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ABSTRACT

A steady-state computer simulation model of a direct-
fired double-effect water-Uthium bromide absorption chiller
in the parallel-flow configuration was developed from first
principles. Unknown model parameters such as keat transfer
coefficients were determined by matching the model's calcu-
lated state points and coefflcient of performance (COF)
agalnsi nominal full-load operating data and COPs obiained
from a manufacturer's catalog. The model compares favor-
ably with the manufacturer's performance ratings for vary-
ing water circuit (chilled and caoling) temperatures ar full-
load conditions and for chiller part-load performance. The
model was used (1) to investigate the effect of varying the
water circuit flow rates with the chiller load and (2) to opti-
mige chiller part-load performance with respect to the distri-
bution and flow of the weak solution,

INTROQDUCTION

On-peak electrical cnergy and demand charges have
contributed to an increasing interest in absorption chillers.
Direct-fired (natural gas) double-cffect absorption chillers
using water-lithium bromide arc most commonly wsed for
commercial cooling applications, These absorption chillets
have a larger first cost than electric chillers but they can be
cost-effective in the long term, depending on the electric and
gas rutes und rebates offered by udlities.

Absorptiun chillers requirc electrical energy to operate
the chiller pumps, the cooling tower fans, and the chilleg-
and cooling-wuter pumps. An absorption chiller rejects more
encrgy than an electric chitler and therefore requires Iarger
cooling-water flow rates, which increases the pumping and
cooling tower electrical requirements. Field monitoring data
indicate that the parasitic energy varies between 74% and 11%
of the cooling capacity for both a 704-kW (200-ton) and a
1.408-kW (400-ton) double-effect absorption chiller located
in Wisconsin for the month of August 1993, This is a signifi-
cant energy input cost. For a typical COP of about 1 for these
chillers and an electrical energy cost of about four times that
of natural gas, the parasitics represent about 409% of the total
energy wpul cost,
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Research on absorption chillers has fooused mainly on
the design and analysis of the components comprising the
chiller and not on optimization of the system operation of the
chiller with the cooling tower and the external water circuits
(chilled and cooling water). It is important to investigate the
system performance of the chiller and its supervisoty con-
trols to reduce these parasitics and improve the total chiller
economics, Bedard (1993) investigated varying the cooling-
water flow rate and inlet cooling (exiting tower) water tem.
perature for a single-effect absorption chiller and concluded
that varying the cooling-weter flow rats can be done inex-
pensively and safely, resulting in significant savings.

Vliet et al. (1982) simulated a double-effect water-lith-
ium bromide absorption chiller in series-flow configuration,
Gommed and Grossman (1990) used the computer simbla-
tion code developed by Grossman and Michelson (1985) and
Grossman et al. (1987) to investigate the performance of
chillers of both series- and parallel-flow configurations.
Both studies investigated the chiller performance as a func-
tion of varigus design and operational variables. The model
presented here differs from the above-mentioned models in
that it was developed with the jntention of replicating manu.
facturer performance ratings for both {ull- and part-load con-
ditions. The model can then be used to predict chiller
performance under dificrent operating conditions resulting
from using alternative control strategies.

The abjective of this work is to develop a steady-state
computer simulation model of a direct-fired, double-effect
water-lithium bromide absorption chiller in the parallel-flow
configuration, The cycle configuration of the model is simi-
lar to that of a leading manufacturer. The unknown parame-
ters in the model (heat transfer coefficients) were determined
by matching the model's calculated State points and COP
against nominal full-load operating data and COP abtained
from a manufacturer's catalog (YAS 1992, 1993) and from
Alzawa et al. (1981). The model was then compared to the
manufacturer's performance ratings for a range of water cir-
cuit temperatures at full load and for chiller pari-load perfor-
mance. After the comparisons werg faund to be satisfactory,
the model was used to investigate the effect of varying the
water-cireuit flow rates with the chiller load and to optimize
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chille: part-load perfomnance with respect to the digtribu-
tion and flow of the weak solution.

