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Abstract

The time that an absorption chiller needs to reach the designed working condition is called start-up. During this time,
energy is consumed through the system while efficient refrigeration is not available. So, it's too important to consider
the influencing parameters on this period of time so that reduction in energy consumption is achieved. Also, dynamic
analysis is used to reduce the startup time and increase system performance in addition to strategic control purposes.
Optimizing an absorption cycle during transient operations, such as start up or shut down is very important. The aim
of this study is to investigate and compare the effect of employing refrigerant and solution heat exchangers (RHX and
SHX) on dynamic performance of both NH;-H,0O and H,O-LiBr absorption chillers (ACs). Also, the effect of solution heat
exchanger’s efficiency on the start-up time of the key parameters of both ACs is investigated. To diminish the effect of
approximate relations on the results, thermodynamic properties of NH;—H,O and H,O-LiBr solutions are extracted from
the EES software. By making a link between MATLAB and EES software, a set of differential equations is solved in MATLAB
software. The fourth order Runge-Kutta method is employed to solve the differential equations system. This process
is continued until convergence criteria are satisfied. The results show that removing SHX from the cycle increases the
start-up time of both NH;-H,O and H,O-LiBr AC’s COPs by 11.76% and 45.16% respectively. The start-up time of the COP
of H,0-LiBr absorption chiller is highly affected in comparison with the NH;-H,O absorption cycle, by removing SHX
or increasing the SHX efficiency. Also, utilizing the RHX does not affect the dynamic response of the key parameters of
the both absorption chillers.

Keywords Transient simulation - Refrigerant and solution heat exchangers - Aqua-ammonia - Water-lithium bromide -
Start-up time - Absorption chiller
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UA Conductance (kW/K)

% Volume (m?3)

X Concentration of ammonia-water solu-
tion at the absorber and generator

Xl Concentration of water-lithium bromide
solution at the exit of generator and
absorber

V4 Concentration of water-lithium bromide

solution at the absorber and generator
The time required for each parameter to
reach steady state condition

Start-up time

Qu Quality

Greek letters

€ Efficiency of the solution heat exchanger

3 The expansion valve friction factor

p Density (kg/m3)

Subscripts

aA Absorber

c, C Condenser

e E Evaporator

a9,G Generator

p Pump

Abbreviations

SHX Solution heat exchanger

RHX Refrigerant heat exchanger or (conden-
sate pre-cooler)

AC Absorption chiller

EES Engineering equation solver

1 Introduction

Chillers are among the most important cooling equip-
ment that can generally be divided into two categories of
compression and absorption chillers. Absorption chillers
are classified in two types; water-lithium bromide cycle in
which water is considered as a refrigerant and lithium bro-
mide as an absorbent, and ammonia-water cycle whose
refrigerant is ammonia and absorbent is water. Compres-
sion chillers use electrical energy while absorption chillers
use thermal energy as an energy alternative to produce
cooling. Absorption chillers have two main superiorities
when they are compared with the compression chillers
which are; the use of renewable energy as an input alterna-
tive such as solar energy, geothermal and heat lost from
industrial processes, and their compatibility with the
environment [1, 2]. Nowadays, environmental concerns
about ozone depletion and global warming, on the one
hand, and surplus energy consumption, rising fuel prices,
etc., on the other hand, have made the absorption chillers
more attractive to researchers. Absorption chillers are very
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suitable tools for reducing electric energy consumption
and recovering waste heat from industrial plants [1-4].
Simulations are way very important tools for research-
ers to predict the performance of absorption chillers at
the dynamic level with low cost. Coupling any renewable
energy device to the chiller is easily performed without
any cost.

Many papers have been so far published in the field of
dynamic simulation of absorption refrigeration systems.
Kohlenbach and Ziegler [5, 6] presented dynamic simula-
tion of the water-lithium bromide absorption chiller based
on external and internal steady-state enthalpy balances for
each main component. Dynamic behavior of the model
was described by mass storage terms in the absorber and
generator, thermal heat storage terms in all vessels and a
time-delay in the solution cycle. Many researchers con-
ducted dynamic model of the absorption cycle by using
the mass and energy conservation and momentum equa-
tions [7-11]. Investigation the behavior of the absorption
cycle in dynamic mode by applying the step change in the
cycle [5, 6, 8, 12, 13] and during start-up [7, 14, 15] have
been already carried out. Dynamic simulation of ammo-
nia-water heat pump [8, 16-19] was accomplished to pre-
dict the transient performance and design characteristics
as well.

