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ABSTRACT

In this study, a branched GAX absorption cycle operating with NH3-H,O pair has been
investigated to assess its performance under steady state conditions. The cycle modeling is
implemented using Engineering Equation Solver (EES) software. Analysis includes
equations of mass, species and energy conservation. The analysis is used to simulate a GAX
absorption chiller utilization for air conditioning applications with a nominal capacity of 95
TR. This chiller uses solar collectors as heat source. The operating parameters are selected at
different values of the heat source temperature (140 - 185°C), condenser exit temperature
(30 to 48°C), evaporator exit temperature (2 to 11°C) ; split ratio (0 to 0.18); the difference in
ammonia concentration(0.25-036), mass flow rate in solution pump m=1 kg/s; heat
exchanger effectiveness &= 0.8. The results showed that the average COP is sensitive to
operating conditions where the average COP and cooling capacity of the branched GAX
absorption chiller increase with increasing generator and evaporator temperature whereas
they decrease with increasing condenser temperature. Simulation results also show that the
split ratio and ammonia concentration difference have a significant impact on the
performance of absorption chiller.

Keywords: Branched GAX absorption cycle, EES software, COP, thermodynamic
analysis.
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Nomenclature O] Outlet

C Specific heat capacity (kJ/kg.K) S Strong solution

H Enthalpy [kJ/kg] R Refrigerant

M Mass flow rate [kg/s] W Weak solution

P Pressure(kPa) Abbreviations

Q Heat transfer rate(kW) AHX | Absorber Heat Exchanger

T Temperature (C) COP | Coefficient of performance

W Work (kW) EES | Engineering Equation Solver

X Species concentration GAX | Generator-Absorber heat exchanger

Greek symbols HE Heat exchanger

€ | Effectiveness H,O0 | Water

Subscripts NH; | Ammonia

Abs Absorber SHX | Solution heat exchanger

Co Condenser TV Expansion valve

Ev Evaporator

Gen Generator

In Inlet

INTRODUCTION

The ammonia-water GAX chiller is adopted in numerous applications such as space
cooling, space heating and refrigeration. This chiller type has more advantages than others
such as it has no crystallization risk and also it is appropriate for utilization in a medium
temperature solar collector. Another advantage of this chiller, it uses for low temperatures in
ranging from 5°C down to -60°C, which are useful for industrial cold processes. On the other
side, the main disadvantage of this chiller needs to high driving temperatures (Sabatelli et al.,
2007 and Wang et al., 2009 ).

Recent research activity on absorption refrigeration shows that the increasing number of
effects and stages leads to rise the cycle efficiency (Eicker, 2009). But, the increasing the
number of heat exchangers in these cycles produces to increase of both cost and complexity.
The solutions of these problems are using generator-absorber heat exchanger (GAX) cycles.
These cycles are similar to a single stage cycle and it have possible to improve performance of
these cycles. However, it is not easy to improve the heat transfer between the generator and
absorber, which is complicated in GAX cycles.

Engler et al., 1997 defined the split ratio (SR) of the branched GAX cycle to be the mass
flow rate ratio between the recirculated stream and the total stream in the absorber (i.e. the high
temperature end ). Therefore, the conventional GAX cycle (no branch) would have an SR of 0
, while a GAX cycle with one branch recycling the entire flow would have an SR of 1.0. For an
ammonia-water branched GAX cycle with evaporator exit temperature of 10°C, condenser exit
temperature of 42.2°C, and generator exit temperature of 195°C. The authors found that a
branch is only useful with SR between 0.0 and 0.65. Maximum performance occurs when SR =
0.3 with a COP of 1.08. For the equivalent GAX cycle without branch, they show a COP of 1.
The improved thermal performance of the branched GAX cycle is somewhat offset by the
increased electricity needed for the second pump. Erickson et al., 1996 characterize another
performance limitation in the ammonia-water branched GAX cycle. In an experimental
comparison of a basic and a branched GAX cycle, both cycles are operated at a cooling
capacity of 14.6 kW and a lift of 38.9°C. They found the steady-state basic GAX COP to be
1.06, while the branched GAX COP was only 1.04. The poor performance of the branched
GAX is attributed to sub-cooling in the absorber. Sub-cooling has a greater penalty for the
branched GAX cycle, as the cooler liquid is recirculated, which negates the benefits of the
branch. Erickson et al., 1996 developed prototype of air-cooled GAX chiller with a cooling
capacity of 10.6kW and worked by both natural gas and solar energy. The chiller was attained
COP of 0.86. Garimella et al., 1996, Grossman et al., 1995 and Grossman and Zaltash,
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2001 have using modular simulation tool for absorption cycles which is called ABSIM to
design and to estimate the performance of GAX heat pumps. Velazquez and Best, 2002
designed NHs3-H,O absorption heat pump with an air cooled GAX worked by a hybrid natural
gas and solar energy. The their heat pump has capacity of 10.6 kW. The results of their analysis
indicated that the efficiency of the heat pump is reduced with an increase in the temperature
difference between condenser and evaporator.