MODEL DESCRIPTION

The chiller modeled i8 a direot-fired, double-clTect
water-lithium bromide absorption chilir in parallel-flow
configuration (Figure 1). The solid lines in Figure 1 repre-
sent the solution flow and the dashed lines repregent the
refrigerant flow. The overall model consists of component
modcls for the evaporator, condenser, low- and high-tem-
peralure gencrators, Jow- and high-temperature solution
heat exchangers, ahsorber, mixer, splitter, expansion velves,
und pumps. For discussion of the cycle, the concentration
refers to the lithium bromide concentration on & weight
basis (pereentage), and model points are given in brackets,
The paraliel-flow arrangement splits the weak solution (3),
sending a fraction to the high-temperature generator snd the
rest {o the low-lcmpersturc generator. Heat is supplicd to the
high-temperature generator (0 boil oft" the refrigerant-water
(17). This water vapor then condenses in the lowstampera-
ture generator (18), boiling off morc water (7), thus creating
the “double cffect.” The strong solutions leaving the two
generators (14, 21) sre mixed together (4) bofore entering
the absorber, where the concentrated rolution absorbs the
waler vapor #nd rejects hegl to the cooling water. 'The cool-
Ing-water circuit (22-25) is shown in Figure | awd is & gericy
flow in which the cooling water first enters the sbsorber,
then the condenser, and is then sent 0 a cooling tower. The
¢hilledawater vireuit (26, 27) is also shown in Figure 1.

A flont valve is localed on the inlet of the high-temper-
glure gencrator (not shown in Figure 1). As the chiller
unloads, the concenwration in the high-temperature gencra-
tor deereatsy. Dug to the tisc in the golution level, the float
valve deareascs the emount of aslution sent to the high-tem-
perature generator. Therefore, the parallel-flow split (PFS =
[M1{3]) will decrease, as will the werk solution flow rate
due to the incrcased head. This information regerding the
float velve wan recorded by Bedard (1994). The float vaive
is nut modeled directly; rather, a relationship between the
parellelflow split and the solution concentration 13
obtained.

A steady-slale computer simulation model of the chiller
was written using an equation-solver program (Klein and -
Alvarado 1993). Property data for water were provided by
the program, and the properties of the water-lithium tro-
mide solution were obteined from comeletions given in
ASHRAE (1993). The model input dsta available from the
manufacturer's caialog are the cooling load (Qevop), the
chilled- and cooling-water flow rales, and the inlet ¢ooling-
water (22) and leaving chilled-watcr (27) mperatws.

Tte edjustable model parameters include the overail
heat transfer coefiicient/arca product (L4) values for the
evaporetor, candenser, lowsleniperature generator, low- and
high-temperaturu solition heal exchangers, and absorber,
the paraliel-flow split (PFS) between points 11 and 3; high-
temperature gencrator combustion efficiency; and the weak
solution volumetric flow rate, ¥(1).

Given the load, the model dolermines the required
exergy input o the high-temperature generstar. The COP i3
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Figure ! Mude! diogram of a double-¢ffect absorption chiller in parallel-flow configuration. Solid lines represeni
the solulion flow; broken lines represent the refiigerant flow.
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caloulated on the basis of the higher heating value (T1LIV) of
methane. The following assumptions werc employed in the
madel

«  No internal heat or pressure lossoy.

«  The high pressure is aet by the refrigerant condensing
in the low-wmperuture gonerslor. The intermediate
pressurc is sct by the refrigerant condensing in the con-
denser, and tha low pressure is sat by the evaporating
refrigerant

+  The refrigerant aut of the evaparator is satursted vapor.
The refrigerant out of the Jow-lemperature generator is
saturated liquid. The refrigerant out of the condenser it
saturated liquid.

«  The solution in the two generators and the absorber i
wn equilibrium with the state of the refrigerant.

e The superheated vapor (17) leaving the high-tempera-
lure generator is in equilibrium with the incoming weak
solution (13). Ax & result, the auperheated temperature
(19) is lower than the exiting strong solution tempera-
ture (14), a5 observed in actual cycle operating data,

«  The ahove aleo applies o the superheated vapor leaving
the low-temperature generator.

«  Components thet exchange energy sre modeled as
counterflow heat exchangers.

o  There is perfect mixing in the shsorber.

«  The system in aperating at steady-state conditions.

Mass and energy balence cquationy were written for
each of the somponents, along with the appropriatc cquilib-
fium cquations. All heat tranfer rates are expressed as a
function of & logemean temperature difference. Generalized
cquations used in the mode! are summerized next. (In the
following squations, i refers W enthatpy.)

