design and analysis of control
algorithms due to their simplicity and computational efficiency. Simultaneously, reduced
order models can assist control engineers in system identification, linearization, and
identification of dead tira and time constants for different components and processes, all

of which can be utilized in a computationally efficient controller.
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Table 2.1: Summary of transient models for vapor compression systems

Experimental

(2005)

Author (s) System Modeling Method Remarks validation
(Dlge;rg?nd Soedel VC System Lumped Parameter Momentum equation neglected No
(Clgl8azr;d Didion VC System Lumped Parameter Momentum equion included Yes
Samiet al.(1987) | VC System Lumped Parameter with Momentum equation included Yes
: Drift-flux Model
Yaoet al.(2013) | VC System Lumped Parameter Momentum equation neglected Yes
Gainscheduled PID and optimal
Outtagartetal. VC System Transfer Function gualitative regulation (OQR) Yes
(1997) Evaporator :
implemented
Finn and Doyle VC System , . . :
(2000) Evaporator Transfer Function Feedback control strategies with tuning Yes
Gruhle and VC System Discretized ED Momentum equation mcluded;_PI Partial Validation
Isermann (1985) | Evaporator feedback controller for expansion valve
MacArthur and . . .
Grald (1989) VC System Discretized FV Momentum equation neglected Yes
Bendapudet al. VC System Discretizd FD Momentum equation neglected Yes
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Table 2.1: Summary of transient models for vapor compression systems (conted)

Author(s)

System

Modeling Method

Remarks

Experimental
Validation

Beghi and Cecchinato
(2009)

VC Evaporator

Discretized FV

Momentumequation included;
Auto-tuning PID

Yes

Grald and MacArthur

(1992) VC System Moving Boundary Momentum equation neglected | Partial Validation
Moving Boundary
Momentum equation neglected,;

Heetal.(1997) VC System Multivariable feedback control Yes
Willatzenet al.(1998) | /¢ system . Momentum equation neglected:;

E t Moving Boundary P troller f . | Yes
Pettitet al. (1998) vaporator controller for expansion valve
Munch Jensen and VC System , .
Tummescheit (2002) | Evaporator Moving Boundary Momentum equation neglected | No
Leducqget al.(2003) VC System Moving Boundary Momentum equation neglected | Yes
Rasmussen and Alleyn Transcritical . .
(2004) VC system Moving Boundary Momentum equation neglected | Yes
Rasmussen and Alleyn VC System Moving Boundary Momentum equion neglected; Yes

(2006)

Gainscheduled MIMO control
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Table 2.1: Summary of transient models for vapor compression systems (conted)

Experimental

Author(s) System Modeling Method Remarks vValidation
Generalized Moving
Zhang and Zhang VC System Boundary for large Momentum equation neglected | No
(2006) Evaporator .
transients
Llopis et al.(2008) VC System Moving boundary Momentum equation neglected | Yes
(I\gc(:)l(()gley and Alleyne Condenser Switched Moving Boundary Momentum equation neglected | No
. Organic Moving Boundary and ,
Wei et al.(2008) Rankine Cycle | Discretized Models Momentum equation neglected | Yes
Li and Alleyne (2010) | VC System S\.N'tChed Moving bou_ndary Momentum equation neglected | Yes
with startstop dynamics
Cecchinato and VC system , , : . e
Mancini (2012) Evaporator Switched Movingboundary | Momentum equation neglected | Partial Validation
Bonilla et al. (2015) VC System Norrlllnear Switched Momentum equation neglected | Yes
Moving Boundary
Yaoet al.(2015) VC System Moving Boundary with Momentum equation neglected | Yes

statespace formulation
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Table 2.2: Summary of transient models br absorption systems

Experimental

Author(s) System Modeling Method Remarks validation
Anandet al. : Time Constants for .
(1982) H20-LIiBr System Thermal Masses Momentun equation neglected Yes
Kaushiket al. Momentum equation neglected; accounte
(1985) NHz-H-O System | Lumped Parameter for charge storage No
Butz and _ Discretized + M(_)me_ntum_equatlon neglected; controls

Absorption System using isolation valves and heat source Yes
Stephar(1989) Lumped Parameter ,

modulation

Sami and Systems with : , .
Comeau (1992)| Zeotropic Mixtures Discretized FD Momentum equation neglected Yes
\(Jfggg)et al. HoO-LiBr System | Lumped Parameter | Momentum equation neglected Yes
Vargaset al. : ) Momentum equation neglected; On/Off
(1998) Absorption Systems Lumped Parameter control and power law feedback control Yes

Jeong (1999)

H2O-LiBr System

Lumped Paameter

Momentum equation neglected; Control
using heat source modulation

Partial validation

Bianet al.
(2005)

Absorption systems

Lumped Parameter

Momentum egation neglected

Partial validation
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Table 2.2: Summary of transient models for absorption systems (continued)

Experimental

Author(s) System Modeling Method Remarks validation
Fuet al.(2006) Absorption | Discretized + Lumped Static pressure drop included Yes

Systems Parameter

. NHz-H20 Momentum equation included;
Kim and Park (2007) System Lumped Parameter Heat source moduian Yes
Kohlenbach and Ziegler . .
(2008a) Kohlenbach ad gzgt'é‘rfr .Il‘_lrjgprf; ??gﬁ?%ﬁr[\)’\g }2 Static pressure drop included Yes
Ziegler (2008b) y P y
o . , Momentum equation neglected;

Shinet al.(2009) H20-LIBr Discretized + Lumped Heat Source temperaturentrol; | Partial validation

System Parameter . . )

dilute solution cycling

Matsushimeet al. (2010) H20-LiBr ObjectOriented Lumped Momentum equation neglected | Yes

System Parameter
Caiet al.(2012) gHg'HZO Lumped Parameter Momentum equation included No

ystem

H.O-LiBr ObjectOriented TRNSYS

Monnéet al.(2011) sttem (Laboratory and Klein, Momentum equation included Yes
y 1979) Model

Ryu (2011) gl;;;;o Moving Boundary Momentum equation neglected | No
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Table 2.2: Summary of transient models for absorption systems (continued)

Experimental

Author(s) System Modeling Method Remarks validation
H2O-LiBr Lumped Parameter + Dat ,
Borg and Kelly (2012) System for Calibration Momentum equation neglected | Yes
R H2O-LiBr .
N6 Ts o etap(20&2) System Lumped Parameter Momentum equation neglected | No
. H2O-LiBr Momentum equation neglected,;
Zinetet al.(2012) System Lumped Parameter Temperature control for paidad No
H>O-LiBr _
Evolaet al.(2013) System Lumped Parameter Momentum equation neglected | Yes
[ranmanesh and &hrabian | H2O-LiBr .
(2013) System Lumped Parameter Momentum equation neglected | No
. NH3-H20O . . .
Viswanatharet al.(2013) System Discretized FV Momentum equation neglected | No
H20O-LiBr .
Marcet al.(2015) System Lumped Paameter Momentum equation neglected | Yes
Vintheret al. (2015a) H20-LiBr Discretized FV Momentum equation neglected Yes
System Evaporator coolant flow control
HO-LiBr . . _
Ochoaet al.(2016) System Discretized FD Momentum equation neglected | Yes
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Table 2.2: Summary of transient models for absorption systems (continued)

Experimental

Author(s) System Modeling Method Remarks Validation
o , Momentum equation neglected,;
Xu et al.(2016) Hz0-LIBr Discretzed + Lumped PID control on chilled water Yes
System Parameter

delivery temperature
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2.2 Control of VCS

The main objective for a controller is performance regulation and optimization of the
system. Heat pump performance can be charaetk as adequately meeting required
cooling and heating capacity at a specified temperature. The control system must quickly
and reliably accommodate external disturbances such as ambient conditions and demand
variation.Figure2.2 shows the broad classification of control methodologies for heat pump

systemsThe following sections will elaborate on these methods in the context of VCS and

VAS.

Control systems for VCS have been extensively investigated. The studies range from
undestanding the dynamics of the system to implementing control algorithms for efficient
operation.This section presents an analysis of degrees of freedom and a review of key

research on control system development for VCS. Detailed reviews of typical HVAC

. On/Off Control
Conventional _)
™  Methods )< PID Feedback

MIMO Control )

Optimal Control
‘Non-linear COntroI’

MPC

Advanced
Controls

" Neural Networks )
Intelligent

ey Itelligen Genetic Algorithms)

Fuzzy Logic )

Figure 2.2: Classification of control methodologies for hebpump systems
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cortrols are available iNaidu and Rieger (2011aYaidu and Rieger (2011bandAfram

and Janabgharifi (2014b)

2.2.1 Degrees of Freedom for VCS

Degrees of freedom are the variables in a process that can vary independently to
impact the outputs. Many researchers have analyzed dedfessdom for process control
(Ponton, 1994Luyben, 199% and VCS(Jensen and Skogestad, 200&in and Alleyne,

2011). Figure 2.3 shows the pressure enthalpy diagram of a typical VCS. Assuming ideal
processes (isentropic compression, isobaric condensation and evaporation, and isenthalpic
expansion across the valve), this plot shows that standard VCS systems operate with some
degree of gbcooling at the outlet of the condenser and superheating at the outlet of the
evaporator. A small degree of superheating at the outlet of the evaporator is desired to
minimize mechanical damage to the compressor from the liquid phase. At-statdy
opemting conditions with a pure component as the working fluid, all the state points in the
system can be defined by using the three enthalpy values, at the outlet of evaporator,
condenser, and compressor, and one pressure or temperature value. To conmipute hea
transfer rates, the mass flow rate of the refrigerant is required as well. Therefore, the system
has a total of five degrees of freedom (three enthalpy values, one pressure or temperature,
and one mass flow rate) which can close the system of consaregtiations. Ideally, all

these could be manipulated to achieve the desired performance of the system. However,
most of the practical control approaches manipulate the refrigerant mass flow rate and
evaporator pressure or temperature to regulate the sysdormance. Other variables

such as outlet enthalpies of the condenser and evaporator are dependent on heat transfer

rate and external conditions and are typically allowed to vary as disturbances. Refrigerant
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Isobaric
Condensatj
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Isentropic
ompresison|

Isobaric Evaporation

Enthalpy

Figure 2.3: Pressureenthalpy diagram of VCS indicating statepoints of the cycle

flow rate and evaporator conditions can bigistgd using a variable speed compressor and

a variable opening expansion valve, respectively. This allows for two degrees of freedom,
and for a given operating condition of refrigerant mass flow rate (or compressor speed),
there will be a unique valve pition satisfying the desired evaporator conditions. Most
control methodologies discussed in this paper focus on manipulating one or both control
degrees of freedom, with the advanced controllers focusing on integrating the manipulation
of these variablesvith optimization of an objective function such as minimization of
exergy destruction, maximization of COP, or meeting the cooling/heating demand in
response to changing operating conditions. The discussion in the following sections

elaborates upon thesencepts.

33



2.2.2 Conventional Control

Early control methods for refrigeration systems involved on/off control, and
refrigerant bypas@Buehler, 1968Kirkman, 1968 Zubair and Babel, 1939As the names
suggest, these involved turning the system on/off and achieving @avienaged desired
rate of cooling, and bypsmg some refrigerant from the active refrigeration loop,
respectively. These approaches are easy to implement. However, on/off control leads to
significant energy loss in the stanp phase as the thermal capacitance of these systems can
be large. Moreowe this bangbang type control inherently leads to instabilities and
hysteresis in the regulated temperature, causing a further increase in energy consumption.
Refrigerant bypass, on the other hand, reduces the system efficiency at the cost of enabling

pat-load operatiorfYaqub and Zubair, 2001

Den Braveret al.(1993)discussed the potential energy savings that can be achieved
with advanced controls, particularly emphasizing the role of variable speed drives for
compressors for capacity coolt and microcontrollers in sensing and utilizing the
operating conditions to optimize the performance of refrigeration and HVAC systems.
These technologies were already being used in many residential and industrial applications
(ARI, 1993. However, the true potential of combinitigese technologies with advanced

control algorithms remained untapped until the late 1990s.

2.2.2.1 Simple Feedback Control Methods

Advances in variablspeed drives, electronic valves, and miprocessor
capabilities led to the development of advanced contratejuts based on linearized plant

models. Linear control theory concepts are computationally inexpensive, and with
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sophisticated algorithms, they can be utilized to control mostinear systems. Variable
speed controls had already been established ag wefficient and stable operating
mechanisms at palbad conditions(ARI, 1993. Early modelbased control methods
utilized variable speed compressors and variable opening valves to implement feedback
controls(Broersen and van der Jagt, 1980uhle and Isermann, 1988argas and Parise,

1995 Qureshi and Tassou, 199Buttagartset al, 1997 Finn and Doyle, 2000

Simultaneous use of variable speed compressors and expansiomw\descussed
by Marcinichenet al.(2008)using a dualSingle Inpufi Single Output (SISO3trategy to
regulate the compressor speed and refrigerant valve position to control the cooling capacity
and evaporator superheating, respectively. Two separate propomitagmhl (Pl)
feedback loops were devised in the proposed method. The overabliesrmerformed
satisfactorily but was constrained to a region close to the point of operation selected for the
design. While simple proportionaitegralderivative (PID) feedback loops are
inexpensive and easy to install, their tuning for a wide rahggerating conditions, and
ensuring their stability can be cumbersome. These issues lead techaduling and

multivariable controls schemes.

2.2.3 Advanced Control Schemes

The control schemes presented in the preceding section are unable to provide control
over a large range of operating conditions due to complex and coupled dynamics of
refrigeration systems. Therefore, control schemes for such systems must consider the true

dynamics and relationships between different variables of the system.

35



2.2.3.1 Multivariable Control Schemes

He et al. (1997) presented a lumpegohrameter modeling paradigm basad the
movingboundary method for VCS and studied the effects of control inputs such as
compressor speed, condenser fan speed, and expansion valve opening on the
thermodynamic parameters of the system. They demonstrated that there is strong cross
couplingbetween different inpebutput combinations and individual single injpugingle
output (SISO) control techniques are inadequate in regulating the system. This necessitates
development of multivariable feedback control algorithms for refrigeration systtnes.
al. (1997)found that the existing approaches for modeling refrigeration sgsteme either
too simplistic and ignored key system parameters such as subcooling in the condenser and
superheating in the evaporator, or the dynamic models were computationally very intensive
as in the case of discretized models. Both of these approaehesot suitable for the
design and analysis of control algorithms. Therefore, the authors presented a-moving
boundary type of lumped parameter approach to model the dynamics of the gystem.
linearization approach was presented for controller desigrtmedesign operating point.

A dynamic model for a refrigeration system consists of many states that have an
insignificant contribution to overall dynamic response. For the purpose of designing a
modetbased controller, the lowest possible order of theahisdlesired as the complexity

of the control law scales with the order of the model (or the number of tracked siates).

et al. (1997)discussed model reduction in detail and provided a theoretical argument for

crosscoupling between independent SISO feedback loops.

Following this work, He et al. (1998) presented mukvariable feedback control

strategies for VCS. A multiple inpiitmultiple autput (MIMO) control system based on a
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LinearQuadratic Gaussian (LQG) method was designed and implemented to regulate
compressor speed and refrigerant expansion valve opening. To address the system non
linearity, especially due to the changes in operatomgitions, a gain scheduling routine

was implemented to adapt the controller and maintain robust control. In comparison to
SISO controllers that utilize single signal feedback to generate a single output command,
MIMO control systems utilize the feedbaokmultiple signals to generate multiple output
commands. They presented results of the controller performance based on regulation
performance in the presence of unknown disturbances affecting the system dynamics,
tracking performance for sebint variaton, and robustness to modeling errors. Both
modeling and experimental implementation were discussed. Experiments demonstrated
superior performance of the MIMO control scheme over the SISO method. The MIMO
controller achieved steady state almost twiceaas dompared to the SISO scheme after
step changes were introduced in the evaporator superheating and the cooling load. The
proposed controller also remained stable under fast and large control actions. Gain
scheduled MIMO control also demonstrated sigaifit efficiency improvements when

multiple inputs were varied in the system.

Many researchers presented variations of MIMO feedback control for refrigeration
VCS. Shahet al. (2004)presented a simulation analysis of multivariable adaptive control
strategy for an automotive apnditioning system.Larsen (2006)presented an
optimizationbased controller for a supermarket refrigiera system to account for
couplings between different variables. The controller also accounted for fast and slow
dynamics of the system by using a cascaded feedbaclRasmussn and Alleyne (2006)

implemented gawscheduled MIMO feedback control for a refrigeration and air
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conditioning system. They presented detailed analysis of system identification and gain
scheduling using multiple SISO and MIMO control schemes. The MIN@Gtraller

utilized aHp design to ensure stability of the clodedp system.

Among other works on MIMO controfSchurtet al. (2009) presented a control
architectureusingthe LinearQuadratieGaussian (LQG) with an optimal state estimator,
and showed that the controller was able to operate satisfactorily far from the operating
point (£30%) and rejeéed disturbances in the cooling load. Experimental validation was
also presented for reference tracking and disturbance rejeHliomtt and Rasmussen
(2010) identified nonlinear behavior betweethe opening of the expansion valve and
evaporator superheat. However, to avoid the use of complekneam or gairscheduled
controllers, they presented a cascaded control scheme using evaporator pressure and
temperature as measured values. The sydéenonstrated better performance as compared

to gainscheduled controllers.

2.2.3.2 Nonlinear Control Methods

Nonlinear control theory has gained interest for many reasons. It can provide
significantenhancemerdver linear control methods as it can expand thgeaf operation
of the controller, and analyze hard Aarearities such as actuator saturation, which arise
in a number of engineering systems. Nimear control methods can also be simpler and
more intuitive to design than their linear counterparth@g depend on the physics of the
system. Common techniques used in obtaining the control law are Lyapunov stability
theory, adaptive control and feedback lineariza{i6lotine and Li, 19911 This section

reviews some of the key ndimear control strategies for VCS.
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Seem (1998presented a pattern recognition adaptive controller to tune the gains of
a closedoop feedback system, such as a PID controller, for systems exhibiting dynamics
similar to HVAC systems. The proposstdategy simplified the implementation of optimal

control while utilizing significantly less computational resources.

Optimal control for refrigeration systems has been discussed by many researchers;
however, in many instances, it has been limited toribdynamic design optimization of
the system, and dynamic optimization is not considdreducget al. (2006)useda non
linear optimal control scheme to control a VCS. The optimal control scheme is used in
conjunction with a model predictive control (MPC) framework that uses a model for the
system(Leducqget al, 2003 to predict the future response. Optimal control relies on the
minimization of a cost function at each time st€pe optimization routia is constrained
by actuator limits and system bounds. The optimization routine has to take into account the
desired refrigeration capacity as well and cannot always target the minimization of
consumed energy. They reported ain 80% increase in system ®0as compared to
classical controllers. However, the evaporator superheat was regulated using a separate
PID feedback loop and the cressuplings between evaporator superheat and rest of the

system were ignored.

2.2.3.3 Model Predictive Control

Model PredictiveControl (MPC) is an attractive choice for the control of heat pump
systems because it can perform as an anticipatory controller rather than a corrective
controller. MPC offers significant advantages by combining disturbance rejection,

handling of constraistand slow dynamics in the control architec{@arciaet al, 1989.
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The disadvantage is that MPC requires higher computational cost and needs an accurate
model of the systemJain and Alleyne (2015presented an MPC controller for a
refrigeration system with minimization of exergy destruction as the objective function.
They modified the standard MPC framework to implement constraints on the inputs,
outputs, and actuator signals such that the contrpéeformance is always physically
permitted. The results demonstrated fast and stable transient andstegadgyerformance

of the controller both on the basis of minimization of first law energy consumption and
second law exergy destruction. Overalltdestion of exergy was reduced by ~15% leading

to significant gains in system efficiency. MPC based methods for energy systems are under
development, and these algorithms still require experimental validation. A detailed review

of MPC applications in HVYAGystems is provided b&fram and JanabSharifi (2014b)

2.2.4 Advanced Intelligent Controls

As discussedabove, significant progress has been madéénarea of advanced
intelligent control systems using ddiased models for applications in refrigeration and
heat pump systems. ANN, genetic algorithms, and fuzzy logic controllers are a few notable

techniques in this area.

