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Simulating a 4-Effect
Absorption Chiller

Performance simulations were conducted over a range of operating
conditions for a 4-effect lithium bromide/water chiller
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bsorption chillers are heat-
operated refrigeration ma-
chines that operale on one
of the earliest known prin-
ciples of refrigeration. Current absorption
chillers typically use either steam or a gas-
fired burner as the energy source. All cur-
rent gas-fired absorption cooling systems
are based on the well known single-effec
|} or double-effect cvcles, To further im-
prove utilization of the high temperature
heat available from natural gas, & variety
of triple-effect cycles have been proposed
and are being developed that are capable
of substantial performance improvement
over equivalent double-effect cycles.

This article describes a study that
investigited the possibility of even further
improving utilization of the high lempera-
ture heat available from natural gas
cambustion. During the study, performance
simulition was conducted for o 4-effect
lithium bromide/water cycle.

From mn environmental perspective,
absorption chillers provide several ben-
efits. They use shsorption pars (such os
tithium bromide/water) as the working flu-
ids, rather than chlorofluorocarbons or
hydrochlorofluorocarbons, which contrib-
ute to orone depletion and global warming

Background

Many single-effect lithium bromide/
water absorprion chillers, using low pres-
sure steam or hot water, have been in-
stalled in commercial buildings to pro-
duce chilled water for air conditioning
Single-stage systems are also used 1o cool
fluids in industrial processes, often using
wisie heat 1o power the system
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Thethermal efficiency of single-stage
absorption systems is low, They have co-
efficients of performance (COP) of ap-
proximatzely 0.6 to 0.8 out of a possible
1.0, for every unit of hest input 1o the
generaror, you get 0.6 1o 0.8 units of cool-
ing out in the evaporator

As energy prices increased over the
past 20 years, the market for such chillers
has decreased significantly, Although the
technology 15 sound, the low efficiency
has reduced the cost effectiveness of single-
stage systems

Must new single-effect machines are
now installed in applications where waste
heatisreadily available. Single-effectchill-
ers are available with capacities ranging
from 7.5 tons to more than 1,500 tons (26
1o S280 kW), Single-effect chillers have
four major components: evaporator, ab-
sorber, condenser and genéralor

The double-effect cycle représents o
significant step in performance imprave-
ment over the basic single-effect cycle,
having COPs of approximately 101w 1.2
out of a possible 2. The double-effect
chiller differs from the single-effect in
that there are two cotdensers and two
generators instead of only one of each.

In the double-effect cycle, the higher
temperature generalor receives the ester-
nally supplied heat | steam or combustion
of natural gas) that boils the refrigerant
from the weak absorbent. This hot refrig-
erant vapor goes 1o a lower temperamre
generator where, on condensing, it sup-
plies heat 10 the second generator

Due 1o the additional recovery of
hest. two units of relrigérant vapor are
available for only one unit of heat inpul
The second unitof relrigerant vapor comes
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from the additional recovery of heat at the
lower temperatire,

Although the double-effect machines
are more efficient than single-effect mi-
chines, they have n higher first-cost re-
lated 10 special materials consideration
because of increased corrosion rates
(higher operating temperatures than single-
effect machines), larger heat exchanger
surface areas, more complicated control
systems, and the related increased manu-
facluring costs.

Triple-effect sabsorption chillers have
been proposed and are under development
as the pext logical step in the evolution of
absorption technology. These chillers are
capable of substantial performance im-
provement over egquivalent double-effect
chillers.

Triple-effect systems are predicted
tohave thermal efficiencies equal to those
of the best currently available electrical
chillers, while offering the ability to re-
duce peak electric loading and capitalize
on the environmental benefits. The higher
efficiency levels would open wider mar-
kets for absorption chillers and help 1o
reduce the investment required in new
electrical generation fucilities by summer-
peaking. Currently, there are no triple.
effect absorption chillers being manufac-
tured, although research and development
on triple-effect cyeles is ongoing through-
out the world.

In a recent study, several of these
cycles were simulated and analyzed in
detail," Among the cycles considered were:

* The three-condenser/three-
desorber (ICID) triple-effect eyele.” This
forms an extension of the conventional
double-effect cycle, comprising one evapo-
rator, one obsarber, three condensers and
three desorbers, recovering heat from each
high temperature condenser to the pext
lower temperature desorber;

= A variation of the 3C3D cycle
with Double Condenser Coupling (DCC)
where heat is recavered from the hot con-
densate leaving the high lemperature con-
densers snd added to the lower tempera-
ture desorbers,™

Many other triple-effect configura-
tnons are nlso theoretically possible™*
Imponam considerations in comparing the
various systems include not only the en-
ergy efficiency of the cycle but also its
practicality and potential initial cost.