Mass balanoe equations:

Total mass balance:

zhm- zm‘““ 0 (l)

‘| otal Lit3r mass halance:
z (x;nmln) I (x, Mou)= 0 @

Energy balance equations:

0+ S(myd,) ~Zimaydoud) = O 3)

Rate equations:
g= UAATlm, eouninrflov (4)

Equilibriun equations for the generators/absorber:
Water-Lil3r solution:

T om f(PX) 5y
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and

i=f(Tx) L)
Exiting superheated vapor:

T = f(PX) (7
and

1=f(TF) &)

A two-phase mixture can ocour as the week solution is
throttled to the absorber pressure (6). The quality, tempera-
ture, liquid concentration, snd liquid and vapor enthalpies
of the two-phese mixture of point (5) arc celculated in the
model. The flashing of the refrigerant from the solution of
point (5) was not dircolly accounted for. Using the
calculatcd valucs, the cncrgy consequense of the flashing
was checked and determined to be minimnal, but the soluion
is oloser 10 the possibility of crystallization if flashing does
o00ur.

FULL-LOAD PERFORMANCE OF THE
CHILLER MODEL

The abgorber, eveporstor, condenser, lows-lemperature
generstor, and low- and high-temperature solution heat
exchangers were modeled as counterflow heat exchangers.
The UA values of thess heat exchangers could not be deter-
mined from first principles, s the component geometry and
the dimensions are unlmown. There arc nine degress of
freedom in the model dus to the six unknown UA vaiues
(absorber, condenser, evaparator, low-temperature genera-
for, and low- and high-temperature solution heat exohang-
ers), 8 paallel-flow split parameter (PFS = [11)/[3]), high-
temperature generator combustion cffieicncy, and weak
solution volumetric flow sate, ¥{1). These nine parameters
were determined by matching the modcl's calculated state
points end COP apguinst nominal full-load operating duta
and COPs obtained from a manufacturer’s catalog and from
Alzawe et al. (1981). The matohing was done for & 1,408-
kW (400-ton) chiller with & leaving chilled-water tempera-
ture of 6.7°C (44°F) and an inlet cooling-water temperature
of 29.4°C (B5°F). The water-circuit flow rates were
obtained from the manufacturer’s ogtalog. The chilled-water
flow rate was 60,6 L/s (961 gpm), and the cooling-water
flow rate was 115.6 L/a {1,832 gpm).

This melching was done by first specifying concenirs-
tions at three locations, thereby reducing the number of
degroes of freedom 10 six. These specified values are the

* strong solution concentration leaving the high-cmperature

genexator, x(14), 63.8%; the weak solution concentration
entering the high-temperature generatos, x(13), 58.3%; and
the strong solution concentration entering the ahsorhir, x(§),
62.7%.

The cxiting combustion gas temperature, 232.2°C
(450°F), md the approXimale perventage of excess air were
obtainad from the manufacturer's catalog. Assuming an inlet




air and gas tempurature of 25°C (77°F), a full-load combus-
tion efficiency (HHV) of 0.81 was calpulated that reduced
the degrees of freedom to five. This combustion efficiency
was used to celeulate the cycle COP at full load, The
remaining five degrees of freedom In the model were
reduced by matching the mode! COP with the catalog COP
and by matching & closely as possible the temperatures in
the cycle with catalog data, including the leaving cooling-
waler temperatuee.

The results are glven in “fabls 1. The weak solution
temperature into the high-temperature gencrator, T(13), Is
11°C (19.8°F) lower and the condenser temperature, 7(8), is
slightly lower thun that reported by the manufacturer, All
othes polnts compare well with the manufacturer's dstn.
Given the unknown aceuracy of the manufecturer's data and
the assumptions employed in the model, the results are very
good. The parametets determinad by the match are given in
Teble 2. The UA values and the parallel-flow split are not
unique. A differont set of parmncters may have resulted in
similar performance.

TABLE 1
Model and Manufacturer Full-Load Operating

Values for a 1,408 &kW (400 ton) Chiller

Units Model Manufacturer
COP-HRY 092 092
x(1) % 38.3 543
x(4) i 61.7 61.8
1(6) % 62.7 627
a(14) % 638 63.8
() °C(°H) 39.001022) 2380(1004)
ns *CeP 61.0(141.8) 600 (140.0)
8) CeH 68082 40.0(104.0)
) CEF 420396 40092
3) C(°F)  1150(239.0) 1260 (258.8)
T(14) °C(°F) 157.0{314.6) 130.0.1550
(302.0-311.0)
T(24) CER M523 33309L9)
728) CCR 3500950)  35.0(950)
7(26) CEF)  122(540) 122(54.0)
Plhigh kPa 79.85 (5989) 74.6.81.3
{minrHg) (96U.0-610.0)
I'imeenwdiste kP 6.2 (46.5) 6.7(50.0)
(nunHg)
P low kPa 82(6.2) 08 (6.0)
{mmHg)
4