A few researches on the GAX cycles has been carried out in simulation programs. So, this
study aims to simulate and evaluate different variables of operation conditions affect branched
GAX cycle in detail.

branched gax cycle description and working principle

Branched GAX absorption cycle uses water (H,0O) as the transport medium (absorbent) and
ammonia (NH3) as the refrigerant. It usually constructs from an ordinary GAX absorption
cycle absorption with an added second solution pump to increase the mass flow rate at the
absorber, especially in the high temperature portion. As shown in fig. 1, it constructs from one
generator with GAX-G, condenser, two solution pump, rectifier, one pre-cooler, absorber with
GAX-A, evaporator, and two throttling valves. These components are connected in two closed
loops. These loops are as following: the first loop for aqueous ammonia solution (H,O-NH3)
consisted from Generator, GAX-generator, Absorber, GAX-absorber (GAX-A), two solution
pumps and solution throttling valves while the second loop for the absorbent (NH3) consisted
from rectifier, condenser, pre-cooler, throttling valve and evaporator. On the other side, the
auxiliary systems are connected to chiller cycle which are as following:

1- Solar collector connected with generator to heat and maintain hot water supply
temperature,

2- Air-cooled system to cool the refrigerant for both the condenser and absorber,

3- System consisted of storage tank and air-handling unit to conditioning space below

ambient conditions which is typically installed outside the buildings.

The Branched GAX absorption chiller has high and low pressure and two sorbent
circulation paths with constant pressure. The heat coming from both the GAX-absorber and
from the external source to both GAX-generator and generator, respectively is transferred to the
solution where it is liberated ammonia vapor from the solution. The hot ammonia vapor exiting
from generator is cooled into the rectifier (state point 5) and part of the water condenses and
moves to the absorber (state point 4)after passing through the throttle valve. The hot ammonia
vapor is supplied to the condenser (state point 7) where it condenses into a liquid at high
pressure by removing heat to the cold surroundings. The liquid ammonia from the condenser
(state point 8) exchanges the heat through precooler (state point 10) where it is cooled and
throttles to the evaporator at low pressure and temperature (state point 10). After that the
refrigerant (ammonia) boils by absorbing heat from the water circulated between the evaporator
and the conditioning space (i.e. cooling output). The refrigerant vapor in the evaporator moves
back into the pre-cooler in order to be heated before entering to absorber (state point 12). The
strong solution is pumped to the absorber by a solution pump where it is preheated and then it
enters the generator. On the other hand, the strong solution is also pumped by another solution
pump to the generator which increases flow rate in the high temperature section of the
generator. The results increases the cycle performance as well. The cycle is completed.

MATHEMATICAL MODELING

Some assumptions are made to simplify the model:
1-The model is done under steady state conditions.
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2-The kinetic and potential energies are neglected.

3-Pressure losses are negligible in all components of the cycles.

4-The NHs;-H,0 solution at the absorber exit is a strong solution.

5-The ammonia leaves both evaporator and condenser at saturated vapor and liquid states,
respectively.

6- Saturated vapor leaves the rectifier

7- The initial state of water inside the system is at an environment temperature of 25 °C and
pressure of 1 atm.

8-The system is worked by the solar energy and the system produces chilled water,.

The general equations of these principles are specified as

Mass balance

Zmin =Zm(.)ut (1)

Species balance

(X ), = 3(mX ), @

Energy balance
ZQ+Z\N +Zminhin _chmhoutzo (3)

The split ratio (SR) is defined as the flow ratio between the branch stream and the maximum
stream in the absorber and is given by:

mlS
ml

SR = 4)

The cooling mode coefficient of performance (COP.) for absorption cycle is given by the
following formula

Evaperator load Qg ®)

COP, = =
°  Energy input Qg +W , +W ,

Component Analysis

The cycle was treated as an independent element for each component with a certain
number of input values. The components of GAX absorption chiller with their state points can
be depicted in fig. 2. The components are: (1) Generator, (2) Absorber, (3) Precooler, (4)
Evaporator, (5) condenser, (6) Rectifier, (7) Solution expansion valve, (8) Refrigerant
expansion valve, (9) Solution pump, (10) Solution pump. The mass, species and energy
equations can be applied to each components of absorption cycle as shown in Table 1.