Some researchers have presented dynamic model for
absorption chillers by using TRNSYS software and Simulink
environment [10, 13, 15, 17, 19-21]. Altun and Kilic [20]
developed a dynamic model for a 10 KW cooling capacity
solar-assisted absorption cycle for different cities of Turkey
by TRNSYS software. They conducted a parametric study
to investigation the effect of various parameters such as
solar collector type, area, storage tank volume, collector
slope, boiler set point temperature, room thermostat set
point temperature on system efficiency. Their results show
that in terms of financial analysis, Izmir is the most suit-
able city for solar-based absorption cooling system appli-
cations with a payback period of 10.7 years. Utilization of
the exhaust waste heat of the internal combustion engines
for the cooling systems input energy has been done by
Wang et al. [21]. They developed dynamic simulation for
3 different cascade waste heat recovery systems listed as
an electric-cooling cogeneration system (ECCS), a double-
effect absorption refrigeration system, and a double-stage
organic Rankine cycle. Also, dynamic response and off-
design performance of three aforementioned cases were
analyzed and compared. They presented validated module
library for building different dynamic models in Simulink
and validated by basic thermodynamic cycles.

Arora and Kaushik [22] conducted an energy and
exergy analysis of single-effect and double-effect
water-lithium bromide absorption cycle in order to
examine the effect of heat exchanger efficiency and
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component’s temperature on some parameters such
as; performance coefficient, rate of exergy destruction,
and rate of exergy loss. Their analysis relied on the first
and second law of thermodynamics using the mass and
energy balance for each component. The EES software
was applied to solve governing equation. They found
that the maximum COP occurs at high generator temper-
ature, and its rise is tied by evaporator temperature and
increase in heat exchanger’s efficiency as well. Sozen [23]
studied the effect of heat exchanger on the aqua-ammo-
nia absorption chiller’s performance. More to the point,
he studied the thermodynamic performance of absorp-
tion cycle and the irreversibility of the thermal process
for different modes. Parameters such as COP, ECOP, cir-
culation ratio and non-dimensional exergy loss are cal-
culated separately for each component. The concentra-
tion of ammonia vapor at the rectifier outlet was set to
constant value of 0.999. Later on, Kaynakli and Kilic [24]
scrutinized the effect of refrigerant and solution heat
exchangers on cycle performance, efficiency ratio and
operating temperature. And, the effect of operating tem-
perature and efficiency of heat exchanger on the thermal
loads of components, coefficients of performance were
also investigated. Their results revealed that the solution
heat exchanger could increase the COP value by 44%
as well as raising the refrigerant heat exchanger perfor-
mance by 2.8%. Karamangil et al. [25] studied the ther-
modynamic analysis of single-effect absorption cycles
with different working fluid pairs. Moreover, the influ-
ence of operating temperature, refrigerant, solution and
solution-refrigerant heat exchanger efficiency on system
performance were investigated. They concluded that the
solution heat exchanger causes significant increase in
the absorption cycle COP and its percentage stands at
66%, and in case of solution-refrigerant and refrigerant
heat exchanger, this percentage reaches at 14% and 6%,
respectively.

Previous studies [16-18, 26] only concentrated on the
dynamic response under a single working condition. They
have not taken into account the issue that how long it
takes for a system to reach a new steady-state condition
when system conditions change. Also, researchers, Refs.
[22-25], studied the effect of refrigerant and solution
heat exchangers and heat exchanger’s efficiency on the
performance of the absorption cycle in the steady state
mode while dynamic mode still needs to be investigated.
In our previous study, we investigated the effect of sub-
cool liquid at condenser/absorber outlet and also, effect
of ambient temperature on AC’s key parameters launch
time [11]. The general structure and some of input data
and initial values of the previous and current research are
similar, but the subject that, investigated in this article is
different. The main goal of this article is to comparison the

start-up time of the key parameters of aqua-ammonia and
water-lithium bromide absorption chiller under different
heat exchanger configurations.

In this study, the thermodynamic analysis of the both
NH;-H,0 and H,O-LiBr absorption refrigeration cycle is
performed by applying the mass and energy balance, con-
tinuity of solution species and momentum equations. The
performance of NH;-H,O and H,O-LiBr absorption chillers
is compared under different condition, which is not found
in the literature. In fact, the aim of this study is to investi-
gate and compare the start-up behavior of NH;—-H,O and
H,O-LiBr absorption chillers by lumped parameter model
under three different cases including; (1) utilizing RHX with
SHX in the cycle, (2) removing RHX from the cycle, just SHX
plays role in the cycle and (3) removing SHX from the cycle,
just RHX plays role in the cycle. Also, the effect of solution
heat exchanger’s efficiency on the start-up time of the
key parameters of the both ACs is studied and compared.
Many researches employed polynomial functions approxi-
mation [13, 27-29] and EES software [9, 22] to extract the
thermodynamic properties of H,O-LiBr solution, and some
of them [7, 14, 16, 19, 30] benefited from empirical rela-
tions and equations of state to estimate the thermody-
namic properties of NH;-H,O solution. In this paper, in
order to minimize the deviations resulted from approxi-
mated equations, the Engineering Equation Solver (EES)
software is used to obtain the thermodynamic properties
of the working fluids, and MATLAB software is employed
to solve differential equations by fourth order Rung-Kutta
method. EES and MATLAB software are linked by an Excel
file. To validate dynamic model, the results obtained from
this work are compared with the results of the steady state.