A number of researchers haveegented optimization and supervisory control of
large HVAC plants using advanced controls and optimization algoritkimisanrajet al.
(2012) provided an extensive review of the application of ANN for the control of heat
pump systems. Genetic algorithms are often used to solve the optimization problem along
with parameter estimation using ANN. Online contioiplementation using these

techniques does not require a very accurate system model, but utilizes parameter estimation

40



to continuously tune the system modMa and Wang, 20)1 ANN-based control of
refrigeration systems equipped with a variable opening expansion valve is discussed in
Nanayakkaraet al. (2002) andusing a variable opening expansion valve and a variable

speed compressor is shownEkrenet al.(2010)

A fuzzy logic controller operates in the form of conditionatsinents. It can also be
utilized for autetuning PID controller gains in a scheme where PID control operates on
the faster dynamics and the fuzzy logic supervisor is used to optimize the response of the
global system. Fuzzy logic controller design requiee detailed understanding of the
system and its operation to define the conditional statem@&@itgh et al, 2006.
Applications of fuzzy logic controllers for heat pump systems are present&pgrbg et

al. (2004) Li et al.(2004) Wu et al.(2005) andTianet al (2008)

Due to the limited accuracy of datased models, these advanced intelligent control
schemes suffer from lack of generalization, and the application of these methods has thus

far been limited.

Table 2.3 summarizes theékey control methodologies and their impact on the

performance of VCS.

41



Table 2.3: Summary of control systems for VCS

through the expansio
valve

potential for customization and
optimization

Control Experimental
Methodology Author(s) Control Loops Remarks validation
Compressor Compressor capacity variation
Conventonal . Unloading and provides better control with .
Control Yaqub and Zubair (2001) Refrigerant Bypass | increase in COP; Refrigerant Partial
for partload operation bypass decreases COP at fioaid
Improved evaporator performancy
Pronortionalintearal (~5% heat transfer rate increase)
Gruhle and Isermann (1985) P 1nteg compared to standard thermostat Yes
(P1) expansion valve .
expansion valve (TEV) to control
superheat
SISO Variablespeed Comparison with on/gff contro!
. demonstrated ~12% increase in
Feedback Vargas and Parise (1995) compressor based on . Yes
COP with power law controller
Contol a power law .- :
providing stable operation
Feedback control of Colmparlsonlof dlfgeaent types of
, evaporator superheat valve control methods
Finn and Doyle (2000) (Proportional, Pl) demonstrated | Yes
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Table 2.3: Summary of control systems for VCS (continued)

E:/IZ?rtlr:cliology Author(s) Control Loops Remarks Sgﬁggt?; (;,\]ntal
Dual SISO control (control of
Dual SISO control of superheat through ex_pansion valve
- ; and the control of delivered coolan
Marcinichenet al. (2008) expansion valve and Yes
temperature through compressor
SISO compressor speedprovided optimization of
Feedback COP
Control
Two types of feedback control
Outtagartst al. (1997) SISO feedback (propor.tionaJderivgtive and optima Yes
control of evaporator| qualitative regulation) demonstrate
satisfactory control of superheat
LQG based MIMO controller
MIMO control of provided ~15% increase in COP
Heet al.(1998) capacity and during transient processes and at | Yes
superheat steady state as compared to
individual SISO loops
Multivariable Linear Quadratic Regulator (LQR)
Feedback MIMO adaptive based MIMO control of evaporator
Control Shabhet al.(2004) superheat and pressure demonstri No
control ) o
excellent disturbance rejection ang
reference tracking
MIMO control of Gainscheduled MIMO controller
Rasmussen and Alleyne (2006) | camacity and led to significant savings in energy| Yes
superheat at partload operation
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Table 2.3: Summary of control systems for VCS (continued)

Control
Methodology

Author(s)

Control Loops

Remarks

Experimental
Validation

Multivariable
Feedback
Control

Schurtet al.(2009)

LQG based MIMO
control with optimal
state estimator

Simultaneous control of compress
speed and expansion valve openi
to regulate the delivered coolant
temperature and evaporator
superheating provided fast and
stable reference tracking and
disturbance rejection performance

Yes

Elliott and Rasmussen (2010)

Cascaded control of
superheat

A cascaded feedback loop to
reguate evaporator superheating
was employed. The faster inner loc
was used to control pressure and t
slower outer loop was used to
control the degree of superheating

Yes

Advanced
Controls

Leducget al.(2006)

Optimizationbased
non-linear predictive
control

Superheat control using SISO PID
loop; Overall optimal control using
MPC with control of pressures and
cooling capacity using compressof
speed and heat sink flow rates;
Overall COP gains of B 20%
observed depending on numloér
actuators

Yes

Jain and Alleyne (2011)

Thermodynamic
optimization based o

Based on utilizing all degrees of
freedom of VCS, the steadyate
optimization based on minimizatiof

of exergy destruction delivered

Yes
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Table 2.3: Summary of control systems for VCS (continued)

Control Experimental
Methodology Author(s) Control Loops Remarks vValidation
minimization of ~52% insystem COP by regulating
exergy destruction | compressor speed and expansion
valve
édv?nclzed Optimal control using First and second lawased
ontrols . MPC using optimization algorithms in an MPC
Jain and Alleyne (2015) minimization of framework led to ~15% decrease i No
exergy destruction | exergy destruction
Linear models with recursive least
Obtimal control using S3Yares based selfning estimators
Ma and Wang (2011) epnetic alaorithms 9 and optimization using genetic Yes
9 9 algorithms showed up to 2.55%
increase in efficiency
Compressor speed and expansion
Advanced valve position adjusted through a
Intelligent feedforward ANN based
Contr%ls Ekrenet al.(2010) Control using ANN | identification and control, and Yes
demonstrated 8% lower energy
consumptionhan PID feedback
control
_ Exegetic based optimization in a
Apreaet al.(2004) Fuzzy logic control Yes

fuzzy logic controller to manipulate

compressor speed leading to 13%
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Table 2.3: Summary of control systems for VCS (continued)

Control Experimental
Methodology Author(s) Control Loops Remarks vValidation
decrease in energy consumption g
compared to on/off control
Advanced
Intelligent , . Fuzzy logic based settining PID
Controls Li et al.(2004) Fuzzy logic control control of expansion valve Yes
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Figure2.4 shows a schematic of controls research for VCS. As discussed previously,
the two control degrees of freedom typically utilized theeexpansion valve position and
the speed of the compressor. These can be utilized in a variety of control algorithms of
different complexities to yield improvements in system performance of varying magnitude.

The general control system design processiibned as follows:

1 Identify the variableso be controlled and their desired-peints.

1 Identify relevant measurements for various process and disturbance variables
and actuators for different degrees of freedom in the system.

1 If an advanced control rtfeodology such as state observer feedback, gain
scheduled feedback, modehsed MIMO feedback, optimal control or model
predictive control, is to be utilized, then a transient system model will be required

to interface with the controller.
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Figure 2.4: General control system design pradte for VCS
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1 The transient mael suitable for the application and the control hardware can be
developed using a number of methodologies discusseedation2.1

1 For optimal control, define an objective function for optimization as a
combination of one amore of the following: total exergy destruction rate, first
law efficiency, and system capacity.

1 Controller parameters must be tuned and constraints on actuator limits and
controlled variables must be imposed to safeguard individual components and

the oveall system.

2.3 Control of Absorption Systems

Absorption systems have been in use for many decades, but research on the control
of these systems is limited and seemingly unorganized in the literé@eontrol system
forms a critical component if the teablogy has to progress as a viable alternative to the
existing heat pump technologies for residential and mobile applications. This section
discusses the statd-the-art in control systems design and implementation for absorption

heat pumps and outlinesethecommendations for future research.

2.3.1 Degrees of Freedom for VAS

As discussedgreviously the absorption cycle is more complex compared to the
vapor compression system due to the presence of a binary mixture of refrigerant and
absorbent as the workinguitl, and the additional heat and mass exchangers that enable
the utilization of a heat sourcEigure2.5 shows a simplifiedl i P diagram of a single
effect absorption system. The cycle is shown in a simplified manner by noingiogpofor

the recuperative heat exchangers typically utilized in these systems. The condenser and the
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desorber operate at the higressure side, while the absorber and the evaporator operate
at the lowpressure side of the system. The degrees of freedarbe analyzed in a manner
similar to that for th&/CS. The desorber can be approximated as a distillation column for
the binary mixture of the refrigerant and absorb8aborget al.(2010)demonstrated that,

for a distillation column, the controlled variables are the pressure and concentration of
outlet streams, and the manipulated variables are the product flow rates and the heat
transfer rate. In an absorption system, the operating pressure of the desghogre@sure

side) is determined by the condenser performance in conjunction with the ambient

conditions. Product flow rates (refrigerany, , and dilute solutioni, ) are determined by

the expansion valves ohdse fluid lines. In an overall absorption system, the condenser
and the evaporator are analogous to those in the VCS. Therefore, the control of the

refrigerant flow rate is achieved through the refrigerant expansion valve, which also sets
the lowpressureside of the system. If the concentrated solution flow rag,( is
manipulated using a variab$peed pump, then the dilute solution flow rate, and

consequently, the position of the dilute solution expansion valve, is constrgimadsis

conservation applied to the desorbsershown in Eq. 2.1

rh(:onc = r=nref +rr!ji| (21)

Finally, product concentrations are very important in the operation of an absorption
system because even small quantities of a volatile absorbent inrigereeft stream can
lead to severe performance degradation. The heat transfer rate to the desorber from the
external source provides another degree of freedom that can be manipulated to achieve the

desired concentration of the refrigeramier{ and dilute solution qi) streams. The
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concentration of the dilute solution leaving the desorber can be accurately estimated as a
function of the temperature at the bottom of the desorber and operating pressure, assuming

the phase to be saated liquid as shown i&g. 2.2

Xq1 = G( Fr:igh’ Ties 4 0) (2.2)

The absorber serves to regenerate the concentrated solution from the refrigerant and dilute

solution streams and provide the desired inlet concentratien (o the desorber.

Therefore, the control degreesfaifedom for an absorption system are the position
of the refrigerant expansion valve, the concentrated solution pump speed, and the desorber
heat transfer rate. The controlled variables are the evaporator temperature glide, high
pressure of the system,dathe system capacity. Control of evaporator temperature glide
(Tevap,outT Tevap,in IS important to optimize the performance of the evaporator in an

ammoniawater absorption heat pump. The refrigerant stream typically contains trace
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amounts of water (<.6%), and therefore, as the refrigerant mixture changes phase in the
evaporator, its temperature increases. Consequently, it becomes crucial to regulate this
temperature glide to achieve an optimal evaporator heat transfer rate. Control of the high
pressue side is important for the performance of the condenser and desorber. Variations
in pressure can cause changes in the outlet phase of the refrigerant from the condenser with
possibilities of a twephase mixture at the outlet. Such variations can alseachenges

in the liquid level inside the desorber (for a pool boiling or distillation column type
configuration) and cause variations in the outlet concentrations. Finally, the system
capacity scales with the refrigerant flow rate, and therefore, thertoatesl solution flow

rate and heat input rate in the desorber should provide a direct and reliable control for the

system capacity.

2.3.2 Basic Control Methods

Some of the earlier studies on the control of absorption heat pumps investigated
on/off operation, opnloop controls, and thermodynamic optimization of the models to
achieve better performancgnandet al. (1982)discussed the transient performance of a
waterlithium bromide absorption system driven by solar thermal energy. They simulated
the transient performance of the chiller using TRNSK®in et al, 2017 and discussed
key time constants and trends in the evolution of system and component performance. They
indicated the need for controls to improve tiverall transient performance; however, no
implementation was presentd&idion and Radermacher (1980nducted experiments to
characterize pattbad performance of an ammowmater absorption héaump and studied
the effects of ambient temperature and charge migration between components during on

off cycles. The system used in the study was a 10.5 kW absorption chiller used in a 35°C
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environment. The COP and cooling duty decreased as the andrgrgrature increased.
Moreover, at both extreme ends of the ambient temperature, the COP demonstrated a
decrease. At very low ambient temperature, theide heat transfer in the evaporator is

the limiting factor, while at the higher ambient temperattine heat rejection capacity

from the condenser and absorber is limited, leading to overall reduced performance. They
also presented an on/off control strategy for the chiller. The effects of charge migration and
loss of pressure degraded the on/off cypkrformance, and isolation valves were
suggested to hold the fluid and pressures and improwéoparperformance. Experimental
analysis showed significant improvement in gaed performance with isolation valves.

This was the first experimental demtmasion of the control of an absorption system.

However, automated or algorithibased controls were not yet implemented.

Alvares and Trepp (1987gvaluated a number of thermodynamic cycles for
ammoniawater absorption systems and presented results on an amnaiaraabsorption
system driven bgolarenergy. They studied the use of on/off controllers for heat input to
the system to maximize system COP. The controller was based oneydigetadjstment
based on the temperature difference between the solar collector and the absorption system.
On/off control based on variations in the duty cycle applies, with certain limitations, to
VCS because the compressor dynamics are much faster than thast ekthangers.
However, for thermally driven systems, turning the heat source on/off leads to the loss of
the pressure differential in the system between these switching cycles. It takes significantly
more time to resume the system performance due tahiérenal inertia of various
components, and leads to energy losBesget al.(1987)used an opefoop control with

thermal storage to implement capacity control on a 7 kW cooling duty -ithtam
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bromide chiller. Controls were implemented for hot water supply in the desamber
chilled water supply in the fan coils. The performance of the system was stable but did not
demonstrate significant energy savinBsitz and Stephan (1989eveloped a dynamic
model of an ammontavater system using distributed and lumped capamtamodels for
components, which incorporated an expansion valve model to maintain appropriate fluid
charge in the highand lowpressure system components. They suggested that an improved
control strategy will include isolation at each throttle valve amgiglectronic expansion
valves to restrict fluid migration and pressure equalization during the off state of the
system. They also suggested that continuous-dawn of the desorber heating rate
combined with a reduction of the concentrated solution ftmuld yield improved
performance during palbad operation. Level control using storage tanks at appropriate
locations in the system to ensure a sufficient amount of working fluid at varying operating
conditions were also recommended. However, experaheatidation of these methods

was not provided<im and Park (20073lso suggested a stepse turrup and turadown
sequence for the exhaust gas providing heat input to the desorber during-iine gtese.

This was performed to shorten the overall systene tonstantLi and Sumathy (2001)
experimentally investigated a solar cooling system with a partitioned hot water storage.
The partitioned hot water storage reduced the overall volume of hot water storage and also
reduced the stattp time,especially during low sunlight hours such as morning. They

reported a 15% increase in system COP.

The studies discussed above reported work do not consider detailed internal
thermodynamics and heat transfer phenomena in the absorption system, and mostly

explored operloop controls. However, to achieve automated control with thermodynamic
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optimization, it is necessary to account for these internal phenomena in the controller

design.

2.3.3 Thermodynamic Optimization for Controller Design

Some studies present resubf optimizing generation temperature in the desorber
and consequent effects on the system performance. Most of these approaches involve
evaluating the cycle models at different conditions and expressing the optimal generation
temperature as a functio global system inputsSun (1997used a simplified computer
model to predict an optimal desorption temperature to maximize system COP. The data
were generated by varying absorber, condenser, evaporator and generator temperatures for
constant cooling capacity. The proposed control methodology involves storing data sets for
optimal performance in an automatic controller to maintain high system COP during off
design operatior-ernandezSearaet al. (1998) presented thermodynamic modeling of a
waste heat driven ammonieater absorption system that drives a chillettfawler fishing
vessels, and performed parametric sweeps on operating conditions and geometric design
of system components. The optimized operating conditions were used in developing a
control law for exhaust gas fpass control of the desorbdeong (1999)sed a numerical
model to study the effects of desorption temperature on cooling capacity of dithater
bromide absorption system and proposed capacity control by vatyingleésorption
temperature and couplifftuid flow rate into the desorber. Using a similar approach,
FernandefSeara and Vazquez (200fpjoposedan optimal desorption temperature to
maximize the COP. The control strategy predicted an optimal desorption temperature using
the condenser and absorber coolant temperatures, and set the desorption temperature to the

calculated value under varying ambi@ainditions. The optimal desorption temperature
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was predicted as a linear function of the coolant temperature. The results showed that the
control of optimal generation (desorption) temperature (OGT) leads to a higher system
COP. They presented a ddabp control strategy to optimize the desorption temperature
and also maintain the refrigerated space at a constant temperature. The control algorithm
maintained the chilled water temperature using on/off control of refrigerant flow rate.
Thermostat feedback waconnected to the solution pump, and isolation valves on
refrigerant and dilute solution streams enabled separation of theréssure levels. The
desorption temperature was modulated using a closed loop PID control with the reference
optimal temperaturecalculated from the model equation and the actual desorption

temperature.

Prevention of salt crystallization is a major operational requirement for-litatem
bromide systems. Accurate thermodynamic calculation of working fluid properties can
assistin predicting the limits of crystallization. Thermodynamic criteria for crystallization
control in watedlithium bromide systems were discussed.lap and Radermacher (2007)

andWanget al.(2011)

Explicit thermodynamic optimizatichased control designs accomplish direct
optimization of the variables of interest. However, these methods ffan fsam lack of
generalization, and may require redesigning the controller for systems of different capacity

due to variation in the heat exchangers and driving heat sources.

2.3.4 Feedback Control Methods

Feedback controllers are the most ubiquitous duecteadlse of implementation of a

wide range of algorithms and availability of instrumentation required for them. After
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identification of system parameters to be used as control inputs, feedback controllers aim
to optimize pertinent process variables such ysemn COP and delivered coolant
temperature. There is still a very important link to thermodynamic optimization as
discussed in the previous section in terms of the identification of control parameters.
However, the link can sometimes be implicit in thatcoller design and the search for

optimality can be accomplished without explicit computations using a sttaiymodel.

Vargas et al. (1998) developed a dynamic model for VAS and compared the
performance of cleedloop control to on/off controllers. The closkmbp feedback control
was implemented using a powlaw equation to drive the fuel flow in the desorber based
on the difference between the delivered coolant temperature andpisirgetThe on/off
contrwller is implemented using a thermostat, and in the activated state, the fuel pump
provides maximum fuel flow rate into the desorber. Experiments showed superior
performance of closelbop control over on/off control with respect to oscillations in the
temperature of the delivered coolant, fuel consumption, and disturbances in evaporator
coolant inlet temperaturéSibik (1999)developeda multtvariable and multbbjective
control algorithm for HO/LiBr absorption chillers. The proposed controller accounted for
capacity regulation and crystallization control in a MIMO control scheme. The algorithm
considered the effects of parametershsas heat source temperature, solution mass flow
rate, and condenser coupling fluid flow rate and temperature. Safety procedures and
override commands were included for operation at extreme conditions. Experimental
validation demonstrated the performandeh® proposed controlleChenet al. (2002)
proposed computdrased monitoring and closed loop control strategies for an aninonia

water absorption heat pump. They identified refrigerant flow rate, coupling fluid

56



temperatures and flow rates in the absorber and condenser, daddlilion flow rate as

the key variables affecting system performance. The control loops aimed at regulating
refrigerant and dilute solution flow rates using solenoid valves, and hydronic coupling fluid
flow rate. For instance, the refrigerant flow ratas regulated based on the temperature
differential across the evaporator or refrigerant-qoeler. The proposed controller

automated the stadp, monitoring, and cfine control of the heat pump.