Model Validation

The theoretical results done by Engler et al., 1997 for the conventional and branched
GAX absorption cycle are used to validate the simulation results of present study. The results
are compared under steady state operation conditions: evaporator exit temperature of 10°C,
condenser exit temperature of 42.2°C, and generator exit temperature of 195°C.The
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comparative of the COP values is highlighted in Table 2. Good agreements were observed
between the present results and the presented by Engler et al., 1997.

Simulation model

In this study, a computational program is carried out using EES software (Klein, 2009).
This program is based on equations of mass and heat balances for the thermodynamic
properties of NHs3-H,O pair. Simulation of one-stage GAX absorption chiller cycle includes
inputs and outputs. The inputs of the system include the evaporator exit temperature , generator
exit temperature, condenser exit temperature, absorber exit temperature, mass flow rate of
refrigerant, and effectiveness of heat exchangers. The outputs include the enthalpies, mass flow
rates, ammonia concentrations, temperatures, and pressures at each state points as well as heat
transfer rates, cooling capacity, and coefficient of performance (COP).

Simulations are done for a constant cooling load Qg, = 95 TR, generator exit temperature
of 163°C, condenser and absorber exit temperature of 40°C, evaporator exit temperature of
5°C, solution mass flow rate through the first pump 1 kg/s, heat exchanger effectiveness
condensate precooler €=0.8 and pump efficiency of 50% . Under these operating conditions,
the output parameters (temperature, pressures, vapor quality, flow rate, concentration and
concentration) and various state points (1-17) are delineated in Table 3. The performance
parameters results and heat transfer rates generated by EES for absorption chiller cycle are
reported in Table 4.

RESULTS AND DISCUSSION

The present study focuses on the effect of generator temperature , evaporator temperature,
condenser temperature on the system performance. The results of this cycle are summarizes in
Tables (2 and 3)

Effect of generator temperature

The effect of generator temperature on the performance of branched GAX chiller cycle as
shown in fig. 3. As the generator temperature increases from 140 to 185 'C, the COP of the
system increases from 0.87 to 1.225 and also the cooling load increases from 393 kW to 430
kW.

Fig. 4 shows the relationship between the temperature of generator and thermal load of
the cycle. It can be found that the heat loads of GAX and both condenser, evaporator are
increased linearly with the increase of the generator temperature. Also, the thermal loads of
generator and absorber have a contra relation with the increase of temperature generator.

Effect of condenser temperature

Fig. 5 shows the effect of condenser temperature on the performance of branched GAX
chiller cycle. It is found that the COP of the system decreased from 1.465 to 0.833 as the
condenser temperature increases from 30°C to 48°C. As shown in same figure, the cooling
load decreases from 502 kW to 413 kW with the same condenser temperature increment.

While in fig. 6, all the curves of the thermal loads of generator and absorber increased with
the increasing of the temperature of condenser. The two curves of condenser and evaporator
load have inversely behavior.

Effect of evaporator temperature

The temperature of evaporator has a different effect on the performance of branched
GAX chiller as shown in fig. 7. It can be found the COP and cooling load of the system
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increases from 0.97-1.29 and 435-512kW, respectively as the temperature of the evaporator
increased from 2'C to 11°C.

While in fig. 8, all the curves of the thermal load of GAX, condenser, generator, rectifier and
pre-cooler increase with the increasing of the temperature of generating. The other two curves
of generator load and absorber have inversely behavior.

Effect of split ratio (SR)

Fig. 9 shows the effect of split ratio (SR) on the performance of branched GAX chiller
cycle. It is found that a branch is only useful with SR ranged between (0-0.124) as the COP
increases from 1.1 to 1.16. After this range of SR, the performance starts to decrease to 1.109
with increasing SR to 0.18. Also, the cooling load increased with increasing SR. i.e. the split
ratio has the restrictions on the cycle performance.

Fig. 10 shows the relationship between the SR and thermal loads for the cycle. The
heat loads of GAX and condenser are increased linearly with increasing SR. The heat loads of
both rectifier and pre-cooler slightly increased with SR. While the other loads of generator and
absorber have different behaviors.

Effect of ammonia concentration

Fig. 11 illustrates the system COP and cooling load as function of difference in ammonia
concentration between rich and weak solution. The system COP and cooling loads increased as the
difference in ammonia concentration increased. This is because of the increasing the ammonia
(refrigerant) in account of water (absorbent) inside the system.

CONCLUSIONS

In this work, a branched GAX absorption cycle utilizing a NH3-H,O solution as working
fluid has been investigated under steady state conditions. According to the simulation results,
we concluded the following:

1-As the generator exit temperature ranged from 140-185°C, the COP and cooling load of the
cycle increased from 0.87-1.225 and 393 kW to 430 kW, respectively.