2 Dynamic modeling of the system
2.1 Governing equation

Figure 1 shows the schematic of the ammonia-water and
water-lithium bromide absorption refrigeration cycle with
the refrigerant and solution heat exchangers. The main
components of the absorption refrigeration cycle are as
follows; evaporator, absorber, generator, condenser, pump,
refrigerant and solution heat exchangers. The refrigerant
and solution heat exchangers are two important devices in
absorption refrigeration cycles. The solution heat exchanger
heats the cool solution from the absorber on the way to the
generator and cools down the solution returning from the
generator to the absorber. Thus, the heat load decreases in
the generator and the COP increases. In the refrigerant heat
exchanger (condensate pre-cooler), which is in the refrigera-
tion side of the cycle, the refrigerant leaving the condenser
is cooled by the vapor coming from the evaporator, and the
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Fig. 1 Schematic of absorption
refrigeration cycle with both
SHX and RHX (condensate pre-
cooler) [31]

Expansion
device

Condensate
precooler

Evaporator

1 Qe

enthalpy of the liquid decreases. Since the cooling capacity
increases, the COP value increases [24].

The following assumptions are made to simplify the simu-
lation were clearly stated in the literature:

e Concentration of ammonia vapor at the generator outlet
is considered at its constant value of 0.9996 [31, 32].

o Refrigerant leaves the generator at the state of saturated
vapor [9-11, 27, 28, 311.

e Refrigerant leaving the evaporator and condenser is at
the state of saturated vapor and saturated liquid respec-
tively [9-11, 27, 28, 31].

e Fluid outlet temperature from each single component is
equaled to inside temperature of its component [9-11,
27,28].

e The amount of work given to the pump is negligible
[9-11].

e Thereis no pressure loss in the pipes [9, 11].

In this study, each component of the absorption cycle is
considered as a control volume. Mass, energy balance and
momentum equations are used for dynamic analysis. As
labeled in Fig. 1, M/(t) corresponds to the mass within com-
ponent i, and rm(t) indicates the mass flow rate between
components. Subsequently, the overall mass balances for
each component are formed by [9, 11]:

d . .

E(Mc) =m; —Mmg (1M
d . .

E(ME) = Mg — My )
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A SPRINGERNATURE journal

Condenser Rectifier Desorber

A

oy A

dt (My) = iy + g — i, (3)
d .

E(MG) =my —Mmg—my (4)
my =m, = m; (5)
my = Mms = Mg (6)
Mg = Mgy (7)

For agua-ammonia absorption cycle, X;(t) is the mass frac-
tion of the ammonia in the component. Subsequently,
we have the following absorbent mass balances in the
absorber and generator [8, 111:

d

1 . . . . . .
E(XA) = <M_A> [110X; + MgXs — My Xy — X, (ringg + g — iy )|

(8)

d 1 . . . . . .
E(XG) = (M_g> [ X, = X — m,X; = Xg (i — g — )]
(9
XA=X1=X2 =X3 (10)
X=Xy =Xs =X (1

For water-lithium bromide absorption cycle, Z; stands for
the concentration of H,O-LiBr solution in the absorber and
generator. The concentration of solution at the generator
and absorber outlet is indicated by x/; [9].
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E(ZA) = <M—A> [Mexlg — Xl — Zy (1o + g — iy )]
(12)

d 1 . . . . .
E(ZG) = <M—> [ X1, — mgxlg — Zg (M, — mg — )]

g
(13)

The concentration of solution at the exit of generator
and absorber in LiBr-H,O absorption chiller is a function
of the quality and solution concentration of generator and
absorber respectively. The concentrations of solution at
the generator and absorber were not assumed to be equal
to the corresponding concentration at the exit of those
components. The relationship between concentration of
solution at the exit of generator and absorber, quality and
concentration of solution in components are followed by
[9l:

As the quality approaches to zero, the amount of Z
will become equal to XI. This effect is neglected in the
NH;-H,0 absorption chiller [9].

The momentum equations between the components
are given by [8-11]:

d, . A

—(my) = (= ) [Ps = Pc] (15)
dt L,

d, . A

E(mm): <:1((:>[PE_PA] (16)
l§1Lms|m8|=PC_PE (17)
27 pehy,

lszmdmel:PG_PA (18)
2 P6A52

where ¢; is the expansion valve friction factor considered
constant in this research [7-11].L;, d;, and A, are the length,
diameter, and cross-sectional area of the pipe, respectively.
p; is the density and P; is the pressure. The smallest cross
sectional area of the expansion valve is indicated by A,
[11]. Also, it is assumed that the performance of pump
in this cycle is evaluated by the polynomial expression
obtained from the characteristic curves (Ref. [9]): Table 1,
show the constant coefficients of the polynomial and the
expansion valve friction factors.