TABLE 2
Parameters Delenmined from the Fullload Ysich of &
1,408 kW (400 ton) Chiller
B/
UA Valpes kW/K (minF)
Bvaporator 00 941
Condoaer 218 BERY
Absorbor 160 5,083
Low-tomperaiury genetator 48 1,817
High-empetalure HX 11 348
Low:mmperature HX 18 So¢
Pamllel.low spiit, FFS = 048
Woak eclution s gpm
Yolungtels foyssle, V(1)
32 #2.1

VARYING THE WATER-CIRCUIT TEMPERATURES
AY FULL LOAD

Also contained in the imanufacturer's catalog is the per-
formance rating of the chiller ag the Jeaving chilled-water
tempetature and Inlel voollng-water temperature are variad
ut full-load conditions. The leaving chilled-water ternpera-
ture is usually & wetpoint for the chiller, and it is monitored
in order 1o modulate the load and maintain a constant leay-
ing chilled-wator tamperature. The nominal leaving chifled-
water tetmperature is 6.7°C (44°F). The chilled-water flow
teto is cunstant; thercfore, the {nlet chilled-water tempera-
ture varies according to the load. The Inlet cooling-water
tenperature is externally oontrolled by the cooling tower.
The nominal inlet cooling-water temperawure is 29.4°C
(B3°F), The cooling-water flow rate is also constant; there-
fore, the leaving cooling-water temperature will vary due 1o
the load.

The manufacturer's performance ratings for varying
chilled- and cooling-water temperatures were first used to
validate the model. Then the performance ratings for vary-
ing inle! coollng-water tomperatures were used to obtain o
relationship between the parallel-flow split and the concen-
tratlon difference of the high-temperature gencrator, A x,
where 4 x Is the difference between the nominal full-load
concentration value of 63.8% and the calcuiated value of the
concentration, x(14), This relationship was developed to
account for the float valve in the high-temperature genera-
toz,

Lowerlng the inlet cooling-water temperature soems to
be an attraclive and easily Implemented control algorithm
for must chiller sysiems, subject 1 the ambient wet-bulk
temperature, The chiller COP increases progressively as the
inlet cooling water temperature is lowered, Lowering the
inlet cooling water temporoture will significantly lower the
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inermediate and high pressures, thaeby allowing the
amount of water vapar produced in the low-temperature
generator (o increase and thereby improva chiller efficiency.
‘The menufacturer recommends that the temporatwre not be
lowered below 21.1°C (70°F). As cxplained by Bedard
(1993), thix limit is not duc to crystallization concerns, but
rather the wesk solution becomes so dilute that it will
deplete the refrigerant supply. It is the rate of descent in the
cooling-water lemperatuze, nat the absolute temperature,
that is of concern.

The results of varying the inlet cooling-water tempera-
ture for the model of ths 1,408-kW (400-ton) chiller are
given 1n Figure 2. The load, the waterscircuit flow rates, the
wenk solution volumetric flow rate, F113, and the U4 values
are held constant for all three cuncs. It is essumed that the
hear uansfer covfficients for the water side do not vary due
to the temperaturc changes. For case 1, the combustion effi
cienoy and the parallel-flow split were held constent at the
nominal fullluad values of 0.8 and 0.48, In case 2, the
combustion efficiency icreased 3% from the nominal
29.4°C (85°F) to 21.1°C (70°F). This adjustment was dcter-
mined by having the exiting combustion gss temperature
vary in proportion to the hiph«temperature generalor tem-
perature, 7(14). Il was assumed that the amount of air would
decrease in pruportion with the fusl, thereby increasing the
heat exchanger effectivencss and decreasing the exiting
gombustion gas teiperature. Due to the lower fuel flow rale
and the lower exiting tumperature, the combustion effi-
ciency will increase. As seen in Figure 2, the model shows
the same tend and compares favorsbly with the calalog
information. Similar {rends for the inlet coolingswater tem-
perelure were oblained by Viiet ¢t al. (1982) end Gommed
and CGrossman (1990). :

For full-load conditions, the model shows that the
chiller can bc operated o lower inlet cuoling-water
wemperatutes. The stiong solution concentrstion, x(14),
dccreases lincarly as the inlel cooling-water tompsrature is
lowered, and this decease in concentration moves the cyole
sway from the crystalli>ation region.