Kohlenbach (2006presented dynamic models for a 10 kW cooling capacity water
lithium bromide absorption chiller using a trandianction-basedapproach and a transient
model with delay times and thermal mass and storage in the heat exchangers. Various
control strategies specifically focusing on solar cooling systems were discussetgEXxisti
methods for controlling hot water and cooling water temperatures and mass flow rates, and
chilled water temperature were discussed. The control strategies included hot water mass
flow rate control though on/off operation of pumps, solar collector testyrer based
proportional feedback control of hot water mass flow rate, and solar irradiation based hot
water flow control. Chilled water temperature control was accomplished by varying hot
water or cooling water parameters. A transfer function basedderamsodel of the chiller
was presented using simulations and experimental data. The simplified transfer function
predicted the chilled water supply temperature as a function of control input of hot water
valve. Transfer functiolbased model development, virlever lacks generality as it is
accurate only for the range of input parameter variation considered in developing the
model. Physichased transient modeling involves solving a system of-linear
equations for mass, species and energy balance foretiffeomponents, and includes a

time delay for fluid transport between components of the chiller, and mass and thermal
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storage in different components. The model is then used to derive a transfer function for

system response. This approach reduces thdimearities arising from a detailed model

and simplifies the controller design for the chiller system. However, the approach presented

in the work addresses only the external input variables and no control scheme is mentioned
for internal variables of thébaorption system such as solution pump speed and the position

of expansion valves.

Shinet al. (2009) used a dynamic model for developing control algorithms for a
doubleeffect watedithium bromide absorption chiller. Two feedback loopsre
proposed to maintain the chilled water supply temperature and level control by varying the
solution pump speed. The first feedback loop implemented a proportional controller with
chilled water supply temperature as the process variable and air foim the gas burner
as the control variable. To account for the slow response time due to component thermal
capacities, a dilution cycle was implemented toaftifuel flow rate if the chilled water
temperature dropped below a threshold. Level contrtéhiéndesorber was accomplished
by varying the solution pump speed based on feedback from level switches indicating
minimum and maximum levels in the desorber. The proposed control schemes were tested
using simulations and prevented solution crystallizatitgpartload operation. The results
emphasized the use of a secondary control structure in addition to feedback loops, such as
the dilution cycle, to accommodate the thermal delay during abrupt changes. Feedback
control on the solution level in the deserlof a doublesffect watedithium bromide water
cycle was proposed [8eoet al.(2012) Zinetet al.(2012)also discussed feedback control
of chilled water supply temperature regulated by varying the hot water mass flow rate in a

wate-lithium bromide absorption chiller. No experimental validation or quantitative

58



estimates of energy savings were present@go et al. (2014) demonstrated the
performance of a Pl feedback loop to regulate the desorption temperature in an automotive
exhaustdriven ammoniavater system. The control loop actuated exhaustvgéves to
maintain the desorption temperature at goe@tt and allowed the system to provide nearly

constant cooling capacity at varying engine speeds.

Goyal et al. (2015) presented a ndetbased feedback control of a smedipacity
ammoniawater absorption chiller driven using natural gas. The controller was based on
proportional control of the refrigerant valve opening to regulate the temperature glide in
the evaporator, and anotheroportionatintegral (Pl) controller for regulating the
desorption temperature based on the coolant temperature supplied by the evaporator. The
feedback control loop involved de#idche for the controller to account for thermal inertia
in the system. The ralts indicated ~8 10% COP enhancement under varying operating
conditions of ambient temperature and fpasid operation. However, experimental
validation of these methods was not provid€arimellaet al.(2016)discussed the use of
a single feedback control loop for regulating temperature glide in the evaporator of a similar

chiller system. The experimental system demonstrated stafidepance of the controller.

Xu et al.(2016)implemented a PID feedback controller on a wiiteium bromide
chiller simulation using two approaches. The first approach utilized the chilled wate
supply temperature as the controlled variable and desorber heat source flow rate as the
manipulated variable. The second approach utilized the desorption temperature as the
controlled variable. A correlation was developed between the desorption temparatu
the chilled water supply temperature to ultimately use the control of the desorption

temperature to regulate the capacity of the system. The system demonstrated more stable
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and fast performance with desorber solution temperature as the controlevafiawvever,
this method requires a system specific correlation between the desorption temperature and

the system capacity.

Most feedback control strategies in the literature use single or multiple SISO loops.
As described above, this approach does aduiress the coupled dynamics of system

variables and tends to be less effective in systée control schemes.

2.3.5 Advanced Control Methods

As mentioned inSection 2.2 advanced dathased system models and control
methods originating from more sophisticatddorithms have gained interest over the last
two decades. Among these techniques, optimal control, artificial neural network, and

genetic algorithrbased approaches are noteworthy.

Neural network models bypass the complicated internal system physicpenateo
based on the examples provided by the user to train the algorithm. These algorithms also
60l earnd from future cases. Neur al net wor ks
information.Palauet al.(1999)used neural networks and expert systems to model, control
and diagnose faults in an adsorption system. They presented a feedforward method to train
the model with target input and output states and control the velvibe system at
different stages of the cycle. The discussion did not include any experimental procedure to

implement neural networks and only partial validation of the model was provided.

Koeppelet al. (1995)used a global optimization algorithm along with a detailed

system modeld determine an optimal control strategy for a dowdffect watedlithium
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bromide chillerChowet al.(2002)also used genetic algorithms (GA) coupled with neural
networks to design an optimal control scheforea complete system, including a water
lithium bromide absorption chiller and the conditioned space. The ANN model is used to
perform simulation of the system for different inputs while the GA is used to map the input
space to find the parameters toiopte the cost function at each time step. The cost
function accounts for the total cost of fuel usage and electricity usage to operate different
pumps. The manipulated variables in their approach were the chilled and cooling water
mass flow rates and tematures. The optimal control scheme demonstrated improved
performance as compared to the baseline design, but the optimization was based on steady
state operation of the chiller for different operating conditions rather than optimizing the
transient perfomance. Also, any control internal to the chiller system was not discussed.
Vinther et al. (2015a)presented a nelinear dynamic model for a watéthium bromide
absorption heat pump and validated it wvettperimental data. The ndimear model was
linearized about the nominal operating point to provide a simplified framework for
controller designVinther et al. (2015b)discussed optimization of the COP for the same
system in the gesence of multiple inputs. Following the development of the mddeher

et al.(2015b)presented a detailed discussion using Relative Gain Array (RGA) analysis to
identify optimal inputoutput combinations for controller desigRGA is a useful tool to
identify inputoutput pairings in a MIMO control strategy. The identified control inputs
included desorber hot water mass flow rate, expansion valve openings, and solution pump
flow rate. The transfer function for each input isedlmined by perturbing the individual
input and obtaining the associated transfer function. Various-oyput parings were

identified, and feedback control was investigated. The system demonstrated improved
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performance. However, this approach also satférom lack of generality as the controller

design was performed at a typical operating point of the heat pump.

Among other methods, the characteristic equation mefHetlmann and Ziegler,
1999)was used b¥uhn et al. (2008) They proposed a new feedback control strategy to
regulate the chilled water supply temperature as a function of the hot water and cooling
water tempgatures for a given cooling load. The controller incorporated a characteristic
eqguation that relates the cooling capacity to the temperatures of the external fluid coupling
loops. The optimization function regulates all three temperatures based on ttwé cont
setting of either minimization of energy consumption or meeting the desired system
capacity. This strategy allowed for maximization of the use of the available solar radiation

and provided significant energy savings as the cooling tower fan can balbptitilized.

While these advanced approaches do not require detailed phenomenological
understanding and are computationally inexpensive, their reliability is limited by the
number of test cases used to collect the data and train the algorithm. As¢hlesds are
similar to curvefitting techniques, their predictions become increasingly inaccurate as the

input parameters deviate from the training data set.

Table 2.4 summarizes the research available on the control of VAS.

62



Table 2.4: Summary of control systems for VAS

Isolation valves

performance and the degradation in|
the COP was ~11%.

Control Experimental
Methodology Author(s) Control Loops Remarks validation
On/COif control led to ~ 25% decreas
On/Off control: in system COP at palvad. Use of
Didion and Radermacher (1984) ’ isolation valves improved the Yes

system as compared to on/off contre

Feedforward Model simulations were used to
control of generate mas for optimal desorption
Conventional | SUn (1997) desorption temperature as a function of differer No
Control temperature operating conditions.
Storage of hot Partitioning the hot water storage le
Li and Sumathy (2001) 9 to ~15% increase in system COP d{ Yes
water for desorber .
to faster system dynamics
Feedforward Control of heat source during startu
Kim and Park (2007) control of heat reduced the overall time constant of Yes
source the system
Stable conwl of evaporator
SISO Power lawbased | temperatures and system capacity
Feedback Vargaset al.(1998) feedback control off were achieved with ~50% reduction| Yes
Control desorber heat inpuj in fuel consumption to drive the
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Table 2.4: Summary of control systems for VAScontinued)

Control Experimental
Methodology Author(s) Control Loops Remarks vValidation
Efsdstliﬁ: ((::;Jn;rgl Desorber coupling fluid temperature
Jeong (1999) usiny desorbzr ¥ and flow rate was varied to conttro No
9 system capacity for aid®- LiBr system
heat transfer rate
Feedback control | Two feedback loops were implemente
Sibik (1999) of capacity and ona F.tO-LIBI‘ chiller to conyrol . Yes
prevention of capacity through changes in solution
crystallization flow rate to the desorber.
An optimal desorber temperature as ¢
SISO Feedback control | function of absorber/condenser heat
Feedback . < of desorption sink temperature is implemented and
Control I(:Zeggi)n dezSeara and Vazquez temperature and | PID feedback controller issed to No
on/off control of | regulate the heat flux. On/Off controlle
flow rates for refrigerant flow regulation maintair
the desired capacity.
Feedt_)ack control A dilution circuit improves the system
of delivered . ,
performance at paitioad in preventing .
. coolant o L -2 | Partial
Shinet al.(2009) crystallization. Quantitative estimation . ..
temperature and L validation
of performance variation was not
prevent
. presented.
crystallization
Régoet al.(2014) Feedback control Using desorptionemperature feedback ves

of desorber heat

transfer rate to

(P1loop) to control the exhaust gas flc
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Table 2.4: Summary of control systems for VAScontinued)

Control Experimental
Methodology Author(s) Control Loops Remarks vValidation
maintain system | rate in an automobile heat recovery
capacity based cooling system.
Two SISO feedback loops using
Feedback control proportional controfor: con.trolllng
evaporator temperature glide using th
of temperature . . o )
Goyalet al.(2015) . : expansion valve position; controlling | No
glide and cooling : . : 0
capacit cooling capacity using natural gas firir
pacity rate. 8 10% increase in system COP
SISO was predicted.
Feedback
Control Two different SISO PID feedback looy
were analyzed to identify faster and
Feedback control | stable control architecture. Better
Xu et al. (2016) of system capacity control of system capacity was Yes
using dester observed using desorption temperatu
heat input rate as the controlled variable with a mode
based correlabn between desorption
temperature and system capacity.
Advanced ?cl)\lnl:lr(:ac?fed Implemented ANN models for control| ,_ .,
Controls Palauet al.(1999) . of different valves in the system and o
adsorption fault diagnosis validation
systems '
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Table 2.4: Summary of control systems for VAScontinued)

Control Experimental
Methodology Author(s) Control Loops Remarks vValidation
Optimization of operating cost using
ANN and GA chilled and cooling water flow rates ar
Chowet al.(2002) based optimal temperatures provided ~19% savings| Yes
Advanced control m%ful_(_eéconsijmptlon to operate the
Controls 20-LiBr system.

Feedback control
using system
characteristic
equation

Variable speed control of all coupling
loops led to improvement in system | Yes
performance.

Kihn et al. (2008)
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2.4 Conclusions from Literature Review

The current research on control methodologies for absorptionnsystan be

generally summarized as:

1 employing on/off type intermittent controls, which are relatively straightforward
to implement, but typically lead to significant performance degradation during
startup and shutlown periods,

1 relying on simplistic modeldor the identification of critical operational
parameters, which can be valid for certain ranges of operational conditions, but
may not apply under offlesign conditions,

1 lacking detailed system identification and MIMO control to account for coupled
dynamcs of different system variables,

1 not focusing on internal system control parameters such as control of expansion
valves and solution pump speed to optimize heat and mass transfer performance,
and

1 lacking experimental studies and validation for contrarofllscale systems.

These observations necessitate design and development of advanced controls for
thermally activated absorption heat pumps, especially for residential and mobile
applications. As discussedrlier, the research on control systems forS/kas spanned a
multitude of control algorithms leading to component and system level characterization
and optimization. This breadth of research is still unavailable for VFfbire2.6 shows a

summary and path for future resdain the area of VAS controls. As VCS and VAS are
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To be explored for VAS Controls
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Figure 2.6: Control system research and design practice for XS

both utilized in refrigeration and HVAC applications, the controlled variables for both VCS
and VAS are similar. The controlled variables, from the viewpoint of overall system
performance, are the deliverecooling/heating capacity and the temperature of the
conditioned space. For an advanced control strategy that can optimize system efficiency
and also maintain controlled variables at their set points, the operational efficiency or
system COP can be compdtonline and incorporated into an optimization routine. The
external disturbance variable, in the form of the ambient temperature that determines the
heat transfer to or from the surrounding environment, is also identical for these systems.
Therefore, theadvanced control methodologies for VCS can be extended to VAS with
some modifications arising due to specific dynamics and processes involved in VAS. An
accurate system model should take into account those dynamics, and with the identification
of inputoutput pairings, the advanced control algorithms for VCS can be applied to VAS

as well.
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2.5 Scope and Objectives of Present Study

The following research directions are identified for VAS controls.

1 While there are numerous modeling and control methodologies@opriate
combination of performance and complexity must be achieved.

1 The design of control algorithms should be guided by accurate numerical models
that can efficiently predict transient system performance.

1 The thermodynamic and process degrees efifsm, identified in SectioR.3.1,
should be paired with relevant process variables.

1 Finally, the proposed control algorithms should be experimentally evaluated.

Current modeling techniques for VAS are limited to simplified lumped parameter
models or datdbased models. The accuracy of these models and their ability to be applied
to a general class of absorption systems is very limited. There is a need for developing
accurate and computationally efficient transient models for these systems. Computational
efficiency can be increased by developing faster thermodynamic property calculation
routines and reducearder models that can characterize the key parameters of the system,
such as thermal capacitances and fluid flow regimes, to guide the control algorithms.

The first part of this study demonstrates various modeling approaches for different
components of VAS. The models account for thermal capacitances related to the heat
exchanger material and the fluid mass, and range from very detailed segmented models to
reducedorder MB and lumpegharameter models. Gains in computational efficiency are
obtained through the development of fast thermodynamic property calculation routines

using artificial neural networks. Additional gains in computations are obtained thttoeig
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use of advanced numerical solvers for the system of DAEs. Information obtained from
these simulations is crucial in identifying the design of a systa® control scheme to
optimize performance.

The second part of this study investigates controYA&$. It is evident from the
available literature that absorption heat pump controls require more sophisticated logic for
the complex dynamics of these systems. A system transient model is utilized to design
feedback control algorithms. These algorithmidizet the inherent system dynamics to
guide control decisions, and are generalizable to a wider class of VAS. This study
demonstrates, though numerical simulations, the improvement in the performance of the
system at ofidesign operating conditions usingeflback control loops on the evaporator

temperature glide and the conditions of the heat source driving the capacity of the system.

Finally, an experimental test facility is constructed for a sweblacity ammoniavater
absorption chiller. The experimeahsetup is equipped with computEntrolled actuators

and instrumentation for various process variables, and allows for flexible deployment of
many control algorithms via a compwutegised controller. Detailed experiments simulating
various scenarios of/stem operation demonstrate the applicability of the proposed control

algorithms and the enhancement in system performancedesitfn operation.
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CHAPTER 3. COMPUTING THERMODYNAMIC PROPERTIES
OF AMMONIA -WATER MIXTURES USING ARTIFICIAL

NEURAL NETWORKS

3.1 Introduction

Ammoniawater is one choice f@aworking fluid pair in absorption systems. It offers
various advantages, in additionite zero ozone depletion and global warming potential
such as low saturation temperature of ammaniaboveatmospheric pressureshich
enables use in refrigeration systems, and high heat of vaporization angbliaperdensity
leading to compact geometries of the heat and mass exchangers used in these systems.
Optimal design of these systems is necessary for meeting cooling/heatidg |
requirements at different operating conditions. Thegjuires steady and transient
simulations of the system and predictiof various state points in the cycle. Detailed
transient models typically require millions of property computatifmmssimulaton of
realistic operating time scales. The accuracy and computational cost of these cycle
calculations depend on the calculation of thermodynamic properties of the working fluid,

which in this case is a zeotropic mixture of ammonia and water.

Calculation & thermodynamic properties of mixtures can be a difficult
computational problem using the typical equation of state (EoS) methods. For zeotropic
mixtures, the thermodynamic states are highly-lvogar functions of the independent
properties used to commuthem, and the resulting equations require an iterative solver for

calculation of each state point. Detailed reviews and implementation of EoS formulation
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for ammoniawater mixtures are provided [Aregler and Trepp (1984Tillner-Roth and
Friend (1998) andRattner and Garimella (2016patek and Klomfar (1995resented
simple regressiobased equations for ammoniater properties in vapdiquid
equilibrium. However, they used limited data for the development of the model and the
application of those equations is limited to @fie steadystate cycle calculations. The
most widely used software implementations of ammavater property routines are found

in National Institute of Standards and Technology (NIST) REFPROP appli¢atiommon

et al, 2013 and Engineering Equation Solver (EES) property librgiésin, 2019.

Neural networkbased methods are used in solving highly-lnogar problems where
the complex physics of the system introduces a prohibitive computational expense. The
massively parallel network formed by linkitige inputs to the outputs utilizes adaptive
weight functions for each input and correlates them to the output. The algorithm can also
continuously train itself with additional data sets to improve the accuracy of the predictions
as compared to most staticodels resulting from statistical analyses. Artificial neural
networks (ANN) have been used in imitating learning and processing similar to the human
brain, and have found extensive application in solving complicated problems in image
processing, pattermecognition, and fitting multivariable inpaiutput relationships

(Lippmann, 198Y.

Many researchers have investigated the use of AdlINredictthermodynamic
properties of relatively new refrigerardad mixturesused in sorption heat pumpsing
very limited experimental data with promising accuracy and significantly lower
computational expensPetersa et al. (1994)presented perhaps the first implementation

of ANN in estimation of VLE data of binary mixtureSharmaet al. (1999)used ANN
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with a backpropagation learning algorithm to predict vdjgmid equilibrium (VLE) data

for ammoniawater and methanethane mixtures with high accuracy. Thirteen hidden
layer nodes achieved best results for both mixtuégenet al. (2004) and S6zenet al.
(2005)presented ANN based thermodynamic property calculation for methditttum

bromide and methandl lithium chloride efrigerant/absorbent pairs. Limited data for
mixture temperature, pressure and concentration were used to predict the specific volume.
Multiple training algorithms were compared to select the most accurate network
architecture. Scaled conjugate gradienC@ and Levenberg Marquardt (LM)
algorithms produced the least errors and correlated the data accurately. Good agreement
was found between model predictions and experimentalid&@#an c an and Kal ogi r
determined the VLE data for watérlithium chloride and watef lithium bromide +

lithium nitrate + lithium iodide + lithium chloride mixtures using temperature and
concentration as the inputs and vapor pressure as the output of the model. They determined
that feedforward LM algorithm based ANN resulted in good agreement xygrieental

data with high correlation coefficierR(valuesk e n ¢ a n useddat® niining methods

to determine the specific volume of methandliBr and methanoi LiCl mixtures using
pressure, temperature and concentration values. Afragiagation ANN using 7 hidden
neurons with LM training was compared audi other statistical and data mining

techniques and was found to perform better.