The purpose of the present study has
been o investigaie the possibility of fur-
ther improving utilization of the high tem-
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perature heat available from natural gas
combustion. Performance simulation is
conducted for o 4-effect lithium bromide/
witercycle including four condénsers and
four desorbers coupled wgether, forming
an exiension of the conventional double-
effect cycle.

Based on prior experience, a parallel
flow system is used in preference over
series flow, and double-condenser cou-
pling (DCC) is emploved, extending from
triple-effect cycles, 1o further improve per-
formance. One goal of the study is 1o
investigate the effect of vanous design
parameters on the cycle’s performaonce.
Parametric analyses were conducied which
indicates performance trends

The 4-effect cycle

Figure | describes schematically the
d-gffect lithium bromide/water chiller
under investigation. The system comprises
an evaporator, an absorber and four pairs
of desorbers/condensers coupled together
for internal heat recovery, The system has
24 components or sub-units (indicated by
the circled numbers) and 62 state points
(indicated by the uncircled numbers),

Absorber (2) and condenser (5) ure
extemally cooled; desarber (22} is externally
heated. Chilled water is produced in evapo-

ratce (1) Heat rejected from condenser (6)

powers desorber (3), heat from condenser
(14) powers desorber (4 and heat from con-
denser (237 powers desorber (13)

The coupling between each con-
denser-desorber pair is through a circulat-

ing heat transfer fluid loop, as shown,
However, it may also be achieved by physi-
cally combining the two components, such
that the refrigerant condensing on one side
of a heat exchange surface would heut up
the solution desorbing on the other side of
that surface.

The absorbent salution is in parallel |

flow, where the weak (wesk in lithium
bromide concentration) solution from the
ahsorber is split and divided among the
four desorbers, According to simulation
results of double-effect cycles” and triple-

effect cycles,' the parallel flow arrange-
ment is superior in performance 1o the
series flow in terms of increased COP and
a lower risk of crystallization.

The condensate leaving the condens-
ers (6], (14) and (23) is mixed with the
superheated vapor leaving the desorbers
{3), 14} and (13), respectively, before pro-
ceeding from each (o the next lower-tem-
perature condenser. This method, known
as Double- Condenser-Coupling (DCC)"
helps subcool each condensate stream and
reject the heat to a corresponding desorber.

Figure 1. Schematic descnplion of 4-eflect chillar in paralial Now .
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It was shown in an earlier study of
triple-effect cyeles' that the main effect of
this heat recuperation 15 in providing extra
cooling capacity to the evaporator through
the now subcooled refrigerant, at no addi-
tional expenditure of high grade heat. An
sdded benefil is a somewhat increased
generation capacity of the desorbers (3)
and (4},

Simulation methodology

A modular computer code for simu-
lation of absorption systems (ABSTM) was
used to investigate the performance of the
cycle under study, The code, developed
specifically for flexible cycle simulation,
has been described in detail by Grossman
and Wilk"™ and in a related report'’ con-
taining auser's manual. The modular struc-
ture of the code makes it possible to simu-
late a vanety of absorption systems in
varying cyele configurations and with dif-

(| ferent working fluids,

The simulation methodology in the
present study has followed an approach
laken in earlier studies of single- and
double-effect cycles® and triple-effect
cycles,! Because the performance of each
fystem depends on many parameters, the
approach has been to establish a design
point for the system. and vary the relevant

parameters around it. In particular, a per-
formance map of COP and cooling capac-
ity as functions of desorber hent supply
temperature was generated for each sys-
tem.

In the eartier study of simpler sys-
tems, asingle-effect solar-powered lithium
bromide/water chiller known as SAM-15
was selected us 1 reference case.'* SAM-
I5 has been tested extensively. An exten-
sion of this study 1o triple-effect systems
has employved the same approach.'

Here, o reference case has been cre-
ated for a 4-effect lithium bromide/water
chifler according to Figure 1, with SAM.-
15 s1ze (specified in terms of its UA) of the
evaporator, absorber, condensers,
desorbers  and heat exchangers
(recuperators), and with SAM- 15 fows of
the external fluids. Thus, the performance
of systems in single, double and triple
stages could be compared not only o s
single paint but over the entire tempera-
ture domain applicable to the cycle.