The small diffcrences between the caloulated COP (for
casc 2) and the manufacturor's data were climinated by
using the model 10 dewrmine the parallelflow split to
maich COPy, From the match, a relationship between the
parallel-flow split and the concentrstion difference, 4,
was develuped, which will be used w model the float valve
in the high-temperstur: generator:

PFS = h[11)/m[3] = 0.48-0.014Ar 9

The caleulatod COP uring this relationship and a vary-
ing combustion efliciency resulls in the performance shown
as case 3 in Figare 2. The week solution flow rate will also
decrense a8 & result of the increascd head, but the volumetric
flow ratc was assumcd o remain constant due to the lack of
information on the pump.

The leaving chilled-water temperature was alko varied,
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and the results are shown in Figure 3 for both casc 1 and
case 3. Again, the load, the wesk solution volumetric flow
rate, V(1), the wator-oircuit flow rates, and the UA values
erc held constant. For oass 3, the combustion efficiency var-
iod only slightly (0.07%) and Equation 9 was used for the
paraliel{low split. Far case 1, the parallel-flow split and
combustion efficiency were constant at 0.48 and 0.81,
mespectively. The model results of case 3 show the same
trend, but slightly under predict the effect of inereasing the
leaving chilled-water teperaturc reported by the manufac-
turer. A maximum 2% difference results st a tamperature of
8.9°C (48°F)

1.2

Mode!-Case 3

1" g

1.0

cop

09}t

0.8 ) 1 1 (3 A A
20 2 24 26 28 30 32

Inlet Cooling Water Temperature
T[22}, °C

Figure 2 Resalis of vavying the inlet coviing-water temp-
eratre at full load The Ud values, water-cir-
euit flow rates, and solusion volumerrie flow
rate, V(l), are consiant. Case 1~-constant com-
bustion efficiency and parallel-flow sphis, Case
2—varying combuation ¢fficiency, constant par-
allsl-flow gplit. Case 3—varying combustion
efficiency and parallel-flow spils.

PART-LOAD PERFORMANCE OF THE CHILLER

The part-load performanse of any chiller is important
ginoe chilles wost often operate at part-load conditions.
Caualog informativn indicates that absorption chillers are
designed so thal the greatest efficiency is obtmined at
beiween 50% and 100% of full losd, The part-load contro:
is obtained by modulating the fuel to the high-temperature
generator. In the model, it is sssumed that the weak solutior:
volumetrio flow rate, ¥{1), is congtant, the paratiel-flow
split varies according to Equation 9, and the combustion
ciiciency veries in proportion to the high-lemperature gen-
erator temperature, The leaving chilled-water temperature is
6.7°C (44°F) end the inlet cooling-water temperature is

i —— et nm——



Model-Case 3
9
© 10l Manuluctyrer
U [}
0.9 24 i
Madel-Case |
0'8 . i b 4 A

60 65 70 75 80 85 90
Leaving Chilied Water Temperature
T(27). °C

Results of varying the leaving chilled-
water temperature ol full load. The UA val-
ues, water-circuit flow rates, and solution
volumeric flow rate, V(1), are constant,
Caze I--consiant combustion e¢fficiency
und - parallel -fow split. Case 3—varying
combustion ¢fficiency and parallel-flow
spit.

29.4°C (85°T). The chilled- and cooling-water flow rates
arv also constunt at 60.6 L/s (961 gpm) and 115.6 L/s (1832
gpm), respuciively. The load was varied for the above.men.
tioned conditions for the caxe of constant U4 values and for
the case in which the 14 values for the ovaporator, oom-
denser, low-temperature generator, and high-temperaturc
solution heat exchenger varied due Lo the decreasing refrig-
erant mays flow rates ([17), (8], {9]) and sohution mass fiow
ratew (T12], {14]) as the unit unloads. Sinoe the solution flow
rate out of the absorber is conslant, the (/4 values for the
lowsiemperature solution heat exchanger and the absorbxr
were hield conslant. Also, as detenmined by Oreiter ct a).
{1993), the heat wansfer coefficient for the solution side of
the absurher was taken (0 be Independent of the solution
flow rate

For evapuration of refrigerent sprayed on the outside of
horizontal tubcs, the heat ransfer cocflicient for turbulent
flow is given by Chun and Seban (1971) as