Urataet al. (2002) investigated ANN for stimating VLE properties of 18 binary
mixtures of hydroflouroether refrigerants with reasonable accuracy. Thermodynamic
property computation of binary refrigerant mixtures was also investigat&@itoyi and

Yousefi (2007) An ANN model was developed to predict VLE data for four different
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binary mixtures of refrigerants over a wide range of pressures and temperatures. The
proposed neural net is a feedforward network with backpropadatomng through the

LM algorithm. The results were compared with Redkskiong-Soave(Soave, 197PE0S
predictions, and it was found that the ANN based models were more acblgayenet

al. (2007)used ANN to calculate VLE data for ternary mixtures of solvents saturated with
salts. The network contained two hidden layers for optimal performéineen etaah
(2011)used ANN to calculate thermophysical properties (thermal conductivity, density,

viscosity, thermal diffusivity and specific heat) of mixed refrigerants.

This studyextends the application of ANN models for coripg thermodynamic
properties of ammoniwater mixturs by incorporatingheestimation of properties tbth
single and two-phase regions using a unified network. It should be noted that the
superheated vapor phase is not typically encountered in amwatea absorption
systems, especially in the legressure components. For example, in an evaporator,
instead of superheat, due to the significant difference in water and ammonia saturation
temperatures, as evaporation proceeds, the mixture temperamegilgrapproaches the
saturation temperature of water, resulting in a steep temperature gradient. The network
predictions for superheated vapor phase in this work are based on the calculation of the
specific heat capacity of singfghase vapor. Some ofebe predictions demonstrate
relatively larger error due to limited training data available for the superheated vapor phase.
The computational efficiency of the proposed property routines is compattedhe
conventional Eo®asedormulation.In the subsguent chapters of this thesis, the proposed
property libraries are utilized in developing a component model to study the dynamic

response of a smathpacity ammontavater VAS.
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3.2 Neural Network Modeling
3.2.1 ANN Model and Parameters

ANN are formulated using a tsef training, validation and test data points. In this
study, the input parameters to the net are three independent thermodynamic variables,
while the output is a desirable calculated state variable. MATLARural Network
Toolbox (MathWorks, 201pis used to train the network and develop the mdeigure
3.1 shows the schertia of a neural network. The inputs are provided to the system (a
representative vector of temperatufg pressureR) and mixture mass qualitg) triplet)
in the first layer (input layer) of the net. To train the algorithm, the input and target (known
values of enthalpyhj, internal energyy), specific volume\(), and ammonia mass fraction

(X)) samples are normalized in the rangde [l] usingmapminmaxunction in MATLAB®.

/ /\
4‘“{\&\\\ :
Nooe e SaNv

A

Inputs [T, P, q|
Output [x, /2, u, v|

Hidden Layers

Figure 3.1: Schematic of a multilayer cascaded feedforward neural network for
TPq property triplet
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This is performed internally by the Neural Network Toolbox after receiviagdtv input

data.

The normalized inputs are manipulated using adaptive weight functiphsn(the
hidden layers. All the weighted values are summed along with alfjidsr(each hidden
layer neuron. The hidden layers establish the correlation betiveerputs and the outputs
by iteratively optimizing the values of the weights and biases. Finally, a transfer function
is used for each layer to generate an output. The transfer function can be of different types
depending on the relationship betweeruiisgnd outputs and can be selected appropriately
for individual layers of the network. The performance of the neural net is measured in terms
of mean squared erroMSE) (Eq. 3.1) and correlation coefficie(iR) values of the fit
between predicted valuesd known training value#\ low MSE and highR (close to

unity) aredesirable

Klrain

é. (yl - yactual)2
MSE = =L (3.1)

train

In this work, a cascaded feedforward network with two to four hidden layers is used
for calculating the outputsThe optimum number of hidddayers for each network is
identified iterativelyln a cascaded network, the outputs of the previous layers are supplied
as additional inputs to the following layer. Typically, this leads to improved performance
of the network and increased capabilitictorelate complex relationships. The number of
neurons in the hidden layers sfor each property triplet. The training is performed
using the Bayesian Regularization (BR) backpropagation algorithis.algorithm uses a

modified MSE function by includng a mean squared sum of the network weights to
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improve the generalization capabilities and prevents overfitting. This algorithm does not
require a validation dataset separate from the training data and uses all the data provided
to it for training, makig it more suitable for instances with small or sparse datasets. The
training data for ammoniavater properties is sampled from EES property librgiésin,

2016. Built-in data sampling algorithms in MATLAB(haltonsetandsobolse} are used

to generate a neaandomdataset of 2867 property points faraining the ANN. These
properties are sampled within the vagiquid equilibrium regiorof the mixture Table3.1
summarizes the ranges of different parameters for each property routine. A total of 10,075
training points are used for training fRegY P property routine. Separate property routine
networks are developgdor the specific heat capacity of subcooled liquid and superheated
vapor phases. The subcooled liquid phase is assumed to be incompressible and its specific
heat capacityCpiiq (T, X), is used to calculate the enthalagd internal energy at the
operatng pressureA total of 674 training pointsare used to develop the network for
subcooled liquid phase specific heat capa8tsilarly, 488 training pointare used in the

development of the network for computing the specific heat capacity of the sateerhe

Table 3.1: Thermodynamic property ranges

Property Range
TemperatureT) 25071 536 K
Pressurek) 1007 5000 kPa
Vapor Mass Qualityd) 07 1 kg kgt
Ammonia Mass Fraction) 2.57 x107°1 0.999994 kg kg
Enthalpy ) -305.99i 2815.7 kJ kg
Internal Energy\) -306.12i 2610.8 kJ kg
Specific Volume V) 0.00104i 1.6878 nikg*
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phaseCpvap(T, X), which is used to compute the enthalpy and internal energy of the vapor

phase at the operating pressure.

Neural network modeling is initialized by defining the structure of the cascaded net
with the number of neurons in each hiddayer. Training parameters such as optimization
algorithm, maximum iterations during training, criterion to stop, division of data between
training and validation sets, input transfer function, and performance parameter are
specified. These parameter we$ are listed iTable3.2. As mentioned previously, the
training algorithm used in this research is Bayesian regularization due to its enhanced
capability to correlate complex relationships. The maximum iteration parametethstops
training once that iteration value is achieved. Typically, the maximum iteration parameter
is set higher than the iterations required to converge to the solution. The training is
performed by varying the number of neurons in the hidden layer unidfesabry
performance and prediction abilities are achieved. The network performance can be tested
by applying it to a set of test data different from the training data and the outputs can be
compared with the state points computed from the EoS relalibesietworks are trained
repeatedly to ensure robustness and avoid overfitting or effects of the random initialization
at each training session. After the training converges, the network is exported as a function

script for standalone use with MATLABmModds and codes.

Table 3.2: ANN training parameters

Parameter Value
Maximum lIterations 10000
Stop Criterion MSE < 108
Training Algorithm BR
Performance Parameter MSE
Input Transfer Function Sigmoid
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3.3 Thermodynamic Property Routines

As ammoniawater is a binary mixture, it required three independent thermodynamic
properties to completely define the state and determine the remaining properties. To enable
fast computations and utilization mumerical models, many combinations of property
triplets (three independent property values) and the associated output variables are
generated. Each of these combinations is then trained using the procedure described in the

previous section.

Table 3.3 summarizes the training parameters of each property triplet developed in
this study. The network structure and training MSE for each property routine are provided.
ANN training performance is estimated in terms of convergence fatkeotraining
algorithm as a function of thBISE and iteration of the optimization algorithm. Final
performance of the network is also estimated using the error between target output values
and output values predicted by the network. Finally, to assespettiormance of the
trained networks in this work, an additional test dataset was utilized to compare the
predictions of the network. Performance results for the property roliffageY x are
presentedFigure 3.2 shows the varian of MSEwith iteration count for the training of
this network. As the training proceeddSEfor training data and test data decreases and
achieves a steady value. The optimization algorithm terminates the training after no further
decrease INMMSE can be achieved (in this case after 10000 iterations). The network
parameters are obtained for the minimMi@Evalue. A separate database of random state
points was utilizeda compare the network prediction with EoS calculatidigure 3.3
shows the difference between the predicted values and the predictions using EoS routines

for 174 datpoints. It can be observed that most datapoints exhibit insignificant errors and
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Table 3.3: ANN based thermodynamic property routines for ammoniawater
mixtures

Propgrty Network MSE Singlephz_ase
Routine Computation
TY B9i16i613i1 6.42 x 10
PXq hY B9i 61 61311 0.0073 0
uY B9i 6161371 0.0159
vY B9i6i1613i1 4.64 x 16
xY B12i 9167 3i1 2.4 x 10'°
TPq hY B12i 9161311 2.12 x 1¢ 0
uY B12i19i 61371 2.22 x 10
vY B12i9i613i1 6.33 x 10
Txq PY PR15791973i1 0.0094 O
TY B12i9i613i1 9.21 x 1@
Pxh qY B12i9i6i3i1 | 9.49x10° b
uY B12i9i613i1 8.62 x 10
vY B1279i673i1 1.01 x 1@
[qhuVv]Y | tera
TPX solved usingrlPQY X ! P
Cpiq (T, X) 27 97 6i 1 5.45 x 10 P
Cprap(T, X) 211271 77 1 0.0014 P

the entire dataset lies exhibits a prediciton errorhfZ] x 10*. For a larger set of 9541
random state-points, the prediction error is less than 0.5% for all data pointsFigure

3.4 shows a histogram of pridiction erorr at the completion of training of the network. The
plot shows the prection erorr between the supplied training output values and the
predictions using the network. The converged network demonstartaed a small error for a
large fraction of data points (more than 18,000 data points out of 29,667 training points
have an errof ~3x10°). Finally, the correlation coefficientR] for the network is

computed to be ~0.99994 which indicates a good correlation fit.
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The property triplets containing vapor mass quality or mixture specific volume
(TPg, Pxq, Txq) as an input pararmat can only be used to compute saturated phase and
two-phase region properties. In this work, a good network fitT#®x routine was not
obtained despite many trials with size of network, training algorithm and other network
parameters. To overcome thimitation, an iterative solution foFPxY ¢ is developed
that utilizes the abovemention&@®gandPxqroutines Figure3.5 shows the algorithm for
the solver. The iterative solver utilizes tReq routine to identify the phase region of the
queried statgoints. It iteatively solves for the queried ammonia mass fraction using the
TPqroutine and converges to the corresponding vapor mass qudlgyiterations are
performed using successive ovetaxation method (parametel= 2) to increase the
convergence rate of éhiterative algorithm. The properties of subcooled and superheated

phases, encountered when usifigx and Pxh property routines, are calculated using
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Calculate saturated phase temperatures
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Subcooled Superheated
wlr Liquid Vapor
Update x_ (i +1)
using 'Fquuess
Convergence?

Mixture mass quality |

computed

Figure 3.5: Flowchart of iterative solver for TPXY ¢ property routine

singlephase property computations that utilize the specific heats of liquid and vapor phase
to calculateenthalpy values. The subcooled liquid phase is assumed incompressible.
Therefore, the effects of variations in pressure on density are neglected. These are shown

in Eg. 3.2 3.10.

hiq,sc = I‘\iq,sat _Cniq( -lﬁq,sat :D (32)
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I“‘iq,:sat:-rpq - f(T, Pso) (33)

Tigsae = PXq - T(R x0) (3.4)
Chig =CR(T. 3 (3.5)
Piap.sn = Nuap sat TP T T iap ok (3.6)
Nap s = TPQ - H(T, R1) (3.7)
Toap s = PXd - T(R x1) (3.8)
CRiap = CR(T: 3 (3.9)
Vigse © Vigsae TP -\ T PO) (3.10)

3.4 Performance of Thermodynamic Property Routines

This section presents the computational performance of the proposed property
routines and their comparison with available EoS programs. A comparison of
computational efficiency is performed by computing 9541 random property dalisthe
proposed methodology and the existing EoS property library.

The proposed property routines are direct ANN functions implemented in
MATLAB ® to facilitate faster property computations as compared to iterative property
routines passed through exterhlatary functions. Computational time is recorded for the
computation of 9541TPq triplets using EES property routines, MATLAB
implementation of the property routines developedRbytner and Garimella (201&6nd

the ANN based routines developed in this wdfigure 3.6 shows the comparison of
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computational time using the abereentioned three methods. It can be observed that using
ANN for property calculation leads to ~60% decrease in the computational time (3.38 s as
compared to 8.4 s with conventional EoS routines in MATEAR alculations sing EES
property routines take ~45 s to complete. Increase in computational efficiency is attributed
to direct functional relationship between the input variables and the outputs. EoS based
methods (both EES library routines and MATLABmplementations) aquire linking
external library files for each calculation and an iterative solver, which amounts to
significant computational expense. All these computations were performed on &n Intel
Corei7 machine with a clock frequency of 3.4 GHz and 24 GB of RANe TIPx routine
developed in this work utilized an iterative solver as discussed in the previous section. The
iterative solver requires additional computational expense and leads to negligible

improvement over the existing methods.

0 10 20 30 40 50
Computational Time [s]

Figure 3.6: Comparison of computational time using three different property
routines
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3.5 Summary

ANN based propeyt routines for computing the thermodynamic properties of
ammoniawater mixtures are developed. ANN based property calculations offer
significantly enhanced computational speeds that can be a major advantage for large cycle
simulations such as transient byss, which can involve millions of property calculations.
Cascaded neural networks with multiple hidden layers are used to develop explicit property
routinesthatcan utilize many combinations of property triplets as inputs and provide the
desired thermdynamic states as outputs. The performance of these neural networks is
assessed by comparing the predictions with stablished EoS property calculations. The error
in the predictions is observed to be less th&P0.The computational efficiency of these
routines is compared with two EoS implementations in E&81 MATLAB® respectively.

It is observed that ANN based property routines off60% speedup in computing
thermodynamic properties of ammomater mixturesin the following chapters of this
thesis, he implementation of a complete system transient model utilizing thesebalséd

property calculation routinesill be discussed.
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CHAPTER 4. DYNAMIC MODELING OF HEAT EXCHANGERS

4.1 Introduction

This chapter presents the details of transient modeling of different cemisan an
absorption system. The heat exchangers can be classified asrdetgsengleoutlet type
(absorber, condenser, evaporator, and recuperative heat exchangers,) ailaimiyial
outlet type (desorber and rectifier). This study focuses bysipsbased models,
specifically the movingboundary method, and the discretized finite volume method.
Details of geometrical and heat transfer parameters of different components are provided.
The geometry of the components is utilized in determiningflthé volumes and heat
transfer areas. All the models presented in this chapter account for the thermal capacitance
of both the internally stored working fluid and the coupling fluid stored in the heat
exchangers, and the heat exchanger material. Thesdisawalso elucidates the numerical

features of the system of equations and the solvers implemented in the simulations.

4.2 Mathematical Modeling

The g@verning equations for mass, momentum and energy conservation for a

Newtonian fluid are:
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This chapter adapted from: GoyAl, Garimella, S., Generalized transient simulation of
two-phase heat exchangers using zeotropic fluid mixtures, International Journal of
Refrigeration (2018)ttps://doi.org/10.1016/}.ijrefg.2018.07.031

The sections pertinent to the desorber are adapted from a collaborative effort with Mr.
Alexander A. Roeder. Detailed model formulation and analyses are available in the MS

t hesi s €ransientt $irsuthtion df Ammomni@ater Mixture Desrption for

Absorption Heat Pumps & Optimal Control of an Electric Vehicle Cabin Air Conditioning
Systendé by Mr. Al exander A. Roeder (2018), Ge


https://doi.org/10.1016/j.ijrefrig.2018.07.031
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These equations represent the unsteady conservation equations in their generalized
form, and are utilized in different modeling paradigms as applicable to the different

commnents of the system.

4.2.1 Thermodynamic Properties

Thermodynamic property computations are required at each time step of the
simulation to evaluate the state points for the working fluid. As mentioned previously, the
working fluid for the absorption systemsdan consideration here is a binary mixture of
ammonia and water. However, the methodology outlined here is applicable to other fluid
mixtures as well. For a binary mixture, three independent thermodynamic variables must
be specified to completely defineetthermodynamic state. For instance, if temperature
(T), pressureR), and concentratiorx) are specified, then the complete thermodynamic
state [specific enthalpy), vapor mass quality], specific volume\), internal energyy)]
can be computed. Amoniawater property routines developed Rgttner and Garimella
(2016)are used in this work. Property triplets can be queried using the routines and the
corresponding dependent state variables can be computed. The permissible tripkets are

Pxh TPg Txv, xvy, andPxq.
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Ammoniawater mixture is a noideal, zeotropic miture, and therefore the
temperature of the fluid mixture does not remain constant during phase change processes,
in contrast to pure substances. Also, some highlylimear property trends are observed
especially at the operatirgpncentration and preggs for ammoniavater VAS.Figure
4.1 shows a plot of the variation in the temperature of the mixture for known pressure and
concentration values and varying vapor mass quality. It can be observed the mixture
temperature changesny significantly at the higher quality values with a sharp-linogar
relationship. This implies that a twaghase heat exchanger such as an evaporator or
condenser will encounter these profiles of temperature, and consequently for enthalpy. The
values ofpressure and concentration are basedaperating points for an actual system.
Figure4.2 shows ar Pxsurface for the mixture with a specified ammonia concentration of
0.997 kg kd' and enthalpy on the-axis. The plot shows highinonlinear behavior of
mixture enthalpy near saturation conditions. These highlylinear property trends have
implications on the choice of the solver (implicit or explicit), maximum time step size, and
calculation of property derivatives such thag¢gl sharp gradients are addressed in an
appropriate manner and the solver remains stable. Also, these sharp changes in properties
render the system of governing equations tstifie which implies that the solved variables
can demonstrate strong osciltats in the neighborhood of a solution. Typically, this
feature renders the commonly used ODE solvers to be computationally very inefficient.

Further details are presented in the following sections.

4.2.2 Singleinlet Singleoutlet Heat Exchanger Models

This sedion presents the model development for components such as the absorber,

condenser, evaporator and the recuperative heat exchangers used in an alsgstption
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Both the FV discretized and MB models presented in this study include several simplifying

asumptions based on experimental observations and engineering knowledge. Other

assumptions pertinent to the individual techniques are discussed in the following sections.

Key assumptions in the countdow heat exchanger models are:

1
il

1-D compressible flow foammoniawater working fluid

Uniform but timevarying pressure imposed on the ammeméer side as the
pressure wave is assumed to propagate significantly faster than the thermal
and mass storage effects

Viscous dissipation effects and body forces ndghic

Axial conduction effects neglected as the Pedi £ RePr) number is
typically large

Pressure drop in the heat exchanger neglected, leading to omission of the
conservation of momentum equation from the final set of equations

Liquid and vapor phases ithermal equilibrium and homogenous flow
assumed

Constant crossectional area of flow and wall

Uniform heat transfer coefficient assumed in the control volume for both
fluids

Axial conduction in the wall material neglected

1-D incompressible coupling dld; neglected pressure drop, viscous

dissipation, and axial conduction effects; counterflow orientation
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These assumptions lead to simplifications in the governing equations and remove
secondorder derivatives and ndmear coupling between pressure anélocity.
Following the procedure outlined bWacArthur and Grald (1989)the simplified
governing equations for refrigerant mass and energy conservation are:

W, WS
Mt p

Ll[rfhf 'Pf]+ (st h) Uf Pe1r(T J,?
Mt B As

0 (4.4)

¢! (4.5)

These form a set of parabolic differential equatiorth wefrigerant enthalpy and velocity

as the field variables and require specification of initial conditions anddéependent
boundary conditions. The boundary conditions at the inlet and outlet are determined by the
components upstream and downstrearspeetively, in the complete heat pump system.