Unfortunately, measured property
data for lithivm bromide/water are not
available in the literature &t tlemperatures
beyond 210°C (410°F). Properties of
lithium bromide/water for the simulation
were luken from the 1985 ASHRAE Hand-
book— Fundamentals" and extrapolated,
where necessary, to the high temperature

o
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fixed a1 45°F (7°C)
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Figure 2. COP for double-affect, Iriple-affect, and 4-alfect DCC paralisl flaw lthium
bromide/water systems as a function of heat supply temparature (TH) for
difterant cocling water temparatures (TC) and a chilled watar temperature

range required by the 4-effect cycle. The I‘

extrapolation was dune by employing the
same camelations given in the ASHRAE
Handbook a1 the high temperatures, be-

A comparison of the properties thus
obtained was carried out later with the
higher-temperature lithium bromide/wa-
ler data developed recently under unl

yond their stated range of validity I‘

ASHRAE research program, ' which are
valid up 1o 210°C (410°F). The differ-
ences in vapor pressures and specific heat
were an the order of a few percents, and
hence the extrapolitions were considered
adequate for a first evaluation of the 4-
effect cvele. A more detailed evaluntion

leading to actual design will have 1o rely
on more accurste property data that may
become available in the future,

Simulation results

in conducting the simulation to gen-
erate the operating curves of the 4-effect
system, the solution outlet temperature
from the gas-fired desorber (22) [state
point 57) was vaded while all the other
design parametcrs were kept constant. For
the exchange units, it was assumed that the
values of the UAs remain constant while
the iemperatures and all other unspecified
parameters change

In reality, this is not strictly accurnte;
although the heat transfer areas (A) re-
main constant, the heat transfer coeffi-
cients (L) vary somewhal with the tem-
peratures as well as with the loading con-
ditions. However, this varation is rela-

tively small in most cases and the assump- |

tion of constant L'A is a reasonably good
approximation.

Better fundamental understanding of
the combined heat and mass transfer pro-
cess in absorption and desorption would
allow taking the voriation of UA with
temperaiure into consideration.

The coefficient of performance (COP) I

has been defined here as the ratio of the
heat quantity in the evaporalor producing
the desired cooling effect, 1o that supplied
1o the externally heated high temperature

desorber. The effects of pumping and other |

parasitic losses are not considered
Figure 2 describes the COP of the 4-
effect cycle as a function of the heat sup-

ply temperature 1o the externally heated ||

desorber (22), for different cooling water

inlet temperatures, and for a Tixed chilled
water outlet temperature. The weak solu-

tian split amang the four desorbers re-
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mains even, COP curves for the equivalent
double- and triple-effect, DCC paralle)-
flow systems using comparably sized com-
ponents | 6 are ploted for comparison,

It is evident that all systems exhibit
the rame typical, qualitative behavior, with
the COP increasing sharply from zero o
soime minimum temperature, then level-
ling off to some constant value at a higher
temperature and even decreasing slightly
with further incrense in temperature. The
reason for this behavior is well understood
and is explained in detail in Gommed and
Grossman.®

The 4-effect system has a COP higher
thun the double- and triple-effect cycles
but requires a higher minimum heat sup-
ply lemperature o begin operating. Fig-
wre 2 indicates that the double-effect sys-
tem performs best ai the heat supply tem-
perature range of 300° 1o 350°F (150" 1o
180°C),

Above that range, from the COP point
of view, it is beneficial 1o switch 1o the
triple-effect system, which performs best
ol the heat supply temperature range of
400" 1o 450°F (200° 10 230°C). With astill
higher heat supply temperature, a 4-effect
system i3 more desirable.

The solution flowrate distribution
pmong the four desorbers in the 4-effect
systemn has been selecied equal at the de-
sign point. However, anequal distribution

of solution is not necessarily optimal
Based on the simulation of double-effect
systems® and triple-effect systems,' an
improvement may be gained by deviating
from an equal distribution both in increas-
ing the COP and reducing the risk of crys-
tallization.