Figure 3

A = 00038KRe " Pr (10)
For both condensution of refrigerant on the outside of
hericontal tubes and condensation of refrigerant inside hori-
zontal tubes, the heat ransfer coefficient is given by Kemn
{1950) as :
=130 ,3 2'\ 173
ha 1.5[—'1‘%} (" = (1)
IN i

For turbulent flow in circular tubes, the heat wanster
cocfficient can be determined from the Dittus-Boelter come-
lation, a3 given by Incropera and DeWitt (1990);

n = (§)oomre's (12)

Using the faregoing relations for the heat trensfer coef-
ficients and asswning the wall heat ransfer pesistance to be
negligible, the UA values were rowritlen in terms of con-

stants and the eppropriste mass flow rates as
i

UAcvcp = 1 (3
v G
€,m110]
t
UAcond = 1 C (14)
———
i
UA s goo ® 7 1 p (18)
&
can V8
and .
m(2) )}
VAgignux = VAyg “’""’"(xm(ﬁl‘) (16)
Ram

It ix ansumed thal the trenspyrt properties are constant,
The cunstants in Bquations 13, 14, 15, and 16 were solved at
the nominal full-load condition by equating Equations 13,
14, and 15 to the nominal full-load U4 values and by cquat-
ing the hest tranafcr resistances on each side of the heat
exchanger,

The results for the part-load performance are given in
Figure 4. The COP is plotted as & function of the part-load
faotor, which is the cooling capacity, Qovap divided by the
nominal capacity. The model COP for both conatant and
varying UA valucs only increases slightly between a pant-
load factor of 0,80 and 1.0, where the manufacturer's COP
increases more sighificantly. At a part-load factor of 0.30, at
which point the chiller will cyole off, the model COF for the
case uf varying UA values differs from the manufaciurer’s
COP by a maximum value of 5.9%. The exsot ceuscs for the
difference between caloulatod and catalog part-Joad perfor-
manoe arx not known. The difference may be dus to severs!
factors, including mode] assumptions, inacouracy in the U4
values, assumplion of & constant weak solution volumetric
flow rate, and mudeling of the parallel-flow split by Equa-
tion 9, Hlowever, the differcnces between catelog and model
€QPs arc small, and the model displays the correct trends so
that it is judged to be satisfactory for the contro} gtudics for
which it was developed.

The part-load data could have been used in determining
some of thc U4 values and the parallel-flow split relation-
ship for the (lost valve. It was decided instead to use nomi-
ue! full-load operating deta and full-load performance

CH-95.18-2




Model-Constant UA Values

1.0}
Manulacturer

COP

09}
0.8k
Model-Varying UA Values
0.7 N 2 3 A I i )
0.2 04 0.6 08 19

Part-Load Factor

Figure 4 Model and manyfacturer part-load
performance. UA values vary due to
the decreasing flow rates of the refiig-
erant and the solution.

ratings o match the modsl's performance and (o dstermine
unknown passmneters. The nominal full-load operating date
and COP are svailable from mos! manufsoturers, and the
part-load pedfurmence rating is available from only one
manufacturer. The mode! coukd be used to predict chiller
part-load performance at nomina! end off-design conditions
for other double-effect configurations for which cetalog
data ar¢ not available.

The model part-toad performance for e range of inlet
covling water tempuratures was investigated. It wag discov-
¢red that the operating paramciers have interacting effeots
on the COP For exsmple, & normalized COP a5 & Runction
of the fond tor an inlet cooling waler temperuture of 22.4°C
(85°1) wag obtained from the model. Also oblained from
the modcl was & nomalized COP as a funotion of the inlet
sooling water lemporanwre (based on full-load conditions),
The normalized COP functions were used lo caloulato
chiller part-load COP &t various inlet cooling-water temper-
sturcs other than the nominal, but they did not give the same
perfomnence as the todel. Rather, the functions under pre-
dicted the madel perfonmance, especially at lower part-load
factors and cooling-water (emperatures, with differences up
to 8 maximum of ] 3%

VARYING THE WATER-CIRCUIT FLOW RATES

The cffect of varying the chilied- and cooling-water
flow rates at chiller purt-load performance was investigated.
A constunt \emperature difference of 5.6°C (10°F) is main-
taed and the flow rate is varied as 2 result of the load
change. To acoount for the varying water<ircuit flow rates,
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the U4 valucs were rewritten, using Equation 12, as

1
UA‘”GP - —-—-l. ._...x (‘7)

AT T TR
10l GV, ’

UAGWW’ - 1 l (18)

-1/3 - .

c,m(aj l CS Vcoo;i

and
]
UAy,, = E‘— (19
R !
cslveoal

The constants in Equsuons 17, 18, and 19 were deter-
wmined in the same memmer as previously discussad, by
¢quating thess equations with the comesponding normnal
full-load U4 vslues and by equating the two heat (ransfer
resistances.