Table 1 Constant data are
ISEN

a a a
used in dynamic simulation [9] ! 2 :
05 0.5 7.623 1284 -2941
. .2
Pg — Py = ay + a;my + a,, (19)

Letting h;(t) be the specific enthalpy, the energy balances
for the components are given by [8-11]:

d 1 . . : . .
9 (he) = <M_C> [insh, — tnghs — Qc — he (i, — )]
20)

1 .
—(hg) = | — ) |mghg — Mmohio + Qf — he (Mg —m
dt( 3 <ME>[ 8fo 10h10 + Qg — he (g 10)]

(21)

%(hA) = (MLA> [foho + Mghg — iy hy — Qu = hy (g + g — 1iny)]
(22)
d 1 . . . : . . .
E<h6> = <M—G> [y hy — mgh, — myh, + Qg — hg (i, — g — ;)]
(23)
hs = he (24)
hg = hq (25)
: . (T17_TE) - (T18_T9)
Qe = ¢, (Ty, = Trg) = UA =
n(=5)
(26)

(Te = Tie) = (Tc = Ths)
In< (TC_T16) >

(TC_TIS)

Qc = m15cp(T16 - T15) =UAc
(27)
(Ts - T14) - (TA - T13)

/n((TLT‘“)>

(Ta=T13)

QA = m13C,9(T14 - T13) = UA,

(28)

(T'I'I - TG) - (T12 - T7)

QG = mHCp(Tﬂ - T12) = UAg (T To)
’”< (TTr) )

(29)
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where UA; is the conductance value for each component
[9,31].
Q
cop =t (30)
Qs

COP is the coefficient of performance of the both ammo-
nia—water and water-lithium bromide absorption cycles
[9,31].

3 Solution methods of the modeling

In many studies, the thermodynamic properties of solu-
tion were taken from some approximate relations caus-
ing the results to be somewhat inaccurate. On the other
hand, the EES software is powerful and accurate software
in field of thermodynamic issues. In this article to dimin-
ish the effect of approximate relations on the results, the
Engineering Equation Solver (ESS) software is used to
define the thermodynamic properties of ammonia-water
and water-lithium bromide working fluids. Also, by mak-
ing a link between MATLAB and EES software the set of
differential equations are solved in MATLAB software. The
fourth order Runge-Kutta method is employed in solving
the differential equations system. Figure 2 shows the basic
flowchart of the dynamic model of an absorption chiller.
In this article, each component of the absorption cycle
is considered as a control volume and a trial and error
process are created for them. The initial values like mass,
enthalpy and concentration of main components, the con-
stant values such as temperature and mass flow rate of
external water circuit, conductance values and solution
heat exchanger’s efficiency are given to MATLAB software
as input data. Table 2 shows the input values are used in
the dynamic model. These values are read by EES software.
By using initial values and a hypothetical parameter like
pressure, a trial and error process for each component
were created in EES software. The pressure variable is con-
sidered as a trial and error parameter. Creating a trial and
error process was carried out by having initial values such
as enthalpy and concentration of the solution at the exit of
the generator and hypothetical pressure. Then, generator
variables such as temperature, quality and so on, will be
obtained. After that, by having these parameters calcu-
late the generator specific volume and will be compared
with specific volume that calculating by initial mass. This
process is repeated until the convergence criterion is satis-
fied. Then, the correct values of temperature, pressure and
quality of main components are obtained. After that, ther-
modynamic properties of all points of the cycle and the
heat transfer rate of main components are possible to be
obtained at each iteration by performing thermodynamic
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analysis. The output data such as pressure, mass flow rate
at points 1-6-8, the enthalpy of all points of the cycle, con-
centration of the solution at points 1-6 and heat transfer
rate of 4 main components are continuously read in MAT-
LAB software to solve differential equations and the new
initial values are obtained. This process is continued until
the result reached steady state conditions. Tables 3 and 4
show the initial values used in the dynamic model of aqua-
ammonia and water-lithium bromide absorption chillers
respectively. To validate dynamic model and determined
the initial values, the Herold et al. [31] steady state condi-
tion results were used.

4 Validation and verification of the dynamic
modeling

To validate the dynamic code, the results extracted from
numerical simulation of both aqua-ammonia and Water-
Lithium bromide absorption cycles are compared with
steady state results obtained by Herold et al. [31]. Results
obtained from the present dynamic analysis, steady
state data [31] and also relative error values are reported
in Table 5 and 6. As shown in these Tables, the dynamic
results have good agreement with their peers. In fact, max-
imum relative error in agua-ammonia absorption chiller
generated by the m, stands at 3.93% while it reaches to
9.2% for mg in the case of water-lithium bromide absorp-
tion chiller.