As the working fluid is a binary mixture of refrigerant and sorbent for absorption heat
pumps, in this study N#HH20, the species conservation equation is also included to
account for species storage and tramsas the inlet mass flow rate and concentration vary.
The species transport equation is:

fof+ (rs %) 0
S n

(4.6)

As the refrigerant mass flow rate is a measured variable, the equations presented above are
converted to their mass flow forms bylplying with crosssectional area of the flow,
and represent a system of equations for calculating refrigerant mass flow rate,

concentration, and enthalpy over time.
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The energy conservati@yuationgor thewall material and incompressible coupling fluid

are:

T

FOPALE - U Per(T, -T) W, Pel(T, B 0 (4.19
T .

rchpcf Ats cf uu;::f + Mf Cmgf -lgf) _Ucf Percf( Tw :I-cf) O (41])

Eq. 4.74.11 form the governing unsteady partial differential equations D& the
counterflow heat exchanger. The first term of these equations represents the
storage/capacitance terms and accounts for mass and energy storage in the fluid or wall
volume. The computed variables are the refrigerant outlet mass flow rate, outlet
concentration, enthalpy, wall temperature, and coupling fluid outlet temperature. The time
varying boundary conditions for the system are refrigerant inlet mass flow rate,
concentration, temperature, and coupling fluid inlet mass flow rate and tempefdtere
geometric parameters and physical component dimensions are fixed constants for the
component under consideratidtieat transfer coefficients are determined by utilizing the
system cycle model as discussedG@arimellaet al. (2016) The overall condenser heat
transfer rate at design conditions is used as an input. First, the heat transfer coefficient on

the coupling fluid side of the ocdenser is estimated using the geometrical parameters and
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inlet mass flow rate of the coupling fluid. A singdaase, laminar heat transfer correlation

for circular ductdKakacet al, 1987 is utilized to compute the heat transfer coefficient.

As a segmented model relies on the local temperature difference between the participating
media, an arithmetic mean temperature difference between the heat exchanger wall and the
coupling fluid is used to detmine the average wall temperature. The average wall
temperature is then used on the refrigerant side of the condenser to estimate the heat
transfer coefficient, with the total heat transfer rate of the component known from the cycle

model.

4.2.2.1 Finite VolumeFormulation

Figure 4.3 shows a discretized representation of a cotfifd@r condenser with
refrigerant and coupling fluid exchanging heat through a wall element. FV formulation
involves discretizing the heat exchanger in sevewatrol volumes of constant area and

volume. Eqn. 4.4.11 are integrated over the control volume and discretized using an

[, ,x, T, ,T,,,T,]

i 2w,

J1

2

; 277
Wall 2227

Coupling

Fluid

Figure 4.3: Schematic of 1D finite volume discretization of a condenser
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upwinding differencing scheme (UD$patankar, 1980for flux terms to formulate the
system of ODEs for all nodes that are solved simultaneously. The discretized equations

for mass, species, and energy conservation for refrigerant, watbapting fluid are:

drey 1 .
5 v an ., -, (4.12)

f,seg

d(rf,ixf,i) 1 .. .
dt :V gnf,j.le,; 1 'mJ )f(j (4-13)

f,seg

drh; f o :
(r'h’)'dp =1 gmf,j-1hf,j s My h, (UAf(;ri’ J'_) (4.14)

dt dt Vi
dT,, .
(M, CR.), dt‘ Z(U'A)f (-If-' _L) (_U cf( i ;F') (4.15)
dTy; _ .
(M CR)i — ™ = M Co(T, -%,.) ¢Up( T 7)) (4.16)
hy ; =h; (4.17)
Xi ) =% (4.18)
T i = Tin (4.19)

Eq. 4.12i 4.16 along with Eq. 4.17 4.19 (UDS scheme) are formulated forlhodes

and result in a system ofNequations with B unknowns: nodal fluid concentration and
enthalpy, wall and coupling fluid terepatures, and interfacial refrigerant flow rates. As

EqQ. 4.12 is an algebraic equation with outlet mass flow rate as the dependent variable, the
complete system of equations becomes a DAE system. To simplify the system and mitigate

any numerical issues waittypical solvers, Eq. 4.12 is used to recursively substitute the
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value of m, ;in Eq. 4.13 and 4.14. The refrigerant species and energy conservation

equations are simplified as:

Vo o = - (4.20)

f,seg f,iT_ f,j—1(Xf,i-1 Xf,i) .
Vi iz (hoy ch) CUACT, ) Ve @21)
f,seg’ f,i dt frl i i f j i seg dt .

The final system of equations (Eq. 4.12, 4.1421) leads to 8 unknowns with an equal
number of equations. Eq. 4.12 is separately used at each time step to determine the outlet
mass flow rate leaving tH& CV. The profiles for timedepemient boundary condition of

inlet mass flow rates, inlet temperatures of both fluids, and inlet concentration of the
refrigerant are provided to the model. Appropriate initial conditions forggaitorm room
temperature or computed from a previous stesale operation are specified to completely
define the system of equations. In a full system model, the boundary conditions are
supplied from upstream components or accumulator models that are typically employed to

set the pressure and concentration.

4.2.2.2 Moving-boundary Method

As discussed previously, MB methods belong to the class of lumped parameter
models in which the fluid properties are averaged over different regions ofphate
flow and the pertinent states are computed using spatially averaged dbumsteady
conservation equations. This provides a significant computational advantage as compared
to the discretized schemes using FV and finite difference (FD) methods where the
discretized PDEs are solved for each node. In MB methods, the PDEs fervedias of

mass and energy are converted into a system of ordinary differential equations (ODE) by
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integrating them over the length of each region. Simplified conservation equations are

integrated over eachrule(Eq.4.82).r egi on using Le

(1) (1)
d AG(t, z)dz=a2 %?M dz+ce,t§()t)m -Gt A p 330 400
dt LA dt dt

Figure4.4 shows a schematic of the MB method applied to a typical condenser used
in absorption systems with two fluid zones present:-plwase and subcooled regions.

Additional scenarios with feer or additional fluid regions can also be formulated.

For a switched moving boundary method that accounts fortangng outlet fluid
phase from the heat exchanger, B 4.11 are integrated using Eq. 4.22 and the time
derivatives of the state vables are computed. In the t@one model, the state vector
consists of the position of the twahase to subcooled liquid transition, the outlet enthalpy
of the working fluid, the outlet mass flow rate from the {@fmse and subcooled zones,
the average whtemperature for each zone, and the average temperature of the coupling

fluid for each zone.

. Two - Phase Zone uSubcooIed‘
. - L, (f)oré,,(t) T L (forg (t) e
hf,i" e hf,out
Refrigerant ® '. : : "
ch,out 7 fin
Soupling ’:
ui

Figure 4.4: Schematic ofmoving-boundary model of a condenser
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Y(t) =[m,2p— sc? I.‘nf,out’)(Zp’ hf,oul’ TNZ P Twse ch2 p ch s-l: (423)

Averaging of fluidproperties in the MB method is important to ensure accurate
computations. Referring tBigure 4.4, the inlet conditions of the refrigerant are known,
and the average enthalpy in the tpliase zone is calculated as the arithmetic mean of inlet
and outlet enthalpy. Once the average enthalpy is known, using the pressure and
concentrationthe average refrigerant temperature and density can be calculated. This
average temperature is used to calculate the heat transfer rate to the wall. It should be noted
that an average temperature can also be calculated as the arithmetic mean ofahd inlet
outlet temperature from any zone. However, fiféigure4.1, this can lead to a large error
in two-phase region calculations as the mean temperature corresponds to a very high
quality of the twephase zone. Instead, if the aaging of enthalpy is used, it predicts the
mean quality to be approximately at 0.5, which is closer to a linear profile as assumed in
the arithmetic mean. Similar enthalpy averaging is performed for the subcooled region and
the outlet mass flow rate andmwoled region enthalpy are calculated as the heat transfer
area and heat exchanger volume for-ptase region are known. The following equations

are used to develop the MB model.

Two-Phase Zone

”Lf Cpcf( cf 2p cf oua Ucf Acf %/;( ct2 )
daT,,. ngp)cf(If,zp - T () ﬁdﬂ
o.2p — L (4.24)
dt (MCP X,
_ dr e d ,}’
mf’Zp- sc f in fX2p dftzp 'ngvf( rf,2p [2pou) : (425)
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rﬁf,inhf,in_ m,Zp—sch,Zp,out - fA'sz( f,.2p :l;v [)

& dpP dh ¢
d Vi éXZpif - % thp - 2ph§ 2p v 2p Y
Xop _ e dt dt U (426)
dt Vf (rf,zphf,Zp - ,f-,2p,outhf,2p,ou)
UfAfX2p(Tf,2p W2p) Ucf Atf '{p( w,2 p :rcf,Z;)
an,,, - KEMOD(Te, -Tee) B
u2p = ; dt (4.27)
dt (mCp,,x,,
f,in hf ,0u
hf,zp %
Tiop = F(R. %, hf,zp) (4.28)
Fop = F(P, X, hf,zp)
SubcooledZone
M, Cpy %If,m TG B0 A (T Ty
dT - (me)cf é-ﬂf,sc --Ef(XZp) ﬂﬂ
of 5o dt (4.29)
dt (MmCp .
U f Aszc(Tf,sc_ Tw st) -U cfAcf )ggTw sc T of lc
. dx.
dT +(me)W S-E/,SC _TV\KXZ p) ﬁ%
—wse — (4.30)
dt (mCp, X
dXZp d /f’,sc
fout rnf 2P SC +K Q(r f, sc rfz poJVT V-f & (431)
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’Ié érﬁf 2p- schf,z p,out mf,outhf, out - U f Af% s(: T,f sc _T,wlc %
T S € de drf,sc ? tl
I 2é eXSCE- f, sc dt l\,l p
dh, I &g dx & iy
sc, out
——=K,1 € Zr.._h r 2 L E
dt T g @( f,sc 'f, sc” f.2 p our| f2 p ou) dt H (432)
,:\ fsc f ’Xc ,:\
I_ dhf,Zp,out T,
fo dt y
dh,
+(1 -K ,2p,out
@ -K,) p
mf,inhfin- m ,2p- sC h‘,Zp,out -UfA‘XZp( Tf,2p :I;v, y) +
e dPR dx §
dhf QXZp dt dip ( T 2phf 2p - f,,‘2p,out f,2p,ou9 Zpr 2p dt2p
22 = (4.33)
dt VfX2p /f’,2p
AN op o _ dhfz dh, e _di,
2pout — 1 K P S Kf—= 4.34
dt )‘32 dt ¢ - dt (4:34)
h hf,2p,out + hf,out
f,sc 2
Ti o = F(P X, 1y ) (4.35)

rf sc F(Pf’xf’ hf,sc)

All the time-derivative terms of the stateector Y(t) and mass flow rate terms are

computed at each time step and numerically integtat@toceed in time. This approach

significantly reduces the computational cost as a maximum of two control volumes per

component are solved as compared to the significantly larger number of control volumes

in a discretized model. This compact formulatidtransient response is also more suitable

for the analysis and design of control algorithms.
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It is possible that large amplitude variations in the input conditions of the heat
exchanger can cause a fluid region to disappear or reappear. In the absemeeglzdnism
to treat this situation, the state vector for such an operation will vary in size and most
numerical solvers will detect that as a singularity in the system of equations and fail. To
avoid these failures, a switching approach is used in tbeeaket of equations where a
switching parameterk) modifies the structure of Eq. 42427 and Eq. 4.28.33. For
instance, if there is a transient phenomenon such that the subcooled region disappears, the
switching parameter will modify the subcoolemhe equations such that the state variable
derivatives will go to a very small value tending to zero, but the overall state vector size
will remain constant and avoid discontinuities in the solver. Similarly, when the subcooled
zone reappears, the corresgdimg state derivatives will become active and initialize with
physically consistent boundary conditions. The variation of the Boolean vaKalide
shown in Eq. 4.36 (if the twphase zone length and outlet enthalpy remain below a
threshold therKs is unty, and it becomes zero if these conditions are not true). This type
of switching algorithm based on zone length and enthalpy is shown to be stable and

accuratgRodriguez and Rasmussen, 217

IF (x,, <0.9995 ANDh, ,,, <0.9998,
THEN

K,=1 (4.36)
ELSE

K.=0

Property Conservation in MB Model

It is crucial to ensure conservation of mass and energy on an integral basis for the

entire component. As opposed to the finite volume oukthwhich is inherently
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conservative, the MB formulation requires a mathematical framework to conserve
properties as the zones move. In this work, a simplified upwinding formulation is used to
transport the temperature of the zone downstream of the direxftthe movement of the
interface. This is shown in Eq. 4.37.

dx,, B

—— >0 -T,06,) T Tal X)) Fye

dt (4.37)

dx.
dip < -TW(XZD) -ﬁwyzpich( {p) Tc__f,ZP

These two methods will be implemented in the simulation of the transient response
of a condenser coupled to an ambient heat exchanger. The parametershehtthe
exchangers, operating conditions, boundary conditions and key transient response

scenarios will be discussed in the following sections.
4.2.3 Desorber Model

The desorber is the main refrigerant generating component in a vapor absorption
systemSeveral stuigs have demonstrated miniaturization of absorption systems for small
capacity residential systems. Particular emphasis is on desorber designs to ensure the most
efficient refrigerant generation and stable operation of the overall syBetarman and
Garimella, 2011Delahantyet al, 2015 Garimellaet al, 2016. These designs also ensure
small fluid inventories that minimize the thermal capacitance. One of these designs, a
brancheetray desorber presented yelahantyet al. (2015) demonstrates features
analogous to distillation columns used in cheingmparation processes such as pool
boiling in trays and stageise purification of the generated vapor. It should be noted that

distillation columns differ markedly from the desorber column as they are typically not
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heat assisted along the length of tbkimin. However, the conservation equations and tray
inefficiency formulation are found to be analogous to those employed for the desorber.
Comprehensive reviews of transient models for distillation columns are available in the
literature(Ganiet al, 1986 Luyben, 1989Skogestad, 199Bequette, 1998 Figure4.5

shows a schematic of a compact branetnag desorber used in this stuflyarimellaet

al., 2016. In this configuration, the concentrated solution (rich in ammonia) is received
from the solution heat exchanger and flows downward through the desorber. At each tray,
the liquid solution exchanges heat through the desorbéamcthe coupling fluid flow

in a countefflow configuration. Vapor is predominantly generated by pool boiling at each

r————

Inlet

Coupling Fluid
(Temperature)

Figure 4.5: Schematic of the branched tray desorber
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tray, rising countecurrent to the liquid solution flow due to buoyancy, and exits at the top
of the desorber. The dilute solutiggopr in ammonia concentration) exits at the bottom of
the desorber, returning to the solution heat exchanger. Finally, the dilute solution and

refrigerant vapor mix in the absorber, regenerating the concentrated solution.

In addition to the assumptionstislin Section 4.2.2the key assumptions applied to
the desorber component of a sredble ammoniavater absorption system to further

simplify the system of equations are as follows:

1  The liquid and vapor phases throughout the component are at saturated
thermodynamic states as the desorber is continuously heated along the length
and vapor and liquid phases exist at each location.

1  Heat transfer between the component wall and vapor is neglected as the
convective heat transfer coefficient for vapor flow igngicantly smaller
than the boiling heat transfer coefficient.

1  Phase equilibrium is approximated using thermal equilibrium between the
liquid and vapor phases. It is assumed here that the interaction between the
two phases is primarily driven by thermalequilibrium with chemical
interactions having a small effect.

1  Vapor holdup is neglected in all control volumes. Although the volume
occupied by the vapor is large, the liquid density is much higher than that of
the vapor, and therefqrthe mass of eaatontrol volume can be assumed to

be liquidonly.
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The liquid on all trays is assumed perfectly mixed and incompressible.
Therefore, the liquid solution exiting the trays is assumed to be at the tray
temperature and concentration.

All trays are assumed in&tfent, requiring the inclusion of a tray efficiency
equation. A vapaephase tray efficiency expression is used with the efficiency
values(Eg. 4.38)for each tray selected based upon experimentally observed
steadystate vapor outlet temperatures and catregions(Delahantyet al,

2015.

e =di” i (4.38)

! yj - yj—l

The term y’; is the concentration of vapor exiting the tray if it was in thermal

equilibrium with the liquid on the tray.

These assumptions do not change the governing diffaleequationst.7 i 4.11

when applied to the desorber. However, the discretized governing equations for the

desorber are modified, as presented in the following section.

4.2.3.1 Discretized Equations

Figure4.6 shows the discretized coterflow desorber. The control volumes (CV)

are chosen such that one boiling tray is centered in each segment. Equdtiohd1 are

integrated over each CV and discretized using an upwinding differencing scheme (UDS)

(Patankar, 1980for liquid flux terms to formulate a system of ordinary differential

equations (ODEs) for all nodes. Vapor flux terms aredmsatretized using UDS because
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Figure 4.6. Discretized desorber component; Left: solutiorside discretization;
Right: solution, wall, and coupling fluid region discretization

the vapor exiting each CV is not at the tray temperature due to tray inefficiencies. These

ODEs are solved simultaneously to obtain the transient response of the desorber.

Figure4.7 shows an indindual tray with solutiorside CV. Liquid solution and vapor
enter the CV from the trays above and below, respectively. The outlet vapor state is defined
using vapor concentration (from tray efficiency definition in B@8, the component

pressure (knowndundary condition), and the saturated vapor quaiity 1).

The discretized equations for mass, species, and energy conservation for the solution,

wall, and coupling fluid are:
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Figure 4.7: Solution-side tray control volume
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chfi L
(mCr)i—=mCp( T, -%) cUn( T T) (4.43)

dt
Y, =Y. € (Y ¥.) (4.44)
y, =F(T:,.R.a ) (4.45)
X, =F(T,.R.q =0) (4.46)
h;=h, (4.47)
Xj =X (4.48)
Tor ) = Tt (4.49)

Equations 4.39 4.46along with Equationd.471 4.49(UDS) are formulated for all
N trays which results in a system oRN&quations with B unknowns: nodal liquid enthalpy
and concentration, ideal det vapor concentration, actual outlet vapor concentration,
nodal wall and coupling fluid temperature, and outlet liquid and vapor mass flow rates.

Equations4.381 4.46form a system of differentiadlgebraic equations (DAES).

4.3 Heat Exchanger Parameters

4.3.1 Condenser

Typical microchannel plate heat exchangers utilize a repeating pattern of working
fluid and coupling fluid sheet pairs, and multiple such pairs are bonded to achieve design
performance. The heat exchanger simulation framework presented here omededsr of
refrigerant and coupling fluid sheets by uniformly distributing the inlet mass flow rate and

fluid phase between all the sheet pairs. The outlet mass flow rate and heat transfer rate is
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obtained by multiplying these parameters by the numbshiafis.Table4.1 summarizes

the physical parameters and heat transfer coefficients for the heat exchanger.

Figure4.8 shows the setup of the modeled system including the condenser and the
ambient heat »xhanger. Inlet conditions of the refrigerant are determined from the
saturated vapor phase leaving the rectifier at a specified temperature and at the same
pressure as the condenser. The amlhieatexchanger determines the temperature of the
coupling fluid entering the condenser after it rejects the heat of condensation to the air
stream. In a typical system, this heat exchanger has a crossflow configuration. For
simplification, this heat exchanger is modeled in a static and lumped manner using the
effedivenessi NTU relation (Incroperaet al, 2007). The governing equations for the

ambient heat exchanger are:

NTU, , = D (4.50)
len
=1 -exp@pr;"—ax EgITU“J.a exp ax NTUO’® ﬁ (4.51)
amb ? amb )
min _9
Qamb amb min (Tct in -T air |r) (452)
Table 4.1: Physical and heat transfer parameters of the condenser
Parameter Refrigerant C?:lljl?il('jng Wall
Heat transfer area per sheefm 0.0229 0.0174
Mass of sheet pair (kq) 0.159
Number of channels per shim 75 75
Number of sheets 25
Channel hydraulic diaeter (m) 440 x 10P°
Fluid volume per sheet (n 2.67 x 1% 2.02 x 10P®
Heat transfer coefficient (W %K) 950 4500
Total inlet mass flow rate (kg'¥ 0.0031 0.112
Specific heat capacity (J KK ™) 3993 500
Density (kg n¥) 1003 7860




Condenser

Refrigerant

Pcond
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«
Air Flow
k\_’
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Figure 4.8: Schematic of the simulated condenser and attoupled heat exchanger

Thermalcapacitance of the coupling fluid loop is accounted for by using a well
mixed tank model with a total coupling fluid volume of 0.002 An effectiveness of 0.745

is used for the air heat exchanger.