The results of varying the water<ircuit flow rates are
given in Figure 5. The COP is plotad ag a function of the
part-load factor, The chilled- and cooling-water flow rates
arc varied separately. Tho base oanc of conatant flow rates
(Figure 4, varying U4 values) is also plotted for compari-
2on, Varying the chilled-water flow rate results in negligibic
COP changes, whereas varying the cooling-water flow rute
rewults in 8 decrease in the COP. A maximum 11% differ-
ence exisls at a parl-load factor of 0.30. The effect of vary-

1.2

11}
Constant Flow Rates

1ol Varying Chilled
Water Flqw Rate

5 o)

08}

Varying Cooling

Water Flow Rate
0.9
0'6 L i i 4. 4 N r
0.2 04 0.6 0% 1.G
Part-l.oad Factor

Figare 5  Model results of varying the ohilled- and
cooling-water flow rates with the load.
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Figure 6  Model results of varying the paraliel-flow

splis atconstant solusion volumetric flow rate,
V(1), and high-temperature gencrator tem-
perature, 1(14).

ing the chilled- and cooling-water flow rates was reported
by Viiet et al. (1982) to be neghgible and minur, respec-
tively

From the results of Figure 5, varying the water-¢ircuit
flow rates with the load ssems to be an stiraclive control
option, siwce the flow rates snd the sssuciated pumping
requiremnents cen be drastically reduced with & small effeot
on chiller COP. Varying the water-vircuil flow rates mote
than 25% is not cumently recommended by the
menufacturer. In ornder for the flow rates to be varied, addi.
tivna) safcly controls would be needed to ensure safe opere-
tion. However, It was concluded by Bedard (1993) that the
flow rates can be varied safely and inexpensively through
the use of moruprocessor controly

PART-LOAD OPTIMIZATION

The nominal full-loed pursltcl-flow split was doter-
mined to be 0.48, The model performance as a funotion of
the paraliel-Now split was investigated by varying the split
while the weak solution volumctric flow rate, ¥{(1), and the
high-icmperature geacrator tempersture, 7(14), were held
convtant &t the comespymding nominal fuflJoad valves. The
UA values varled according to Lquations 13 through 16.
The water-cireuil [Tow rates arc constant. The resulls are
given tn Figure 7, with the COP and normalized cooling
<upucity, (Qeyap/Covg, noum): PlOted as & function of the pars
allet-flow split. The results of Figure 7 are similar W the
results obtained by Gommed and Grossman (1990), except
that the capacity curve is not as flal end insensitive (o the
parallel-flow split. The optimal-flow split (PFS) for maxi-
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Figure 7 Model result of optimizing the chiller COP

with respect 1o the parallel-flow split, and
varyingthe weak solution volumetric flow
rate, V(1).

mun COP is ebout 0.20, lower than the optimal value of
0.25 found by Gommed and Grossman (1990), The optimal-
flow split (PFS) for meximum capacity is sbout 0 55. The
optimal split (PK'S) without sacrificing cepacity is about
0.43, which is higher than the value of 0.30 ryported by
Gommed and CGrossinan (1990). Although there are differ-
ences heiween the two models, the trends are similar,

The model's pari-load performance was maximized
with respeot to the paraliel-flow split, This was done by
inputting the high-temperature generator temperalure,
1(14), as & tunciion of the part-load factor and meximizing
the COP, The high-temperature generator temperature was
provided (from model output) to meintain a reasonable tem-
peratwre for the optimization. To provide the extra degree of
freedout, the weak solution volumelric flow rate, F{1), was
allowed to vary. The UA valuc for the low-temperatue solu-
tion heat exchanger was varied in the seme menner s in
Equation 16 due 1o the varying flow rate. From this optimi-
zation, a curve fit of the normalized parallcl-{low split (PFS/
PFS porm) 85 8 funotion of A x was oblained. The normalized
weak solution volumetric flow rate (V{1)/P]1] o) Was fit in
terms of A PFS, where A PFS is the difference belween
the nominal parallel-flow wplit and the calculated value of
the parallel.flow split The wenk solution volumetric flow
rate was {it in terms of the change in the parallel.flow spht
beoause the change will influence the pump heed and there-
fure the flow rate The curve fils were input ino the model
10 obtuin the results in Figures 7 and 8,