5 Dynamic simulation results

5.1 Comparison the start-up time of NH,-
H,0 and H,0-LiBr AC’s key parameters
under different working conditions

In this paper, transient behavior of main parameters of
aqua-ammonia and water-lithium bromide absorption
chillers like COP and heat transfer rate of the main com-
ponents under three different cases are compared:

1. Utilizing RHX with SHX in the cycle (both, case A).

2. Removing RHX from the cycle, just SHX plays role in
the cycle (Just SHX, case B).

3. Removing SHX from the cycle, just RHX plays role in
the cycle (Just RHX, case Q).

To be precise, the time that an absorption chiller
needs to reach the designed working condition is called
start-up. During this time, energy is consumed in the sys-
tem while efficient refrigeration is not available. So, it’s
too important to consider the influencing parameters
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Fig.2 Basic flow chart of the
dynamic model of an absorp-
tion chiller

Start

Constant
Data

Initial
Condition

Reading data by

EES software \
W |t= to+dt

Y.

Calculate the Pressure,
y Temperature and quality of
solution for main components
by Tnal and Error Process

Convergence
Cnterion (CC)

>,

Table 2 Typical set of input data for the absorption cycle [31]

Calculate QE Q. Qa,
Qc. CcoP

Calculate the
Themodynamic
Properties of all Points
of the Cvcle
[ Egs: (25 29)

Reading data by
MATLAB software

Sol\ e the System of
differential Equations
Eqgs: (1-4), (8-13), (14-15),
(19-22)

Reach Steady-
State Condition?,

Print Result

End

UA, (kw/K)  UAg (kw/K)

Eshx

UAc (kw/K) UA; (kw/K) riny, (kg/s) rings (ka/s) s (kg/s)

my; (kg/s) T,,(°C) T3(°C) T5(°C) T,5,(°C)

08 1.8 1

2.25 1 0.28 0.28

100 25 25 10

Table 3 Typical set of initial values for the H,O-LiBr absorption cycle

hy(KJ/kg)  he(ki/kg)  hg (ki/kg)

he(kKi/kg)  Mykg)  Mc(kg)  Mg(kg) Mg (ka)

Z; (%) Zy(%) my(kgls) g (kg/s)

1282 1020 2060

1290 16 2.26 2.35 15.16

36.7 285 0.0043 0.00426
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Table 4 Typical set of initial values for the NH;—H,0O absorption cycle

ha(/kg)  hc(d/kg)  he(kifkg)  hg(kikg)  Mu(kg)  Mckg)  Mp(ka) Mg(kg)  Xg(%)  Xy(%) iy (kg/s)  rinyg (ka/s)
-40 800 940 370 9 4 4 8 355 36 0.1397 0.1388
Table 5 The dynamic simulation result compared to steady state one [31] for H,O-LiBr absorption chiller
CoP  Q,(kW) Q- (kW) Qg (kW) Qg (kW) P.(kPa) P;(kPa) rh(kg/s) mg(kals) X, (%)  Xg (%)
Ref. [31] 0.724  14.09 11.31 10.67 14.73 7.406 0.676 0.05 0.0454 56.48 62.16
Current study 0.713 14.1 10.78 10.57 14.82 7.44 0.679 0.051 0.05 57.04 61.85
Absolute value of  1.477 0.07 4.686 0.937 0.607 0.456 0.441 1.96 9.2 0.981 0.498
relative error (%)
Table 6 The dynamic simulation result compared to steady state one [31] for NH;-H,O absorption chiller
cop Q (kW) Qc (kW) Qe (kW) Qg (kW)  Ps(kPa)  Pg(kPa) rm,(kg/s) g (kg/s) X, (%) X (%)
Ref. [31] 0.447 2739 159.2 146.9 3275 1556 286.4 1 0.857 39.62 29.62
Current study 0.451 279.65 162.5 143.3 317.8 1564 290.4 1.041 0.886 39.53 29.63
Absolute value of  0.886 2.056 2.03 245 2.961 0.511 1377 3.93 3.27 0.227 0.033
relative error (%)
Fig.3 aVariation the gen- (a) (b)24
erator heat transfer rate of the 550 1 5 _—
NH,—H,0 AC versus time in 3 =1 e ©
different cases. b Variation the 300 20 = = Just SHX
generator heat transfer rate of ~ Just RHX
the H,0-LiBr AC versus time in o e = 18
3 different cases = 100 \ <+++ both %‘316
J \ — -JustSHX O ——— e
350 1 \ Just RHX 14 A
T O LTy o . P o FPPT TV .
300 4 12
250 . . . . ) 10 r T : : : . )
0 50 100 150 200 250 0 250 500 750 1000 1250 1500 1750
Time (s) Time (s)

on this period of time in order to reduce the energy
consumption. Figure 3a, b show the variation of gen-
erator’s heat transfer rate for both ammonia-water and
water-lithium bromide absorption cycles versus time
in three cases mentioned above. The result shows that
removing the solution heat exchanger from the cycle
(case C) causes 28% and 14% increase in Q; of NH;-H,0
and H,O-LiBr ACs respectively, happening due to lack
of heat transfer from point 4 to 3. Besides, it is found
that generator start-up time at aqua-ammonia and
water-lithium bromide absorption cycles increases in
terms of time by 90 and 250 s respectively. To be precise,
the percentage of this increase for NH;—H,O AC is about
47.36%, and stands at 22.72% in the case of H,O-LiBr.
Figure 3a, b show that utilizing or removing refrigerant
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heat exchanger in both absorption cycles does affect
neither Q¢ nor its dynamic response.