4.3.2 Desorber

The geometric and heat transfer parameters instids study are representative of
the desorberectifier components developed Kginathet al. (2015)andDelahantyet al.
(2015) The compact ammoniaater desorberectifier developed bieinathet al.(2015)
is shown inFigure4.9. The solution plate of the component (left) cotssid three sections:
the desorber, analyzer, and rectifier. Each solution plate has two coupling fluid sheets
(right) attached to it. The focus of thesctionis on the desorber section of the complete

desorberrectifier component. Any dynamic effectstbke analyzer are neglected, and the
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rectifier is not simulated. However, the methods presented in this study can be adapted to

include these sections.

Table4.2 provides a summary of the key parametera single solution platand
coupling fluid skeetsetof the desorber. The number of trays is based upon the geometry
shown inFigure4.9. The two tray channels are assumed to be lumped into one solution
channel with enlarged trays. The solution fluejion volume is approximated by the
overall desorber region volume minus the volume of the tray material. The solution heat
transfer conductance is representative of the resulelahantyet al. (2015) which take
into account heat loss to the surrommgs$. Due to relatively large uncertainty in
experimental values, the present study assumes a uniform average value for the solution
heat transfer conductance. The wall mass is approximated as the mass of the desorber

section of one solution tray and twoupling fluid shims, calculated using engineering

Desorber Plate Coupling Fluid Sheet

Rectifier

Analyzer

Desorber

Figure 4.9: : Complete desorber solution plate (left) and coupling flid sheet(right)
pair (Keinath et al, 2019
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Table 4.2: Properties of desorber per solution plate and coupling fluid sketpair
Description Units Nomenclature Value
c
Q
c
é. Number of plate/stetsets - Nset 8
@)
©)
O Number of trays - Neray 4
r .9
+ 5 Fluid region volume m3 \% 7 x10°
I O
Z ? | Heat transfer conductanc W K? (UA) 67.5
= Mass of wall kg My 6.37
= Specifc heat J kgtK? Cpw 480
Density kg mt Jof 789
Fluid region volume m? Vet 3.18 x 1¢
5 Mass of fluid kg Mt 2.51 x 16°
Specific heat J kgtKt Cper 2690
Overall conductance W K1 (UA)ct 26.625

drawings of the sections made of AISI 304 steel. The specific heat capacity of the wall
material is also representative of AISI 304 st@éle coupling fluid for the desorber is
heated Paratherm NE, a mneratoil heat transfer fluidThermophysicaproperties were
calculated at an average coupling fluid temperature of 165°C. The coupling fluid region
volume is calculated using the number of coupling fluid charperlshee{102), channel
length (0.101 m)and channel hydraulic diameter (442 x510). The coupling fluid heat

transfer conductance is also representative of the desorber investigateldtgntyet al.

(2015)
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4.4 Solver Implementation

Figure4.10shows a schemataf the ODE solver. The systems of equations resulting
from the modeling of unsteady conservation laws islitaar and coupled. The derivative
of the state vector is a function of computed states, external inputs and heat exchanger
parameters, and relateloy function f(t). An initial condition, Y(0), satisfying the
conservation equations is provided to initialize the solution. Both FV and MB formulations
lead to a system of ndmear, coupled DAEs for each node as the mass flow rate
expressions are algetic equations coupled with differential equations for other state
variables. Moreover, the stiffness in these equations requires that the solver be specifically
designed for these types of equations. The assembled form for each mode can be solved by
an expicit or implicit integration method. Typically, explicit methods lead to smaller time
steps in order to satisfy the stability criterion definedloyrantet al. (1928) Small time
steps alsinduce chattein the computed variables especially near the solution. The chatter
is prominent in these systems because diflizigonlinear property variations. While it

can become a stability concern for the solver, it is mainly an efficiency issue because the

Inputs

Y'(t Y(t
() RAUIR [V @yar M L1 givy [Cutputst)

Constants T

>

Y(0)

Figure 4.10: Schematic of ODE solver
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solver takes extremely small time steps. To overcome these issues, an implicit solver is
preferred. A packaged ODE selyodel5s(The Mathworks Inc., 20)6is used in this

study. This is an imptit solver for stiff equationsde153s a numerical differencing based
implicit solver that allows variable order of differentiation and variable time stepping to
solve a wide range of differential equations. Specifically, this solver is designed @o solv
stiff DAE sets, making it a promising choice for the system presented here. Common
numerical solvers (especially explicit solvers) become highly inefficient or fail to achieve
the tolerance of the integration. Stiff numerical solvers perform additiongbwatations at

each time step regarding the Jacobian (calculated and supplied by the user or computed
numerically) and its sparsity pattern. While this adds to the computational cost per time
step, the additional computations enable the solver to taler krge steps and the overall
efficiency of the solver increases significantly. The packaged solver has additional features
that assist in performing fast and stable computations, such as specifying the initial slope,
relative tolerance and maximum timeest Shampine and Reichelt (199pyovide a

comprehensive overview of packaged ODE solvers in MATPAB

Figure4.11shows a flow chart of the sa@wfor the transient models as implemented
in the simulations. The solver is initialized by defining the geometric and heat transfer
parameters of the heat exchanger. Following this, the initial conditions for all the computed
states (working fluid interfaal mass flow rate, nodal concentration and enthalpy, wall
temperature, and coupling fluid temperature) are specified for all nodes leadiigitineh
states. Time varying boundary conditions are specified as anticipated from upstream
components and @asimulated as smooth cubic spline variations from their initial values to

final values. The conservation equations are then assembled in the DAE form as described
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Figure 4.11: Flowchart of the DAE solver

above and the state derivative is computed at each time step. The calculated states are then
used to check for convergence. If the convergence criterion is achieved, the simulation

proceeds in time, otherwise the time step is adjusted, and the computations are repeated

until convergence is achieved.
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A similar approach is used for solving the Mibdel. The model initializes with an
initial condition of the heat exchanger operation at steady state design conditions. The
difference in the MB method solver is that the equation system is modified according to
the governing state derivative equations #he switching parameter is evaluated at each

time step.

45 Simulation Results

45.1 Condenser

A standalone condenser model is simulated using both, FV and MB méeTiadds.
4.3 andTable4.4 present the iniéil states and time varying boundary conditions for the FV
and MB model, respectivel\Baseline operating conditions of the heat exchanger are
utilized to define the initial conditions of individual zone length of the-phase and
singlephase regions. Theaseline operating conditions of the coupling fluid are also
known, and knowing the refrigerant inlet and outlet phase, and heat transfer rates in each
zone, energy balances are utilized to calculate average wall temperatures, zone lengths, and

refrigeran side overall conductance values. With the prescribed initial conditions, the

Table 4.3: Initial and boundary conditions for FV condenser model

Parameter Refrigerant | Coupling Fluid | Wall
Initial Pressure (kPa) 300 101.3
Final Pressure (kPa) 2087 101.3
Initial Temperature (°C) 25 25| 25
Final Inlet Temperature (°C) 68.39 40.44
Inlet Refrigerant Mass Quiality (kg Ky 1
Initial Refrigerant Conentration (kg k&) 0.9973
Final Refrigerant Concentration (kgKg 0.9975
Initial Mass Flow Rate (kg 1.24 x 16 0.0045
Final Mass Flow Rate (kg'$ 1.24 x 1¢¢ 0.0045
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Table 4.4: Initial co nditions for MB condenser model

Two-phase Zone Subcooled Zone
Parameter

Ref. CF | wall Ref. CF | wall
Temperature (°C) 52.34| 44.37| 46.16 50.89| 40.49| 42.80
Pressure (kPa) 2087| 101.3 2087| 101.3
Inlet Temperature (°C) 68.39| 40.54 52.19| 40.44
Inlet Refigerant Mass 1 0
Quality (kg kgh)
Refrigerant Concentration

0.9975 0.9975
(kg kg*)
Mass Flow Rate (kg 1'21‘(1)2‘ 0.0045 1'21‘32‘ 0.0045
Zone Length (m m) 0.9908 0.0092
Heat Transfer Coefficient 974.1| 4500 974.1| 4500

(W m?2K7?

system of equations is used to compute the zone lengths as a state variable and a function
of time. The heat transfer coefficient for the incompressible coupling fluid is dietedm

using a singlehase heat transfer coefficieiKakac et al, 1987 applicable for
microchannel geometries utilized in this study. With the knowledge of the heat transfer rate
in each fluid regpn at baseline operating conditions, the average coupling fluid and
refrigerant temperatures, energy balances on individual fluid regions@iloyutation of

the refrigeranside heat transfer coefficient and the average wall temperatures.

45.1.1 Effect of Simuation Parameters

Grid independence studies were conducted on the FV model to identify the grid
resolution that would provide accurate resutigure4.12 shows the results of this study.
The model was simulated for a fixed cadesystem startup from room temperature and

was simulated with the supplied boundary conditions to achieve a stdey The
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Figure 4.12: Grid independence study: Total heat transfer rate with number of
nodes

component heat transfer rate was computed at different grid resolutions ranging from 5
nodes to 200 nodes. It was identifiedttgad independent results with high resolution
inside the subcooled region of the flow were obtained using a mesh of 100 nodes or higher.
At the design condition of the condenser, the subcooled region is predicted to be ~2% of
the total length of the heaxchanger with an outlet subcooling of ~2°C. A computational
mesh of 100 nodes accurately predicted the last two control volumes to be at subcooled
condition (2% of the computational domain) with an outlet subcooling of 2.5°C. Therefore,
for the subsequet analyses presented in this paper, a computational mesh of 100 nodes is
utilized. During these test cases, the total time to complete the simulation was also
recorded. All thesimulations presented in this work were performed on an Intel Core i7
CPU (3.4GHz) with 24 GB of RAM. Figure 4.13 shows the computational time as a

function of grid resolution. It is observed that the computational time scales approximately
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Figure 4.13: FV model performance: Computational time with number of nodes
as a cube@(n®)] of the grid resolutionThe ode15ssolver is anumerical differentiation
based solver that assembles the Jacobian of the system of equations at each time step. The
final solution step is similar to direct matrix inversion, which scales as a cube of the matrix

size, which renders the solver computatllymgery expensive for large number of control

volumes. However, the numerical robustness to solve DAESs is a major advantage.

Figure 4.14 shows the segmental variation in temperatures and heat transfer rates
during steadystate operation of the condenser. The left axis shows the variation of
temperatures of the refrigerant, wall and coupling fluid nodes. Due to the zeotropic nature
of the ammoniavater mixture, the first few nodes from the inlet experience a large change
in refrigerant temperature as the vapor begins to condense. The inlet of the condenser
the refrigerant side (nodel}tis also the hottest segment. As the condensation of the

refrigerant vapor proceeds, the refrigerant temperature achieves an approximatalytconst
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Figure 4.14: FV model performance: Segmental temperatures and heat transfe
rates at steadystate

value in the bulk of the phashange region. In this phase, the wall and the coupling fluid
temperatures exhibit a more gradual decrease. Finally, as the refrigerant is fully condensed
and begins to be subcooled near the outlet of the heat exchthegefrigerant temperature
decreases sharply to its final value. In this model, as the heat transfer coefficient is assumed
to be uniform, the trends in the segmental heat transfer rate (shown on the right axis) follow
the trends in the temperature diface between the wall and the two fluids. Due to the
large temperature difference at the inlet of the refrigerant, the heat transfer rate is maximum
in the beginning and then decreases sharply. During the bulk of the condensation process,
the heat transferate gradually increases along the length of the heat exchanger as the
refrigerant temperature remains approximately constant. Finally, the heat transfer rate
decreases sharply in the subcooled region due to smaller temperature difference. A variable

hea transfer coefficient calculation that takes into account the flow regime along the flow
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direction would lead to improved accuracy in predicting the segmental temperatures and

heat transfer rates.

45.1.2 Comparison between FV and MB Methods

Both FV and MB methasl require consistent initial conditions. It should be noted
that the MB model presented here does not include startup simulations and therefore is
initialized with design steadstate operating conditions satisfying the governing equations.
Both models wear used to simulate the response of the condenser to changes in inlet
refrigerant mass flow rate and ambient temperature. Changes in mass flow rate can occur
due to variations in the conditions of the heat source that is coupled to the desorber and
providesthe heat input for refrigerant generation. Refrigerant mass flow rate was increased
by 25% over 30 seconds simulation time using a smooth profile. All other parameters
were kept constant. This change causes the subcooled zone to move out of theecondens
and a new steaestate is achieved with the condenser operating with a partigbihase
outlet. After the component achieves the new steady state, the refrigerant flow rate is
decreased in a similar manner to the original value. This causes the &ysttunn to the
original steady state and the subcooled region reappears. This test case allows for the
evaluation of the zone switching algorithm due to its direct impact on refrigerant mass flow

rate.

Figure4.15 shows the respnse of the outlet mass flow rate of the refrigerant to the
change in the inlet mass flow rate. As the inlet mass flow rate increases from the design
operating condition, the subcooled section in the condenser shrinks and the condenser

becomes undersized achieve complete condensation of 25% additional mass flow rate.
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Figure 4.15: Mass flow rate resporse to changes in the inlet mass flow rate

It can be observed that the outlet mass flow rate increases at a steeper rate than the inlet
mass flow rate. This can be attributed to the fact that the subcooled region is pushed out of
thecondenser and consequently the stored liquid mass in the component at the initial steady
state is rejected from the component. Therefore, the average density inside the heat
exchanger decreases and the outlet mass flow rate remains ahead of thevinégeflds

the inlet mass flow rate is restored to the original value, the subcooled region reappears.
This accumulation of the subcooled liquid inside the component leads to the behavior
shown in the plot and the outlet mass flow rate trails the inlet fias rate. Both MB and

FV models predict the trends and absolute values with high accuracy and show good

agreement.

Figure 4.16 shows the variation of outlet refrigerant mass quality in response to

changes in inlet mass flow eatlt can be observed that the 25% increase in the inlet mass
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Figure 4.16. Effect on refrigerant outlet mass quality due to changes in the inle
mass flow rate

flow rate causes the outlet phase of the condenser to become a parphbiseomixture.

Both models predict the variation accurately with the MB model predicting a slightly
higher quality athe outlet as compared to the FV model. The discrepancy is due to the
averaging process that takes place in the MB model and assumed linear profile of enthalpy
in all the regions. This test case also helps in evaluating the switching algorithm that is

usedat each time step to evaluate the state vector derivative.

Figure4.17 showsthe variation of fluid temperatures in response to changes in the
inlet mass flow rate. As the mass flow rate is increased, the refrigerant tempataigre
condenser outlet increases corresponding to the partiapltase mixture at the exit.
Because of the constant area of the ambient heat exchanger, the coupling fluid temperatures

also increase. As the inlet mass flow rate is restored to the desigttian, the
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Figure 4.17: Temperature response to changes in the inlet mass flow rate

temperatures return to the original value as well. Both models predict the variation

accurately and demonstrate similar time constants for this transient phenomenon.

Lastly, Figure4.18 shows the heat transfer resperof both methods. As the inlet
mass flow rate increases, the condenser heat transfer rate increases because of a larger
average temperature difference that drives the heat transfer rate. Similarly, when the mass
flow rate is decreased to the originalug the two heat transfer rates return to their original
value as well. There is a discrepancy of 2B0W (~0.75% of the component heat transfer
rate) at the new steady state between the two models. This is also refldéitpded.16

as the MB model predicts a higher outlet mass quality. The trends between the two models
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Figure 4.18: Heat transfer response to changes in the inlet mass flow rate

and the time constants are similar, and the discrepancy is a small fraction of the total heat

transfer rate.

Comparison of computational time for these testes indicatethat theMB model
took only 12.5 s to simulate 500 s of simulatigrnvhereas for the same simulation, the FV
model took 782.1 sTherefore, the MB method provides a computational advantage
of ~60 times In control system design, this compidgaal advantage is significant at a

small penalty in the accuracy of predicting heat transfer rates.

In another set of simulations, the ambient temperature is increased by 5°C from the
design condition of 35°C over a period of 300 s while keeping albther parameters
constantFigure4.19 and Figure 4.20 show the response of fluid temperatures and heat

transfer rate for this test caseespectively It can be observed that as the ambient
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Figure 4.19: Temperature response to changes in ambient temperature

temperaturenicreases, the coupling fluid inlet temperature increases and for constant
refrigerant inlet temperature, the refrigerant outlet temperature increases as well. This
causes the performance of the condenser to decrease as the heat transfer rate decreases due

to lower driving temperature difference between the refrigerant and the coupling fluid.

Both methods predict similar trends and time constants and the MB method
predictionsclosely replicate the results from the FV model. The minor discrepancy in heat
transfer rate (~50 W) is observed due to the averaging process in the MB model as
mentioned previously. FinallyFigure 4.21 presents the outlet refrigerant mass quality
predicted by both models. It can be observed that the poedicif both the models agree
and an increase in ambient temperature leads to performance limitations in the condenser

and the outlet phase is a tgbase mixture. When the ambient temperature is restored to
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Figure 4.20: Response of heat transfer rate to changes in ambient temperature
theoriginal value, the initial steady stateashieved again. Computational tifoe these

simulations was also recorded. FV method simulations were completed in ~312 s, while

the MB method simulations were performed in 5.8 s, showiagcomputationasavings
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of ~54 times. These simulations demipate the switching algorithm in the MB model and

the performance of FV and MB models.

45.2 Desorber

A standalone desorber model is developed and simulations are performed to gain
insight into the performance of the component as a function of fime.resul$ of the
transient model of an ammonnaater desorber using the finite volume method described
above araliscussedn the following sectionsFirst, the steadgtate performance of the
dynamic model is compared with experimental and simulation data deaitatihe
literature Second the transient response of the desorber to changaseirof theinput
variablesis analyzed As mentioned before, detailed analysis and simulations involving
variations in many input variables are presented by Mr. AlexandBoAder in his MS

thesis.

The tray efficiencies are set assuming a spatially linear variation in the efficiency
starting from the bottom tray € 1) and moving up the desorber. The top triay ()
efficiency is chosen to be 0.6 through trial and emwadhieve outlet vapor concentration
and temperature at design conditions comparable to those demonstrétethtgntyet

al. (2015)and(Keinathet al, 2015.

45.2.1 Steadystate Performance

The results of the dynamic model developed in this study were compared with those
from an experimental study of the desorber geomeiscussed in Section 4.3.2

(Delahanty, 201p Table4.5 shows the comparison between inputs for the present model
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Table 4.5: Comparison of dynamic model andelahanty (2015)omponent inputs

Parameter Dynamic | Delahanty Percgn.tage
Model (2015) Deviation

Solution inlet temperature (°C) 82.8 82.8 -
Pressure (kPa) 1626 1626 -
Solution inlet vapor quality-J 0 Subcooled -

Solution inlet concentration (kg Ky 0.5235 0.479 9.29
Solution mass flow rate (kg's 0.0009 0.0009 -

Coupling fluid inlet temperature (°C) 180 179.5 0.279
Cowling fluid mass flow rate (kg9 0.00765 0.00765 -

and the experimental procedure presentedDigyahanty (2015) The solution inlet
temperature, pressure, solution inlet mass flow rate, and coupling fluid mass flow rate are
identical for both studies. The variation in inlet concentration between the numerical study

of the presnt work and the experimental study is due to the solution entering the
experimental test section being subcooled, whereas the present model assumes a saturated
liquid inlet. It was, however, determined that for temperature and heat transfer rate

compariso purposes, matching the solution inlet temperature was more important.