In Yigure 7, the COF, as a result of varying the paraliel-
flow split and the weak solution volumetric flow rate
acoording to the fits obtained from the optimization, is plot-
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Junction of the load, for the optimizatior and
that used by the madel.

ted. Also plotted in Figure 7 are the menufacturer’s data and
the mode! performance that usod Equation 9 for the parallel.
flow split and a constant slution volumetric flow rate. The
COP from the optimization gradually increases and only
slightly decreases at a part-load factor of 0.40. The CQP is
significantly higher than the modcl and the manufacturer's
dute at lower part-load factors. The paratiel-flow split and
the rormalized solution volumetnc flow rate for the optimi-
zation are plotted in Figure 8, slong with the purallel-flow
split using Equation 9. The paralicl-flow split from the opti-
mization decreases less significantly than that {rom using
Fquation 9, and the solution volumetrio fksw rate decreases
gs it should with the part-load factor.

The calculated results indicste that the COP ut part-load
vonditions could be improved by controlling the parallcl-
flow split and the solution flow rate 1n an optimal masiner.

CONCLUSIONB

A steady-stalc computer vimulatiou model of a direct-
fired, doulle-cffcct waterdithium bromide absorption
chiller in parsllchflow conliguration compares favorably
with a manufsciurer’s otalog information, The oalculated
performance duc to Jowering the inlet cooling-water tem-
paratur: gl full-load condittons agrees with the catalog's
paformance. Mode! porformance of incressing the leaving
chilied-wate lemperature at full-load condilions slightly
under predicis the catalog performence. For chiller part-load
performance, e inwdel difters from the catalop data by a
maximuwn of 6% at a part-load factor of 0.30. The efieet of

CH-98.19-2

varying the chilted-water flow rute st part Ined is negligible,
whereae varying the cooling-water flow rate results in a
meximum (% lower COP. The model is judged
satisfactory for use in control studies of varying the water-
circuit temperatures aod flow rates and can be used for pre-
dicting chiller performance at off<design conditions for
which performance data ere not availsble, The optimization
of the chiller part-load perfonnance with respect to the dis-
iribution of the weak solution between the two generaonx
and & varying wesk solution volumetric flow rate has been
shown to significantly improve chillor COP.

Field monitoring data have shown the parasitic energy
of & direct-fired (natura! gas) double-cilect water-lithium
bromide shsorption chiller to be significant in terms of the
energy input cost. The system performance of an absorption
chiller with & cooling tower and the water circuits will be
investigated with the model described in this paper in order
to optimize the total system performance.
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NOMENCLATURE

() = maodel siate point

¢ = numcrical constant
COP = oncfficient of performance

D = wnhe diameter (m |fi])
& = graviational acceleration

h = heat transfer cocflicient (W/(mAK], Rtw/[h-t2 °F])
Hilv = higher heating value of fucl (MJ/m® [Htu/ﬁ’l)
IIX = heat exchanger

i = enthalpy (kJ/kg [Brw/itg])
k = thermal conductivity (W/m-K), Bw/ih{t-°F})

L = kngth of tube (m {ft])

m = mass flow rate (kg/s {Ib,/min])

n = numevical constant
N; = number of tubes
P = prossure (kP [mmHg])
PFS = parslicl-{low split

APFS= nominal parallel-flow spit minus the calculated

paralel-flow spiil

Pr = Prandil number

@ = hoat tansfer rate (KW [Bw/i])

Re = Reynolds number

T = temperature (°C [°F]D

AT,y = log-mcan temperature differance (°C [°F])

UA = product of the overal! heat transfer coefficient and

the area (kW/K, Btuqmin.°F))
V= volumetric flow sate (1./5 [gpmn])



X = LiBr concentration on woight basis (%)
Ax = 638 A x(14)

Qreek $ymbole

p = absolute viscosity (mPas, Ib/fft-h])
p = density (kg/m® [Ib/N'D

Bubscripts

abs = ghsarber

evap = gvaporator

chill = chilled water

oond = gopdenr

¢ool = guoling weter

low gen = low-emperaturc generator

high HX = bigh-lcmperatute solution heat exchanger
rom = pominal
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