The effect of varying the solution
Mowrate to the four desorbers has been
investigated, with the sysiem operating
otherwise at the design condition, Table |
lists the results of several runs with differ-
ent flow distribution among the four
desorbers (units 3,4, 15 and 22), showing

in each case the cooling capacity and the

COP. Note that the sum of the four ]

flowrates 15 kept constant at the design
value of 60 Ib/min (27 kgimin),

While Table | does not cover the
entire range of pissibililies, it indicates an
optimal (maximum COP) distribution of
solution 1o the high-, medium: and low-

lempergture desorbers of approsimately |
40, 10, 5 and 5 Ib/min (18, 5, 2 and 2 ke/ |

min), respectively. Under this condition,
the COP reaches 2,177, instead of 2.01 3 at
eqgual distnbunon; the solution concentra-
tion at the absorber inlet (state point 1) is

Table 2. Effect of UA Distribution Among the Heat-Exchange Units in a 4-Effect DCC Parallel Flow System*
Linit Na. Unit LA Ua ua LA ua Ua Ua
__ type bass case Case#1  Casa #2 Caga#d  Casa#d  Caso s Casa #8
1 Evap. 3770 377.0 arr.o arro 377.0 377.0 377.0
2 Abs 193.0 183.0 183.0 100.0 260.0 J00.0 400.0
a3 Des. Z68.0 150.0 100.0 100.0 100.0 100.0 100.0
4 Des. 268.0 150.0 100.0 100.0 100.0 100.0 100.0
5 Cond, 565.0 200.0 100.0 100.0 100.0 100.0 100.0
] Cond. 565.0 200.0 100.0 100.0 100.0 100.0 100.0
7 HX B84.0 100.0 100.0 100.0 100.0 100.0 100.0
) HX B4.0 100.0 100.0 100.0 100.0 100.0 100.0
12 HX 4.0 100.0 100.0 100.0 100.0 100.0 woo ||
13 Das. 26B.0 150.0 100.0 100.0 100.0 100.0 100.0
14 Cond. 566.0 2000 100.0 100.0 100.0 100.0 100.0
21 HX 64.0 84.0 64.0 84.0 B4.0 64.0 &4.0
23 Cond, 565.0 2000 100.0 100.0 100.0 100.0 100.0
Total (Btwmin."F) 3890.0 2184.0 1634.0 1541.0 1681.0 1741.0 1841.0
COP 2.0130 21117 20817 1.9212 2.0980 21180 2. 1480
Q,_, (Btu/min) 3964 5 37336 ajaz4 22919 arsa 36771 4357 1
Q,/UA__ (*F) 1.02 1.71 203 1.48 220 228 2ar
At & Hxed Intal sciulion Howrate of 80 Bimin or 27 sgrme (egual Sslvibution) ang Keed heal suppdy lempeiatuee of 800°F (105 C). Conversoh lacmr BWSC 2
EENT = Bhisdmin*F, kW = 001757 = Blainin andd 4°C = L°Fir#

Table 1. Effect of Sclution Distribution Among Desorbers in a 4-Effect
LiBr-H,O Absorption Chiller*
Unit 3 Linit 4 Unit 13 Unit 22 Q COP
massflow  massfiow massflow  massflow  (Bu/min)
5.p.8 $p.13 &.p, 33 s.p. 53
{Ibs/min) (lbs/min)  (lbsfmin)  (lba/min) -
5 5 15 a5 32040 1.5578
10 15 15 20 4018.7 1.9250
16 i5 15 15 d864.5 20
20 15 15 10 36631 2.0750
a0 10 10 10 J496.6 2.1374 |
a5 10 75 T.5 120.7 2.1670 |
40 10 5 5 25877 2.1768 |
45 5 5 5 24198 21527 ||
as 15 5 5 26007 2.646 ||
|
SAf TH = F (3 as
e = 0454  oatmin it A = 0,0178 + Samincths cape Fanl = Effecsof Uit omition among. ||
thir Heay-Exchangs Unite in 8 £-Effect DEC Paradel Flow Sparen® ‘
{
{
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reduced to 59.2 wiR lithivm bromide,
compared to 63.5 wi® lithium bromide ot
equal distribution

The capacity is reduced somewhaut
due 1o the lower concentration, to 2567.7
from 39643 Biw/min (45,1 kW from 69.7

kW) ar equal distribution, Note that the
aptimum flow distribution at the design
temperatunes (s not necessarily preserved

Figure 3.

TH F)

COP for 4-affect base case and 4-effect optimum case (#6 par Table 2
DCC paraiiel flow lithium bromide/water systems as a function of heat
supply temperature (TH) for different cooling water temparsiures (TC)
and a chilled water tlemperature fixed at 45°F (T°C).