A comparison of the spatial variation of fluid temperatures within one set of passages
of the desorber is presentedrigure4.22. In the plot, the top ahe desorber, where the
concentrated solution enters the component and refrigerant vapor exits, is denoted with

normali zed | ocation 616. The coupling flui

at |l ocation 0606. F o peratufesaregompigeel atthe certten af the | |

control volumesvhile vapor temperatures are calculated at the control volume boundaries
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Figure 4.22. Comparison of the spatial variation of refrigerant vapor, dilute
solution, and coupling fluid temperatures in the desorber at steadgtate
due to thermal inequilibrium with the liquid on each tray. Tla@sientmodel compares
well with the experimental resultQutlet temperatures for all three fluid streams (dilute
solution, refrigerant vapor and coupling fluid) are in close agreement. The discrepancies in
the trends of the refrigerant vapor and liquid temperatures are due to the assumptions made

in temperature from the upwinding differencing scheme and the saturated inlet quality

assumption of the present model.

The effect of solution inlet flow rate on heat transfer rate is compafédune4.23
for the present model, tlieES cyck model ofGarimellaet al.(2016) and the experimental
results oDelahanty (2015)The experimental heat transfer dasad inFigure4.23, taken
from Figure 4.6 oDelahanty (2015)are for the coupling fluid heat duty. For the model

developed in the present study, the heat losdodtee ambients assumed to be zero. As
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Figure 4.23: Comparison of sheet heat transfer as a function of solution inlet mas

flow rate
shown in the figure, the predictions of the two numerical models compare well wit
experimental data at design, as well as atdeffign operating conditions. The desorber
heat duty increases with solution inlet flow rate. Both models maintain constant heat
transfer conductance values. Therefore, the key paragmterning the heatdnsfer rate
is the driving temperature difference. The coupling fluid inlet conditions remain
unchanged, but the solution inlet temperature changes due to variations in pressure and
concentration. Thefore, theadditional mass flow rate leads to the esponding variation
in the heat transfer rate. The difference in the slope of the heat duty profiles is attributed to
the difference in the inlet quality for the two models and assumption of constant

temperature inequilibrium between exiting vapor andrergesolution in the EE8ycle

model. The saturated liquid inlet assumption causes the present model to predict a higher
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heat transfer rate at solution flow rates below design due to a larger temperature difference
between the solution and coupling fluides. Above the design solution flow rate, the EES
system model predicts higher heat transfer rate as compared to the present study, because
the constraint on the vapbquid inequilibrium temperature causes the exiting vapor
enthalpy to be significantliower than that predicted by the present mo@eferall, the

solution mass flow rate is observed to have a significant effect on the performance of the
desorber. This knowledge may be used later by utilizing the solution mass flow rate as a

key process viable.

4 .5.2.2 Transient Performance

The response of the desorberat@hange in the solution flow rate is investigated
here. These transient studigvide insights about desorber performance atlefign
conditions that can be used in the design of a contsbém to adjust input parameters to
maintain system cooling demand. Each simulation starts with the desorber at its steady

state design conditionmesented ifable4.6 and ambient temperature of 35°C

The operoop nature of th@resent model requires manual ramping of the solution
inlet properties in addition to the coupling fluid properties. Future integration into a system
model would remove the solution side manual ramping requirement, as the desorber outlet
conditions wouldeed back through other system components to set the inlet conditions of
the concentrated solution. The ofenp results presented here still provide valuable
insight into the dynamic response of the desorber and can be used to develop control
strategiedor the component and the overall system. The desorber is held at the initial

conditions for 15 seconds at the beginning of all cases to mitigate any numerical
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Table 4.6: Initial design @nditions for transient perturbation simulations

Constant Parameters Value
Solution inlet flow rate (kg$ 0.00975
Coupling fluid flow rate (kg$) 0.084
Solution inlet vapor quality-} 0
Solution inlet temperature (°C) 102.5

Pressure (kPa) 2087
Solution inlet concentration (Kgg™) 0.4789
Coupling fluid inlet temperature (°C) 180

instabilities during stastip simulation. The coupling fluid and solution side property ramps

ae initiated si muldeadn eceudloy . f dlolro vsideeg atnhail s
wall, and coupling fluid heat transfer rates are considered, including transverse heat flux,
streamwise convective heat transfer, and energy storage terms. Axdlction is

neglected. E4.53 4.56define the overall energy balance and individual rate terms. The

mass stored in the desorber is calculated using 5@

E.store:Qﬂux _|Qcon\4 (453)

Ee= 2 A @) m(t ) WO (459
Qu(t)=almd 0] &m0 KO (4.55)
Q'conv(t)=UA§a_' D (4.56)

Mstore(t) = gy r f,i(t) 3‘/ f,seg (457)

i=1
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Response to change in solution mass flow rate

One of the key control methods for an absorption system is the tuning of the solution
mass flow rate through the adjustment of aialde speed solution pump. The input
conditions and simulation times for the solution inlet mass flow rate cases are presented in

Table4.7.

Two cases are considered in this category: 1) the solution inlet mass flow rate is
ramped down to 0.00731 kg'srom the design condition &.75 x 10° kg s* over 15

secondsand 2) the solution inlet mass flow rate is ramped uf2t@9 x 1 kg s* from

Table 4.7: Initial and final conditions, and simulation times for desorber solution
inlet mass flow rate perturbation cases

Constant Parameters Value
Coupling fluid inlet temperature (°C) 180
Coupling fluid flow rate (kg$) 0.084
Solution inlet vapor quality-) 0
Ambient temperature (°C) 35
Ramped Parameters Initial Final
Solution inlet flow rate 103kg s 9.75 7.31,12.19
Solution inlettemperature (°C) 102.5| 96.86, 106.2€
Pressure (kPa) 2087 2001, 2123
Solution inlet concentration (kg Ky 0.4789| 0.4982, 0.463¢
Simulation Time Name Time
Total simulation time (s) 400
Solution side dead time (s) 15
Solution inlet mass flow rate mg time (s) 15
Pressure ramp time (s) 60
Solution inlet temperature ramp time (s) 60
Solution inlet concentration ramp time (9 60
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the design condition 08.75 x 1@ kg s over 15 seconds. During both transieris
coupling fluid inlet temperature and mass flow rate remain at their design condatiehs
solution inlet conditions and operating pressure vary because of overall system response.
The simulations are conducted for 400 seconds total, after whicly stiadel is deemed to

have been achieved as the energy and mass residuals decrease below 1% of ttatsteady

conditions.

Figure4.24 (A) and (B) show thevariation of inlet and outlet mass flow rates in
response to raincrease ad decrease of 25%hn the solution inlet mass flow rate
respectively As discussed in the previous section, the model maintains constant heat
transfer conductance values. Therefore, the key parameter governing heat transfer rate is
the driving temperaturdifference. The coupling fluid inlet conditions remain unchanged,
but the solution inlet temperature changes due to variations in pressure and concentration.
The additional mass flow rate coupled with species and energy conservation equations
leads to acorresponding variation in the heat transfer rate. In general, an increase in the
inlet mass flow rate results in increases in the refrigerant vapor and dilute solution mass

flow rates. The stored fluid mass in the component remains relatively constdrg as
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Figure 4.24. Response of desorber flow rates to an increas@) and decrease B)
of solution inlet mass flow rate
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density of ammontavater at the inlet remains approximately constant with simultaneous

changes in inlet temperature, pressure and concentration.

As shown in thé-igure4.24 (A), anincrease in the solution inlet flolay 25%results
in an increase in the refrigerant vapor flow rate fid@17 x 16 kg s'to 3.021 x 16 kg
st and an increase in the dilute solution flow rate fi@883 x 1 kg s't09.171 x 16
kg s®. Duringthetransieniperiod the dilute solution masflow rate increases quickly and
smoothly. This effect is driven by the inlet solution flow and is affected very little by
variations in other properties. The refrigerant vapor flow rate, however, is affected by other
thermodynamic property changes, sashtemperature, pressure and concentration during
transients. In the 15econd period of inlet flow rate ramping, the vapor flow rate peaks at
a flow rate 0f3.142 x 16 kg s?, and then settles at iimal steadystate value 08.021 x
102 kg stin the following 70 seconds € 100 s). This overshoot is due to the rapid influx
of additional mass into the system while the component thermodynamic properties
(pressure, temperature, concentration) lag. After the variation in the inlet flow rate of the
conentrated solution, the pressure and solution inlet temperature continue to increase,
which reduce vapor generation due to decreased heat transfer as compared to the peak of
the transientgrigure4.24 (B) presents theimilar respnse ofoutlet mass flow ratedue
to a decrease in the solution inlet mass flow ratee mass flow rate of dilute solution
decreases frord.833 x 16 kg s'to a new steadgtate value o#.596 x 16 kg s?, while

the refrigerant vapor decreases fram17 x 16° kg s't02.712 x 16 kg s™.

Figure4.25(A) and (B) show theariation in desorber heat transfer rates dunto

increase and decrease in ffwdution inlet flow rag, respectivelyln general, the desorber
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Figure 4.25. Response of desorber heat transfer rates to an increasA)(and
decrease B) of solution inlet mass flow rate

heat trasfer rates increase with an increase in the solution inlet mass flow rate and decrease

with a decrease in the solution inlet mass flow rate.

As shown inFigure4.25 (A), the desorber heat transfer rate response to an increase
in solution inlet flow rate results in an increase in the desorber heat transfer rate from 5.50
kW to 5.68 kW. Thepeaksin the solution flux and convective heat transfer raresan
initial response to the increase in the mass flow rate in the systelmfhenihnermodynamic
properties experience a time delay imposed by the ramping conditions that are
representative of typical values observed in experiments. As the temperatures in the
component decrease, the heat transfer rate from the coupling fluidsesréue to a larger
temperature differential. The system then settles at its new stestdyand component
energy storage rates decrease to zero as the pressure, inlet temperature, and inlet
concentration reach their final values.similar trend in heatransfer rate is shown in
Figure 4.25 (B) due to a 25% decrease in the solution flow raitee steadystate heat
transfer rate of the system decreases from 5.50 kW to 5.18 lkié/results in higher heat
transfer rate from theotipling fluid than the solution. In response, the solution and wall

storage rates increase and the solution temperature increases.
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Figure 4.26 (A) and (B) present the variation in the desorber inlet and outlet
temperatures in respse to an increas@) and decreas@®] in the solution inlet mass flow
rate Due to an increase in the solution mass flow rdte,dilute solution steadstate
temperature decreases from 145.2°C to 140.4°C due to the increased mass flow rate in the
sysem and the increased dilute solution concentration. Similarly, the refrigerant vapor
steadystate temperature decreases from 120.2°C to 119.7°C due to the increase in the
refrigerant concentration and increased mass flow rate. During the transient perasso
flow rate and solution inlet property ramping= 15 s tot = 75 s), the dilute solution
temperature decreases smoothly to its new stetadg position. On the other hand, the
refrigerant vapor temperature first decreases to 118.4°C beforegsattits new steady
state value of 119.7°C. This underdamped response is a result of the rapid mass flow rate
variation. The increased heat transfer rate also causes the reduction of the coupling fluid
outlet temperature from 155.6°C to 154.8%G.shownin Figure4.26 (B), the refrigerant
vapor temperature increases from 120.2°C to 121.9°C, while the dilute solution

temperature increases from 145.2°C to 152dli€to a decrease in the solution mass flow

rate
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Figure 4.26. Response of desorber temperatures to an increas&)(and decrease
(B) of solution inlet mass flow rate
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The results presesdl above and by Mr. Alexander R Roeder indicate ¢batrol
algorithms can be developed to adjust tunable parameters such as solution flow rate and
coupling fluid inlet temperature to maintain desired performance for a range of operating
conditions.For example, as the ambient temperature increases, the solution flow rate and
coupling fluid inlet temperature can be increased in a manner that mitigates variations in
the refrigerant mass flow rate and concentration, thereby maintaining -@amsaant
capady delivered by the system. At lower than design ambient conditions, the solution
flow rate and coupling fluid inlet temperature can be reduced to match the desired capacity
of the system and ultimately increasing the efficiency of the system. A simitdnication
of control approaches can be implemented for optimizing the system performance at part

loads.

4.6 Summary

This chaptempresents a detailed formulation for simulatthgtransient response of
heat exchangers utilized in an ammewiter absorption sgem For singleinlet single
outlet components such as the condenser, evaporator and the absgpbhesie iplaced
on the nordinear, DAE solver implemntation, and comparison of FV and Miethod
for solving the unsteady conservation equatisrégnted.The representative results are
for a condenser; however, the formulation remains identical for simulating an evaporator
or an absorber. The only modification is in initial conditions and the formulation of heat
transfer terms. The analysis of modgliand solution methods highlight the advantages of
both FV and MB methods. While the FV method is simpler to formulate and the equation
structure is fixed, the computational expense is very high for accurate simulations

involving large number of nodes. &HVIB method provides significant computational
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savings (more than 50 times reduction in computational time) and comparable accuracy.
These features are presented through simulation test cases involving changes in refrigerant
inlet mass flow rate and ambiet@mperature. Therefore, it is a recommended modeling
paradigm for applications involving multiple evaluations of transient models and control

design.

A detailed, physicbased dynamic model was developed to study the transient
behavior of a smakcale anmoniawater desorber. A finite volume method was used to
model the branchettay desorber, with CVs placed around each desorber tray. The results
of the steadystate models validated the modeling assumptan$ demonstrategood
agreement with the litature for the steadstate temperature profiles and heat transfer rate.
Finally, simulationof perturbations irthe solution flow rate is pormed in which the
desorber experienced a change from its design operating conditions by either increasing or
deceasing the solution inlet mass flow ralédne results of these simulations show the
flexibility, accuracy, and efficiency of the detailed dynamic desorber model developed in
this study. This model can be incorporated into a larger system model andrafisst i
evaluation of detailed and accurate system dynamics, as well as the development of robust
control algorithms to improve the performance of sraadlle ammoniavater absorption

systems.
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CHAPTER 5. CONTROL SYSTEM DESIGN

As outlined in the previous chapterse gystem transient model is useful in designing
control algorithms and evaluating their performance. This chapter presents the details of
the design of feedback control algorithms and model implementation for acapatity
ammoniawater absorption chir. Design and implementation of control algorithms is
discussedThe dynamic model is employed to study the response of the system under
varying ambient temperatures and cooling load demands. Two strategies are investigated
for feedback control of the sgsn. The first control loop maintains the evaporator
temperature glide sgtoint (Ttevap,outi Ttevap,, While the second control loop regulates
desorption temperature to provide the desired cooling duty and maintain the delivered

coolant temperaturd a setpoint.

5.1 Transient Model Description

A previously developed dynamic mod¥liswanatharet al, 2013 of a singleeffect
ammoniawater absorption chiller with design cooling capacity of 3.5 kWas used to
develp and evaluate the performance of feedback control algoritfims desorber
receives thermal input from a heat transfer fluid, which is in turn heated byfiseghseat
exchanger. The condenser and absorber coupling fluid streams are cooleddup kit
heat exchangers. The cooling capacity is calculated in the model by using the inlet and

outlet temperature and flow rate of the coolant flowing through the evaporator. The coolant
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circulates through a conditioned space heat exchanggpplies a loadThe coolant then
flows through a storage tank where externalysbstion in cooling load can lnetroduced

to simulate varying load demand. In this investigation, the coolant was sdiedieda
25% mixture of propylene glycol and water with a spediiat of 3.97 kJ kK and a
mass flow rate of 0.16 kg's A schematic of the system configuration with thermal
capacities of all the heat exchangers is presentEdjure5.1. Refrigerant flow rate from

the highpressure tak to the evaporator is evaluated dynamically using a simulated valve,

the flowrestriction through which can be adjusted as part of the transient model. The
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Figure 5.1: Schematic of the modeled absorption system
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transient model is implemented in MATLAB and Simufif®@he Mathworks Inc., 2096
which allows for intuitive representation of the system components as model blocks, and

fluid and heat flavs as input/output connections.

5.2 Control Algorithms

Viswanatharet al. (2013)found that the evaporator temperature glide and system
performance are strong functions of the refrigerant expangaive restriction. A
dynamically controlled expansion valve for refrigerant flow provides excellent control of
the evaporator temperature glide. Alsoytheported that the evaporator cooling rate can
be effectively controlled by varying the desorpti@mperature. The gdsed desorber
temperature can be adjusted by varying the air and fuel flow rates into the combustion
module. The control algorithm proposed in this study utilizes two proportional feedback
loops. For evaporator temperature glide cdntitee expansion valve restriction is the
control variable, while temperature glide is the process variable. Delivered coolant
temperature control utilizes coupliilyid inlet temperature in the desorber as control
variable, and delivered coolant temparatas process variable. The control algorithm
receives the process variabj), as the input and compares it to thesant. The eror

signal,e(t), is calculated as the difference between the two values and gikzen nl.

&) = Yer() -XD (5.1)

The error value is multiplied by a suitable multiplier or gadp(t), which generates a

change in the manipulated variabtét) (Eq. 5.2).

Dx(t) =K, (1) &1 (5.2)
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The multiplier value may change with time and can be increased oadedri the
magnitude of the error signal is large or small, respectively. In a proportional control
scheme, the time required to reach steady state depends on the magnitude of the
proportional gain. Generally, a higher value of gain leads to a reducetbtimach steady

State.

5.2.1 Evaporator Temperature Glide Control

Evaporator temperature glide is defined as the difference between the refrigerant
temperature at the evaporator inlet and outlet, and it izammbecause the refrigerant is
a zeotropic mixtug of ammonia and water. Because the more volatile ammonia species
evaporates preferentially, the water fraction in the liquid phase increases along the
evaporator length, raising the mixture temperature near the outlet. Ideally, the refrigerant
mixture shalld exit the evaporator in a twzhase state because the temperature glide grows
rapidly as the flow quality approaches unity, and shpiylase vapor or dryout region heat
transfer resistances are usually greater than those in-phasge processes. Thine,

control of temperature glide becomes crucial for maximizing evaporator performance.

It is important to characterize the response of the system to a small step change in
valve position before specifying controller parameters such as the magnitude of
proportional gain and controller cycling frequency. In a previous studfidwanatharet
al. (2013) it was observed that the lepressure components, such as the evaporator and
the absorber have slow dynas. The higkside pressure reaches a value within 2% of
steady state in ~500 s, while the lgide pressure reaches steady state in ~800 s after start

up. Thus, the response of evaporator temperature glide to a change in valve opening is
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slow; thereforea small magnitude gaifKgice= 1 2 ™% andlidv controller frequency

(0.05 Hz) are employed. The evaporator temperature glide controller is activated for 10%
of the operating cycle. Thus, the controller is active for 2 s in every 20 s cycle. Tlhe smal
magnitude controllegain value preventglve huntingThis is a phenomenon wherein the
expansion valve opens or closes excessively and keeps fluctuating in an attempt to reach
the setpoint. Proportionalntegratderivative (PID) and Proportiondlerivative (PD)

control schemes were also considered, but not implemented as they can lead to valve
hunting due to accumulation of error by integral action, and sharp changes associated with
derivative action. A schematic of the implemented evaporator glideotanodel is
presented irfrigure5.2. The proportional gairkgide, iS Set to a negative value due to the
inverse relationship between temperature glide and valve restriction. As the valve
restriction is reduced, the temperatglide decreases due to an increase in refrigerant mass
flow rate. To prevent valve hunting, temperature glide control is only activated once there

are no sharp changes in temperature glide and the system reachdssigarpressures.

Tglide.setpoint

Valve Position C,

Ac,

Figure 5.2: Schematic of evaporator temperature glide control
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5.2.2 Delivered CoolanfTemperature Control

In a practical application, the system operates under varying load demand and
operating conditions. As the condenser and absorber reject heat to the surroundings,
ambient temperature variations can also significantly affect systerorparice. The
cooling demand may also fluctuate due to operating changes in the auxiliary systems
coupled to the delivered coolant from the evaporator. For instance, in many applications,
the desired delivered coolant temperature-f§e@it) may be fixed wike cooling demand
and ambient conditions vary continuously. Therefore, dynamic controls are required to
appropriately respond to such situations. The modeled \sysmrption system is driven
by heat input into the desorber, which can be modulated tootdim¢ delivered cooling.