As seen in Fig. 3a, at the beginning of the simula-
tion, Q¢ of NH;-H,0 absorption cycle in case C initially
increased and after about 15 s decreased. Decrease in
the weak solution enthalpy of the generator inlet (lack
of heat transfer from point 4-3) and fall in the genera-
tor temperature resulted in initially raise in Qg. As the
time passed by 15 s, the ammonia vapor enthalpy at the
absorber inlet is increased by refrigerant heat exchanger,
leading to an increase in the absorber temperature as
well as weak solution at the generator inlet, and this
would itself reduce the Qg of the NH;-H,0O AC. Reduc-
ing the Qg results in reduction in the ammonia vapor
generated in the generator, and consequently reduces
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the cooling capacity and the enthalpy of the solution
at point 3 about 80 s. The Qg increases at 80 s and then
reaches to steady state condition, shown in Fig. 3a, due
to decrease in the enthalpy of the solution at point 3.
Figure 3b shows that Qg of the water-lithium bromide
AC does not change in 3 cases until 250 s. After that,
cases A and B reach steady state condition. However,
in case C, Q¢ increases after 250 s and reaches steady
state condition by 1100 s. This increase has been brought
about because of removing the solution heat exchanger
from the cycle (lack of heat transfer from point 4 to 3)
and reducing the solution enthalpy at point 3.

Variation of NH;—H,0 AC condenser heat transfer rate
versus time for 3 cases is illustrated in Fig. 4a. At the begin-
ning the simulation, temperature and heat transfer rate
of the condenser increases due to the high temperature
of the ammonia vapor entering the condenser (tem-
perature difference between condenser chamber and
point 9) in all three cases. According to the Fig. 4a, Q_in
case of C decreases after 40 s, and after 100 s it increases
and then reaches steady state condition. The reduction
of Q. after 40 s is due to the reduction of the ammonia
vapor enthalpy at the generator outlet (removing SHX).
On the other hand, the refrigerant heat exchanger with
regard to liquid enthalpy reduction at the condenser out-
let increases the enthalpy of the refrigerant vapor at the
absorber inlet and the weak solution enthalpy at the gen-
erator inlet as well. Also, increase in enthalpy at point 9
causes an increase in Q. after 100 s.

As seen in Fig. 4a, removing SHX from the cycle (case
Q) causes a reduction in NH;-H,0 AC’s Q. and increases
the start-up time from 180 to 210 s. In case C, Q, of the
NH;-H,0 AC increases by 14.28% and has no effect on

e = Just SHX

Just RHX

100 150 200

Time (s)

50

(b)

Q_c kW)

H,O-LiBr AC’s which is illustrated in Fig. 4a, b. Also, remov-
ing RHX from the cycle (case B) has marginal effect on the
dynamic response of Q. in both absorption cycles. The
result shows that the Q. of NH;—H,0 AC has been highly
affected by removing SHX while its effect on H,O-LiBr AC
has been minor.

Variation of evaporator heat transfer rate of NH;-H,0
and H,0-LiBr AC versus time for 3 cases are illustrated
in Fig. 5a, b respectively. According to these figures, the
use of refrigerant heat exchanger with solution heat
exchanger (case A) has significantly increased Q, up to
10% in an aqua-ammonia absorption cycle however it has
marginal impact on water-lithium bromide cycle. Moreo-
ver, increase in Q, happens due to reduction of refriger-
ant enthalpy inside the evaporator and consequently
temperature difference reduction between evaporator
chamber and chilled water circulation in evaporator. Fig-
ure 5a shows that Q, of NH;-H,0 AC reaches steady state
condition near to 200 s in when just SHX is used, and this
value stands at 155 s in case of RHX. In fact, employment
of SHX accompanied with RHX (case A) means increasing
the start-up time of Q, of the NH;—H,0O AC by 22.5%, not
having effect on the dynamic response of the H,O-LiBr
AC evaporator heat transfer rate. The result shows that the
evaporator component of NH;-H,O AC has been highly
affected by utilizing RHX while it has marginal impact on
H,O-LiBr AC.