Figura 4.

Coeling capacity for 4-effect base case and 4-affect optimum case (#6 par
Table 2) DCC paralle! How lithium bromide/water systems as a lunction of
heat supply lemparature (TH) for difterent cooling waler lemperaiures
(TChand a chilled water tamperature tixed at 45°F (7°C)

in off-design conditions. Also, in the ex-
treme cases where either of the four
desorbers 15 starved for solution, the entire

tng capacity with case #6 UAs as func-
tions of desorber heat supply lemperatune
isee Figure 3 and Figure 4 ) show the
significamt improvement over the base
case. As can be seen, with some optimizi-
tion of the UAS, the COP was raised above
2.2, with approximately one-half the heat
transfer surfuce of the base case system’s

its capability to replace the niple-effect
cvecle

*  Flue losses. The need o provide
a higher firing temperature is sysociated

ASHRAE Jovwrenal June 15905

4-affact opfimized aze of companant system goes out of balance and both the ||
e d-aliech Bass COS COP and capacity tend to zero.
As mentioned earlier, the system’s
as performance under a given set of operal-
i ing conditions depends on the design char-
- TC PV mpiinmim T acteristics and particularly on the size of
y = H:":--l._;“’_h the heat transfer surfaces in its exchange
3 units. As a base case, a practical system ||
8 |- f.r P F/,_.‘l—----a-....__- Wi cr,-m..m:n-d with economically rea-
g SR ‘I, [ L = i::::ﬁ]:-l-:, if not optimizged, hest transfer !
R
g Wi apinos o .fJ a }km-mw In search of the optimum size of the ‘
/ components, several runs were made with
15 '( / different L'As of the components, as pre-
TC = BFF :
e TC = 0¥ sented in Table 2. The results show caise ‘
#6 to glve the best COP, cooling capacity
andQ_/UA_ among the fest cases stud-
ied. {
TL e Performance maps of COP and cool- ‘
100 200 e AR 500 50 oo o] 800 1000

—— i CoOMmponents.
————— d-afloct, Dase cuse

F Technical outlook
yo0e |- & Tou PR The results of the present simulition
b o have shown the 4-¢ffect cycle capable of
e e providing a COP increase on the order of
el 3 LA B 1T e 15% over the equivalent triple-effect
:...."“lf & AN et cycla;' 2013 versus 1.724, respectively,
o L J_,."‘ pi the design paint. The UA investment

a '.a"f a A 4TS e s relative o the equivalent tniple-effect in I
4000 - /"J /-" ‘__,-“ T - Wy the base case is an pdditional 275% (4158
¥ Y A Bru/min F total UA versus 3261 Btw/min
O s b F i '-,.x F, respectively). [
Ji’ B There is still room for optimizing the
7 & flow split among the four desorbers, the
el 3 F 4 :‘J UA distribution in the system, etc., which
/ " 4 have not been fully investigated. How-
o0 [ J 2 ever, Ihere are deveral practical consider-
SUUO TN Pl PUGDE PEUIN DOTEY PRST TETY PR ations that will determing the porential
N T commercial feasibility of the 4-effect and
THF)




with a lower combustion efficiency due to
higher flue gas losses. While some of the
exhaust heat muy be recovered through an
econoimizer (air preheater), the usefulness
of doing this is not clear und must still be
determined.

* Corrosion. A higher corrosion
rate is expected ot the high emperature
components (Desorber 22 and Recuperator
21), which may require more expensive

|| materials of construction and corrosion

inhibitors.

*  Heat/mass transfer enhancement
additives, The ability of the commonly
used additives (such as 2-ethyl-hexanol)
to survive at the high lemperature is very
limited. This is also a problem, for that
matter, in triple-effect cycles and requires
further study

Conclusion

Performance simulation has been car-
ried out fora lithium bromide/water chiller
based on the 4-effeet cycle. A reference
condition was established based on the
component sizes and Mowrates of the
single-effect SAM-15 system. Perfor-
mance simulation was carried out over a
ringe of operating conditions. including
some investigation of the influence of the

|| design purameters. A COP of 2.013 was
|| calcalated at the design point.

The study showed ample room for
substantinl optimization of the COP, ca-
pacity and Q__/UA __ by varying the
low and UA distribution among the com-
poncnts with little increase in patential

COsL ]
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