In the proposed control methodology for delivered coolant temperatyseoportional
feedback loop is employedvhich takes the actual delivered coolant temperature and
compares it to the s@bint. The resulting error signal msultiplied by a gainKqe9, and

the obtained signal specifies a change in the fuel flow rate through the gas valve in the
combustion module. The resulting change in heating rate to the desorber coupling fluid
loop leads to a new steadtate desorptionemperature. In a practical system, the
combustion module has an upper limit on heating rate, so the desorber cdiupling
temperature can only be set within some range. For the system modeled in this study, the
upper limit of coupling fluid temperatuie set to 195C. Compared to the lowressure

side components, the dynamics of hjglessure side components are faster; therefore, a
higherfrequency controller update schedule can be employed without causing instabilities.
The controller frequency is st 0.1 Hz, and it is activated for 20% of the operating cycle.

Therefore, the controller remains active for 2 s in each cycle lasting 10 s. A schematic of

14¢



the proposed control methodology is presentefignire5.3. The proporinal gain Kges
= 10.05) is set to a negative value becaus
temperature and coolant outlet temperature. As desorption temperature increases, the

refrigerant generation rate increases, leading to an increaagdrator cooling capacity.

Both control loops are activated once the system reachesl@sign pressures after
startup from ambient conditions att = 1000 s in this investigation. While the cooling
duties of different heat exchangers reach 80% ofgdegerformance in ~300 s of
simulation time, the temperatures of certain fluid streams take more time to reach steady
state because of thermal masses of different storage vessels for working fluid and coupling

fluids.

5.3 Results and Discussion

The control aorithms are implemented in the dynamic model developed in
MATLAB & Simulink ® platform. Reference trackifgased analyses, which determine the

capability of control algorithms to track thegetints of process variables, were conducted

T

Coolant, Setpoint

Desorption Tempertaure
Tdes

A Tdes

=, ’

Figure 5.3: Schematic of delivered coolant temperature control
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to evaluate the prmance of the algorithms and study system responses. The employed

test scenarios are summarized as follows:

1. A step change is applied to the evaporator temperature gligmisétto study the
effectiveness of the dynamically controlled expansion valueaicking the sepoint
signal

2. A gradual change is applied to the external heating rate to the coolant loop to evaluate
the performance of both control schemes in maintaining the coolant and evaporator
glide temperature sgtoints

3. A gradual change in ambie conditions is applied with fixed delivered coolant

temperature sqtoint to evaluate the performance of both control schemes in concert

In all these cases, the model was initiated from ambient conditions, and was allowed
to runwithout active control prceduregor ~1000 s of simulation time. The flow rates of
different coupling fluids and atoupled heat exchangers for condenser, absorber and
evaporator were ramped from zero to design values in the first 120 s. At the end of this
startup period, ordesign operating conditions were achieved, with a desorber coupling
fluid inlet temperature of 180°C and an ambient temperature °@.3bhe solution flow

rate was fixed at 9.75xfkg s.

5.3.1 Evaporator Temperature Glide Control

After 1000 s of simulation tie the evaporator temperature glide reached a steady
state value of ~5C, which is higher than the spbint of 3 C. At this instant, the glide
temperature control was activated, and it modulated the valve restriction by varying the

valve coefficient ithe model. The valve was modeled as a variable restriction, isenthalpic
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device, and the refrigerant mass flow rate was calculated &sjn9.3, wherec, is the

valve coefficient andPnhigh andPiow are high and lowside pressures, respectively.
rh’ef = Q/ 3 Phigh 'Plow (53)

Valve adjustment continued until the temperature glide reached tpeiséiafter
~250 s of controller activation. The performance of the controller in tracking tip@isé¢t
for evaporator temperature glide is presentdeigure5.4. After reaching new steaestate
conditions, a step change of ACswas introduced in the evaporator temperaglicge set
point signal at = 2000 s, and it was brought back to the original value 6f &t = 2500
S. It an be concluded that using a dynamic expansion valve with a proportional feedback
control drives the system satisfactorily towards the desired operating conditions. The
controller achieved a quick response and returned the system ttasaly state in ~26s

after the step change was introduced. The relatively slow dynamics of the evaporator
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Figure 5.4: System responséo step changes in evaporatoglide setpoint



temperaturglide response to the refrigerardlve opening can also be observed in this
test case. There is a finite time lag between refrigerant valve adjustmeevaputator
temperature glide as observed betweer2000 and = 2250 s of simulation. The valve
coefficient started to decrease after reaching a maximum, but the temperature glide
continues to decrease for a ~60 s before it starts to increase. Thisdaksoa slight

overshoot while tracking the reference signal.

The variations of refrigerant flow rate and l®me pressure during the test case are
presented inFigure 5.5. As the valve restriction was reduced, the -kide pessure
increased, and the evaporator temperature glide decreased. While the pressure difference
across the refrigerant valve decreased during this process, the net effect led to an increase
in refrigerant mass flow rate. The leside pressure increased doethe increased flow

rate of refrigerant vapor at the absorber inlet.
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Figure 5.5: Refrigerant flow rate and low-side pressure variation with time
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5.3.2 Delivered Coolant Temperature Control

In this test case, the delivered coolant temperature is automatically regulated by
varying the desorber couplifftyid temperature under offesgn operating conditions.
Similar to the previous case, the evaporator tempergtidie control loop was employed
to automatically modulate the refrigerant expansion valve restriction. After the system
achieved steadgtate, ordesign operation in 2000 $ simulation time, the heating load
in the external process coupled to the coolant loop was artificially reduced by introducing
a perturbation to simulate a change in cooling demand. The load was slowly reduced by
500 W over 1500s of simulation time, deasing the evaporator cooling demand from the
design value of 3.5 kW to 3.0 kW. This led to a decrease in coolant temperature at the inlet
of the evaporator by ~F€ as compared to the design condition inlet temperature of
12.9C. As the evaporator coolimgquirement decreased, the desorber temperature control
triggered a reduction in heat input to the desorber coufiling)loop. In turn, desorption
temperature and refrigerant generation rates decreased, lowering the evaporator cooling
rate and returninghe delivereecoolant to the sgboint temperature. Due to the reduced
vapor generation rate, there was an increase in the ammonia concentration of the weak
solution flowing out of the desorber. To adjust for this change in concentration, the solution
punp flow rate was manually reduced by 20%. Autonomous integrated solutiomatew
control is discussed in the next chapter. During this process, the ambient temperature was
maintained at the design condition of °85 Slight temperature oscillations of
appoximately £0.28C in the delivered coolant temperature were observed during this test
case. These oscillations are numerical in nature, resulting from the explicit simulation time

stepping scheme(@e45, and are unlikely to significantly affect overallssgm behavior.
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Figure 5.6: Actual delivered coolant temperature data and smoothed curve fit

The results presented in this study are smoothed using a splirggtitg5.6), but the

actual control system operates based on the slightly noisy raw data.

The variations in delivered coolant temperature andrgésn temperature are
presented ifrigure5.7. It can be observed that the controller satisfactorily maintained the
delivered coolant temperature withird.75 C of the set point during transient processes.

In absence of contralction, the coolant temperature decrease$@llow the set point.
Additionally, with the proposed desorber temperature control loop activated, the overall
system COP increased by 8.2% during this test case, as shdwgure5.8. The COP
calculation, as shown in E&.4, is based on the ratio of the cooling capacity in the
evaporator calculated on the coolant side, and the heat input into the desorber calculated

from the change in enthalpy and flow rate of the heat transidr fump and fan power
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consumptions were generally found to be small compared to the evaporator and desorber
heat transfer rates, and were thus neglected from this metric, which is primarily intended
to enable performance comparisons of the same rsysteder different operating

conditions.

cop= 2w (5.4)

des

Variations in obtained evaporator and desorber-tiantfer rates are presented in
Figure 5.9. At partload operation, the evaporator cooling rate deectasdue to a
perturbation in the heating load on the coolant (3.5 kW to 3 kW). However, the relative
reduction in desorber heat input required to maintain the coolant delivery temperature was

greater (5.6 kW to 4.5 kW). This can be attributed to fixed dvitrermal resistance and
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Figure 5.9: Variation in evaporator and desorber heat duties
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size of different heat exchangers in the model. Using active control dbadrbperation
decreased the temperature of the heat transfer fluid in the desorber, and decreased the flow
rate of concentrated solution, which led toiacrease in the heat exchanger effectiveness.
Similarly, a decrease in the flow rate of the refrigerant in the evaporator led to an increased
effectiveness. Without the deliveredolant temperature control loop, the evaporator
cooling rate was found tdecrease slightly because of a reduced temperature difference
between the refrigerant and coolant streams, while the desorber heat load remained
unaffected. Therefore, the system COP increased from 0.61 to 0.66 (8.2%) between the
cases without and with aet feedback control, respectively. The evaporator temperature
glide control loop satisfactorily tracked the-peint of 3 C in all simulations discussed in

this section.

5.3.3 System Control in Response to Variation in Ambient Conditions

In another set of cdrol response tests, a°G gradual reduction in ambient
temperature was simulated. This reduction led to improveetfaafer rejection from the
condenser and absorband thus increased overall system cooling capakiproved
absorber hedransfer ejection also leads to reduced lgwle system pressure, and thus
lower refrigerant temperature at the evaporator inlet and greater evaporator cooling
capacity.The variations in delivered coolant temperature and desorption temperature, and
comparison beteen the cases with and without active control schemes, are presented in
Figure5.10. To maintain the delivered coolant temperature at thpaat of 7.53C, the
desorption temperature and heating rate were decreased by thd sgatemn.The

controller tracked the coolant gmbint temperature satisfactorily within £0G. The
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Figure 5.10: Delivered coolant and desorption temperature variation

solution pump flow rate was manually reduced by 20% to prevent a large decrease in
desorption temperature. This led to a reduced refrigerant generagomiaching the
evaporator cooling rate to the external heat input rate to the coolant loop. Some oscillations
were observed in the output data during transient operation, which can be attributed to
issues associated with the explicit simulation tstegping scheme. There were no

oscillations after the system reached steady state 3500 s.

System COP results from this testse simulation are presentedFigure5.11 and
are compared to those without any active controkesjras. In concert, the evaporator
temperaturgylide controller, desorbegemperature controller, and manualidjusted
solutionpump flow rate lead to an increase in system COP by ~8%. Evaporator

temperature glide control was activated for all the sitiarla discussed in this section.
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5.4 Conclusions

In this computational study, novel control strategies were proposed for assatall
(3.5 kW) ammoniawvater absorption chiller. Using a dynamic model to simulate the system
and control schemes, it was fourdt chiller performance can be controlled to yield an
optimal evaporator temperature glide and modulate the evaporator cooling rate so that the
delivered coolant temperature remains at goe@it. Two separate feedback loops with
proportional control wereevaluated for controlling evaporator temperature glide and
delivered coolant temperature. For a step change of 1.5°C in the evaporator temperature
glide setpoint, the controller requires ~250 s to bring the system to the new steady state
condition. Alsocombined control action using both loops was shown to satisfactorily track

changes in load demand and ambient temperature, and leads to ~8% increase in COP as



compared to a system operating without active control mechanisms. The proposed
strategies for sstem control can potentially lead to effective control and energy savings

under parioad operation and offesign ambient conditions.

Experimental validation and tuning of the control algorithms discussed above are
presented in the next chapter. Thisdstigation helped dowselect potential techniques

and determine startingoint control parameter values prior to experimental investigations.
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CHAPTER 6. EXPERIMENTS ON ABSORPTION SYSTEM

CONTROLS

This chapterpresents the details of the experimental setup fabddat this study
and utilized to evaluate the performance of a sweghlacity ammoniavater absorption
chiller. Design and implementation of control algorithms is discussed. The approach
utilized in the data analysis is presented. First, sample casessstudilving perturbations
in different input variables are discussed with an emphasis on identifying system
characteristics and the rate of change in different process variables. This information is
utilized in tuning different control loops. Next, samp&ses of overall system control are
presented to study pddad operation and variation in external conditions of the system.
The effectiveness of the control algorithms in regulating system performance and

maintaining various sqdoints is elucidated ugy these experiments.

6.1 Experimental Setup

6.1.1 System Components

Figure 6.1 shows a schematic of the breadboard test facility, whitdiblesthe
evaluation of theompletesystem, as well as individual component performance. The key
features of each component agecified inAppendix | The condenser, evaporator and
recuperative heat exchangers utilize a brgdate microchannel design. The desorber
design is based on the concept of a diabatic distillation column and utilizes aharoret
sheet for heat source coupling. The desorber destggrates heat transfer stages with

purification stagesindprovides a compact design with very small liquapor approach
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Figure 6.1: Schematic of breadboard test facility and instrumentation

temperature differences, and consequently, -pigity vapor leaving tb desorber. A
small, integrated analyzer section in tle®mponent further improves ammonia
concentration in the vapor stream and decreases the rectification requirBmeeneictifier
is a custorrdesigned component with a wineesh packing on the condergside and a
microchannel sheet on the coolant side. Finally, the absorber is sastigibe heat

exchangerFigure6.2 shows the fabricated test facility.
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Figure 6.2: Breadboard test facility

6.1.2 Heat Source and Sink Coupling

Theevaporator is coupled to a distitl water loop heated using an electrical cartridge
heater. The heater is controlled using a sikcontrolled rectifier (SCR) and provides
continuous variation of electrical input to the heater. A proportioniagral (PI) feedback
control loop is impleranted to provide the desired temperaturepsétt of water (coolant
return) inlet to the evaporator. The feedback loop continuously adjusts the input power to

the heater to maintain the desired temperaturpaat.
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The absorber and condenser are hydrally coupled using distilled water and the
heats of absorption and condensation are ultimately rejected to the chilled water supply
available in the laboratory. Both components receive identical temperature of the cooling
water at the inlet as they arenc@cted in parallel to the cooling water supply. This allows
for accurate control of operating conditions for both the components. A Pl feedback loop
manipulates an electronic valve on the chiller flow line to provide control of cooling water
inlet temperture to the absorber and condenser. This can be used to simulate different

ambient conditions for the operation of the absorption chiller.

The desorber is coupled to an electrically heated mineral oil loop. The mineral oil
used in this study is ParatheMiF® which demonstrates stable thermodynamic properties
at high temperatures. The heat source inlet temperature in the desorber is continuously
controlled using a Pl feedback loop and an SCR power controller that regulates the
electrical power input to thieeater. A variablspeed gear pump circulates the mineral oll,

and the flow rate can be adjusted by varying the speed of the motor.

6.1.3 Auxiliary Components

The concentrated solution in the system is circulated using a vaspbkd
diaphragm pump. The comstt displacement volume of the diaphragm provides repeatable
performance and the supplied volumetric flow rate can be accurately correlated to the speed
of the motor. Electronic expansion valves are used on the dilute solution and refrigerant
streams. Thesvalves are operated by precise motion of a stepper motor and provide

accurate control of flow rates. The dilute solution valve supplies the liquid at the inlet of
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the absorber in a tuba-tube injector that allows mixing between the refrigerant vapor an

the dilute solution streams.

Thereflux (condensate) stream exiting the rectifier enters the desorber along with
the concentrated solution stream. This allows for extraction of ammonia from the reflux
stream and improves the system performance. Thelinguituid in the rectifier is the
concentrated solution stream, and the inlet port to the rectifier contains a bypass valve. The
valve allows for variations in the coupling fluid flow rate supplied to the rectifier. If the
rectifier is oversized, a fraoh of the total solution flow rate can be bypassed. This

prevents ovecondensation of the generated refrigerant in the rectifier.

In additionto all the components mentioned above, the experimental system also
contains fluid accumulators at the outlettl® condenser, absorber and at the bottom of
the desorber. These accumulators serve as buffer fluid inventory for different fluid streams
in the system and compensate for the flow rate variations during transient processes.
Additionally, these accumulat®rensure that the outlet phase of the fluid is saturated or
subcooled liquid. This is particularly important for the solution pump as the presence of
vapor in the outlet from the fluid accumulator located downstream of the absorber can lead

to large variabns in the supplied mass flow rate of the concentrated solution.

6.1.4 Instrumentation

As shown inFigure 6.1, temperaturg at the inlet and outlet of each stream of
individual heat exchangerare measured using -fype thermocouplesPressures are
measured using electronic pressure transducers at the outlet of the desorber, the outlet of

the condenser, inlet to the evaporator, and outlet of the absorber. The two pressure
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measurements on the lgawessure side also help in characterizimgtotal pressure drop

on the lowpressure side components. Four high accuracy (£0.1%) Coriolis mass flow
sensors are used to measure the mass flow rates of the concentrated solution, dilute
solution, refrigerant solution, and evaporator coolant. It lshbbe noted that this leads to

very small uncertainties in calculated variables due to mass flow rate measurement, and
the corresponding error bars are not visible on the plots. A capacliased level
measurement probe is used on the refrigerant tame&sure the liquid level. This is used

to monitor and regulate appropriate liquid storage level in the tank during transients and
change in operating conditions. In addititmo magnetic flow sensors are used to measure

the flow rate of the coupling fldisupplied to the absorber and condenser. The absorber
and the condenser reject heat to a water stream coupled to the laboratory chiller. A solenoid
valve on the chiller supply line regulates the flow raté gear flow meter is used to
measure the voluntiéc flow rate of the coupling fluid supplied to the desorber. For safety

of the system components from catastrophic damage at high pressures, a pressure relief
valve is installed at the outlet of the conden3able 6.1 shows tlke details of all the

instrumentation hardware.

All thesignals from various measurement probes are digitally sampled by a National
Instrument8 programmable controller and data acquisition module shoviigimre 6.3.
The samplingfrequency is set to 10 Hz and data points are recorded at a frequency of 1
Hz. This is performed to allow for time averaging of certain variables for control
applications and will be discussed in the following sections. For continuous data recording,
suchas when evaluating controller performance or transient response of the system, the

signals are recorded continuously until steathfe performance is achieved. For other data
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Table 6.1: Equipment and measuement probe specifications

Instrument Manufacturer/Model Range Accuracy

Thermocounle Omeg#& T-type -2507 300°C +0.5°C

b Omeg# Jtype 01 750°C +1.1°C
Pressure Omeg# 4-20 mA 07 1034.2 kPa +0.03%
Transducer Outpuf Absolute 07 3447.3 kPa Range

Rheonil® Coriolis 07 0.01kg & 0
Mass Fbw Sensor Sensor 07 0.1 kg & +0.1%
EvaporatoiCoolant MicroMotion® . 0
Mass Flow Sensor Coriolis Sensor 01 0.6056 kg 5 *0.1%
Cooling Water Omegd FMG83 | ) 5000130.0013 s |  +1%
Flow Sensor Series
Paratherm Flow | AW Lake JVM-30KG 07 0.00044 At +0.5%
Sersor Gear Flow Meter
Level Measuremen  Endress+Haus&r . 0
Probe Liquicap M FMI51 010.152m +0.5%
Electronic Caref 480 motor stens ;
Expansion Valves E2V Series P
Data Acquisition | National Instrumenfs : i
and Control c-RIO 9022
Watlow® Firebar

Paratherm Heater | FON713J10S Baffleg 07 9 kW |

Circulation Heater
Evaporator Coolan|  Watlow® Firerod

Heater Cartridge Heater 07 5kw !

Chiller Flow

Control Valve Honeywel@_ M7435F I I
Series

Actuator

Heater Power Watlow® DIN-A- ; ;

Controlers MITE SCR Controller

points for analyses of steagyateperformance, the signals are recoded aequiency of
1 Hz for 20min duration and then the tiraeraged values of different measured variables

are used in the subsequent data analysis.

6.2 Data Analysis

Experimentswere first conducted to analyze the system performanc®ratnal

ambient conditioa of 32C. Data analysis is conducted as descrinebeeet al. (2012)
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Figure 6.3: Control and data acquisition hardware

using timeaveraged values of different measuvadableso define nlet and outlet states

of each component. Heat transfer rate in each component is then calculated and system
performance analyzedAs the ammonia concentration is difficult to measure in
experiments, phase quality assumptions are made regarding thestrethets from the
desorber. The desorber is a continuously heated component anephase mixture is

assumed to exist along its entire length. Therefore, it can be assumed that
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