Figure 6a, b show the variation of coefficient of per-
formance (COP) versus time for both absorption chill-
ers in different cases. The result represents that utilizing
the RHX (case A) causes slight improvement in the COP
of the NH;-H,0 and H,0-LiBr AC by 11.16% and 1.8%
respectively. Also, solution heat exchanger utilization
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Fig.4 a Variation of the condenser heat transfer rate of the NH;-H,O AC versus time in 3 different cases. b Variation of the condenser heat
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with refrigerant heat exchanger increases the NH;-H,0
absorption chiller's COP by 28.53%, and this value for
H,O-LiBr stands at only 16.38%. Removing SHX from
the cycle (case C) makes the start-up time of the ammo-
nia—-water AC’s COP experience an increase from 150 s
to 170 s, and this value is accordingly counted for
water-lithium bromide AC’s COP from 850 s to 1550 s.
According to Fig. 6a, the NH;—H,0 absorption chiller’s
COP corresponding with (case C) decreases after 80 s
and reaches steady state condition at 170 s, happening
because of increase in generator thermal load at 80 s.
Figure 6b shows the coefficient of performance of the

water-lithium bromide AC does not change through
three cases up until 250 s. After that, the COP for cases A
and B meets steady state condition. However, the COP
decreases after 250 s and reaches steady state condition
near to 1250 s in case C. Fall in the COP happens owing
to raise in generator heat transfer rate after 250 s.

The result shows that the influence of utilizing the
RHX is only imposed on the evaporator thermal load and
the COP, and does not affect the dynamic response of
the different parameters of the both absorption chillers.
In this regard, the NH;-H,0 absorption cycle has been
highly affected in comparison with the H,O-LiBr AC. The
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importance of using SHX for both absorption cycles is
much greater than the RHX. According to the result, the
start-up time of various parameters of water-lithium bro-
mide absorption chiller is highly affected in comparison
with the ammonia-water absorption cycle. Then, remov-
ing the SHX from the cycle leads to increase in start-up
time of the coefficient of performance of the NH;-H,0 AC
by 11.76%, and this value is counted as 45.16% in which
case the H,0-LiBr absorption chiller is used.

5.2 Comparison the effect of solution heat
exchanger’s efficiency on the start-up time
of the key parameters of both ACs

As already mentioned, heat exchanger’s components play
a very important role in the absorption cycles. Also, the
heat exchanger’s efficiency has significant impact in the
absorption cycle. In this section, the effect of solution heat
exchanger’s efficiency on start-up time of the key param-
eters of the both AC s discussed and compared. Figure 7a,
b indicate the variation of coefficient of performance (COP)
versus time for both absorption chillers in different SHX
efficiencies. It can be concluded from these figures that
increase in SHX efficiency results in COP enhancement for
both absorption cycles and this happens owning to reduc-
tion in the generator heat transfer rate. In addition, it is
revealed that in which case the efficiency of solution heat
exchanger goes up from 0.55 to 0.8, COP of the NH;-H,O
absorption cycle increases from 0.388 to 0.451, which
means 13.92% enhancement. And in case of H,O-LiBr AC,
COP ranges from 0.6909 to 0.764 and accordingly brings
9.7% profit. Also, the start-up time of the COP related
to NH;-H,0 AC increases 9.6%, and this value stands at

(a) 047 A

S S— — -

gt o A e e

042

46.42% in case H,O-LiBr AC is used. According to Fig. 7a,
COP of the NH;-H,0 absorption chiller corresponding
with 0.55 SHX efficiency decreases after 100 s and then
reaches steady state condition, happening due to reduc-
tion in generator heat transfer rate at a certain time. By
increasing the SHX efficiency (decrease in generator heat
transfer rate), intensity of this reduction decreases and at a
certain SHX efficiency (e=0.8), COP increases. Figure 7a, b
reported that in H,O-LiBr AC, SHX efficiency enhancement
has slightly influenced the COP by 9.7% but has applied a
valuable increase in the COP start-up time around 11 min.
In contrast, SHX efficiency enhancement in NH;-H,0 AC,
has a minor impact on COP start-up time (near to 15 s)
while remarkably influences the COP by 14%.

6 Discussion

Nowadays, due to the unceasing increase in electric
energy consumption, the rising cost of fuel and destruc-
tive effects of the HCFC refrigerant on the ozone layer
and the global warming problem, absorption chillers are
more considered. The time required an absorption chiller
achieves its design condition is called Start-up time and
during this time, energy is used however the effective
refrigeration wouldn't be achieved. Also, dynamic analy-
sis can be used to reduce the startup time and increase
system performance in addition to strategic control pur-
poses. Optimizing the absorption cycle during transient
operations, such as start up or shut down is of interests. In
this article, in order to mitigate the effect of approximate
relations on the outcomes, the thermodynamic properties
of NH;-H,0 and H,O-LiBr solutions are extracted from the
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EES software. By making a link between MATLAB and EES
software, a set of differential equations is solved in MAT-
LAB software. This study deals with a lumped-parameters
dynamic simulation of aqua-ammonia and water-lithium
bromide absorption chillers under three different condi-
tions including, (1) utilizing RHX within SHX in the cycle, (2)
removing RHX from the cycle, just SHX plays the role in the
cycle and (3) removing SHX from the cycle, just RHX plays
the role in the cycle. The effect of employing refrigerant
and solution heat exchangers and solution heat exchang-
er’s efficiency on the start-up time of the key parameters
of both ACs studied and compared.