2-Reducing the condensing temperature as low as possible is incapable of maximizing the
chiller COP.

3-A branch is only useful with SR between 0 and 0.124 where the COP increases from 1.1 to
1.16. on the other hand, the cooling load increases with increasing SR.

4-The system COP and cooling loads increase as the difference in ammonia concentration
increases.
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Table 1: Summary of equations for each component of the cycle.

Components = Mass, spices and energy balances
Generator

My +Mg +M1g =M3+Mg
mZ.X 2+ m5.X 6+ mle.X 16 = m3.X 3+ m5.X 5

QaenTot =Mahg +Mg.hs —(My.hy +mg.hg +Myg.ye)

State points
2,3,5,6,16

GAX-Generator

Mo +Mg +Myg + M1y, =Mg+Myg|
mo.X 2 +MgX g +My.X 16 +Miay X1ay =M5X5+Mg X4

QeAx -G =Mshs +Mygy hyg —(Mzhz +mehg +myghyg +myay ha )

2,5, 6, 14v, 141, 16

Absorber My + My =My +Mys 1,4,12,15
M. X 12 +My.X 4 =M. X1 +My5.X 15
QabsTot =Mz Mo +Myhy +mi7.hy7 —(myhy +mahy +mishys)
GAX-Absorber My + Mg, =My5+Myg 4,13v, 131, 15
mg.X g +mMy3, X113, =My5.X15+Mg31.X 13|
QaAX —A =Mghg +mig, 3, —(My3) iz +mishys)
Evaporator Myg =My 10,11
Mio-Mo +Qey =my1hyg
Qev =M1 (1 —ho)
Rectifier Mg = Mg + M5 56,7
mg.Xg=MmgXg+m7.X7
QRect =Ms.h5 —(mg.hg +m7.hy)
Solution pump my=my 1,2, 17
W p1=Va.(p17 —p1)/n
W1 =mq. (7 —hy)
Expansion valve | hy=h, 3,4,9,10
hg =hyg
Condenser M7 =mg = Mg = Myg =My =My 7,8,9, 10,11, 12
Qco =m7.(h7 ~hg)
Precooler Mg =mg M3 =My, 8,9,11,12
Effectiveness _ (Tg—Ty) 8,911
of precooler épc = T —T1)

Table 2: Comparison of results between the percent study and Engler et al., 1997.

Cycle type ‘ Present Study Engler et al., 1997 Difference
Conventional GAX cycle 1.05 1.0 4.7%
branched GAX cycle 112 1.08 3.5%
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Table 3: The computed state point results for the cycle.

State Temperature | Pressure | Quality = Mass flow Enthalpy  Con.(X)

points (°C) (CGE)) Ka/kg rate(Kg/s) KJ/kg (kg/kg)
1 40.0 478.4 0.000 1.000 -60.6 0.489
2 83.7 1548.0 0.000 1.000 139.8 0.489
3 163.0 1548.0 0.000 0.698 607.4 0.140
4 123.4 478.4 0.095 0.698 607.4 0.140
5 83.7 1548.0 1.000 0.435 1440.4 0.984
6 83.7 1548.0 0.000 0.009 139.7 0.489
7 67.3 1548.0 1.000 0.426 1383.3 0.995
8 40.0 1548.0 0.000 0.426 187.3 0.995
9 12.2 1548.0 -0.001 0.426 53.5 0.995
10 3.1 478.4 0.034 0.426 53.5 0.995
11 5.0 478.4 0.940 0.426 1198.0 0.995
12 30.2 478.4 0.993 0.426 1331.8 0.995
13 83.7 478.4
14 123.4 1548.0
15 83.7 478.4 0.000 0.124 189.4 0.261
16 84.1 1548.0 -0.001 0.124 191.8 0.261
17 40.4 1548.0 -0.001 1.000 -58.0 0.489

Table 4: The performance parameter results of the cycle.

Parameter

Qabs(kW) 362
Qoax(kKW) 468.7
Qco(kKW) 509
Qev (kW) 487

Quen (KW) 417
Qrect(kW) 36
Qec(kKW) 57

Piow(kPa) 478.42
Phiqh(kPa) 1548
I:’raltio 3.24
Solution pump, Wy (kW) 2.6
Solution pump, Wy, (KW) 0.3
COP(-) 1.16
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Fig. 1: Block diagram of a branched GAX absorption cycle.
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Fig. 2: Sketch of individual components for absorption chiller
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Fig. 5: System COP and cooling load as a function of condenser temperature.
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