Many researches have been carried out through steady
state condition to analyze the absorption chiller’s perfor-
mance. The results in literature show that employing SHX
in absorption chillers and increasing the effectiveness of
the SHX has caused generator heat load decrement in
addition to an increase in COP [22, 23, 33]. Also, employ-
ing SHX in ACs grows up the COP more than 44% while
this value for RHX stands at only 2.8% [22, 33]. Based on
researchers’findings, the absorption chillers performance
is highly affected by SHX in comparison with RHX [22, 23,
33]. Our dynamic simulation outcomes represent that uti-
lizing the RHX causes slight improvement in COP value
of both NH;-H,0 and H,O-LiBr ACs by 11.16% and 1.8%,
respectively. Also, the use of SHX increases the COP of
NH;-H,O absorption chiller by 28.53%, and this value
for H,O-LiBr stands at only 16.38%. Removing solution
heat exchanger from the cycle increases the start-up
time of COP of the NH;-H,0O and H,0-LiBr ACs by 11.76%
and 45.16% respectively. According to the results, by
increasing the SHX efficiency from 0.55 to 0.8, the COP
of the NH;-H,0 and H,0-LiBr ACs increases by 13.92%
and 9.7%, respectively. Furthermore, the start-up time of
the COP related to NH;-H,0 AC increases 9.6%, and this
value stands at 46.42% in case of H,O-LiBr AC. In case
of H,0-LiBr AC, increase in SHX efficiency has slightly
affected the COP by 9.7%, but it significantly increases the
COP start-up time near to 11 min. On the contrary, SHX
efficiency enhancement in NH;-H,O AC has minor effect
on COP start-up time near to 15 s, having highly affected
the COP by 14%.

Our dynamic results represent that the start-up time
of the COP of water-lithium bromide absorption chiller
is highly affected in comparison with ammonia-water
absorption cycle, by removing SHX or increasing the
SHX efficiency. Also, by utilizing the RHX does not affect
the dynamic response of the key parameters of the both
absorption chillers. The importance of using SHX for both
absorption cycles is much greater than the RHX.
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7 Conclusion

Simulations are way very important tools for researchers
to predict the performance of absorption chillers at the
dynamic level with low cost. Also, dynamic analysis can
be used to reduce the startup time and increase system
performance in addition to strategic control purposes.
The aim of this study was to evaluate and compare the
dynamic performance of aqua-ammonia and water-lith-
ium bromide absorption chillers under three different con-
ditions including, (1) utilizing RHX within SHX in the cycle,
(2) removing RHX from the cycle, just SHX plays the role
in the cycle and (3) removing SHX from the cycle, just RHX
plays the role in the cycle. In addition, the impact of solu-
tion heat exchanger’s efficiency on the start-up time of the
key parameters of both ACs was studied. In order to mini-
mize the deviations resulted from approximated equa-
tions, the Engineering Equation Solver (EES) software was
used to obtain the thermodynamic properties of aqua-
ammonia and water-lithium bromide working fluids, and
MATLAB software was employed to solve differential equa-
tions. To validate the dynamic model, the results extracted
from numerical simulations of both aqua-ammonia and
water-lithium bromide absorption cycles were compared
with steady state results, and relative errors were also
reported. The following results were obtained from the
dynamic analysis of the cases mentioned above:

1. Removing SHX increases the start-up time of Q, of the
NH;-H,0 and H,O-LiBr ACs by 47.36% and 22.72%
respectively.

2. Removing SHX increases the start-up time of Q, of the
NH;-H,0 AC by 14.28% while it has no effect on H,0-
LiBr AC.

3. Removing SHX increases the start-up time of COP of
the NH;-H,0 and H,O-LiBr ACs by 11.76% and 45.16%
respectively.

4. In case of H,O-LiBr AC, increase in SHX efficiency has
slightly affected the COP by 9.7%, but it significantly
increases the COP start-up time near to 11 min. On
the contrary, SHX efficiency enhancement in NH;—H,0
AC has minor effect on COP start-up time nearto 15 s,
having highly affected the COP by 14%.

5. Key parameters of H,O-LiBr ACin terms of start-up and
NH;-H,O AC in terms of quantity are highly affected
by removing SHX and increasing the SHX efficiency
respectively.

Dynamic simulation of triple-stage absorption chiller
by HYSYS software, analysis and economic optimization of
triple-stage absorption chillers, and new controller design
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to reduce the absorption chiller energy consumption are
suggested as a future research.
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