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Steady State Simulation of the
Operation of an Evaporative Cooled
Water-Ammonia Absorption Scale Ice
Maker with Experimental Basis

A steady-state model is presented of the operation of a water-ammonia absorption system
for production of scale ice. The model involves relations of thermodynamics, heat transfer,
and fluid mechanics, and uses simplifying assumptions for the internal mass transfer
processes, leading to a non-linear system with more than 100 unknowns and equations,
that are reduced to a dimension-10 Newton-Raphson problem by means of the
Substitution-Newton-Raphson approach. The model was validated against experimental
data with good agreement.
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Introduction

The increasing cost of electricity and the envirental hazard
of CFCs have made the absorption water-ammoniapwetred
cooling systems attractive for both residential ammdiustrial
applications. The development of this technologgnaieds reliable
and effective system simulations; several computedels have
been developed, and have proved to be valuable foolthermal
design optimization (Vliett al., 1982; Molt, 1984; McLinden and

Klein, 1985; Grossmast al., 1985,1987,1990). However, there are

few models taking into account the heat and massster
characteristics in absorption systems for scaleme&ing and for
evaporative exchangers.

This work presents a mathematical model for sudystem,
taking into account thermodynamic, heat transfed diuid
mechanics phenomena, and adopting simplifying aptans for
the internal mass transfer processes. It involvas lconstructive
and external parameters in order to simulate nwalérithe steady-
state performance of a scale icemaker based onbaarmion
refrigeration system. The model was successfullidaged against
experimental data.

The experimental system is a water-ammonia absorpti
refrigeration machine with nominal refrigerationpeaity for scale
ice production of 23,25 kW, located at the Hospitas Clinicas of
the State University of Campinas (UNICAMP), BraZihe machine
is driven by a small part of the vapor produceddonsumption in
the hospital. Ice is produced directly on the evamy surface, and
the machine heat rejection is done via evaporatbaed absorber,
condenser and weak solution cooler. Heat and memsssféer
coefficients for the simulation were estimated frcan set of
processed experimental data.

Figure 1 sketches the refrigeration system. Evdpord,
expansion valve EV and condenser C operate asmeahanical
compression refrigeration system, with the remagniomponents
playing the role of a compressor.

The vapor leaving the evaporator is absorbed by vileak
solution in absorber A forming the strong solutiarich is driven
by solution pump SP to the generator. This is caaadmf desorber
D, where ammonia vapor is liberated with a watartent still too
high for the evaporator, and the components tlrabve most of the
water: distillation column DC and reflux conden&e. The part of
the vapor which is condensed in the RC returnefhsxr(R) to DC
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where it exchanges heat and mass with the ascendjmy. After
the reflux condenser, the ammonia vapor is admitiedthe
condenser C.

The ammonia sub-cooler ASC increases the amouigudl to
be evaporated, and the solution heat exchanger Betheats the
strong solution while pre-cooling the weak solutiiat leaves the
desorber, thus reducing the amount of external imeeded, and also
decreasing the required size for both the des@beérthe absorber.
In the weak solution cooler WSC this solution ioled before
entering the absorber.

In order to reduce initial costs, the evaporativeoled
components, namely condenser, absorber and weatkosotooler,
are located in a single evaporative tower.

Reservoir R [ R; , ] for the nearly pure ammonia leaving the

condenser, ensures the constant pressure in thgoravar, and
reservoir B, for the strong solution leaving the absorber rgotees
that only liquid enters into the solution pump.

Because of the ice formation itself, the systemrafen is
cyclically transient. Ice forms directly on the pwaator walls,
requiring a defrost process lasting for about 1.8minutes much
shorter than the ice-making period of 10 to 20 r@au For
defrosting, the liquid within the evaporator is Wi down to the
absorber while the evaporator is filled with vapaken from the
condenser, warming the evaporator walls, and cguki@ice to fall
down.

At the beginning of the ice-making period, ice fation is
quick, and gets slower as the ice layer gathershenevaporator
walls, because of the increased heat transfertaesis, both the
evaporation temperature and the overall performadiceinish.
Thus, a transient model of the operation is impuirtar determining
the optimum ice-making period, as will be showmirother paper.

The present steady state modeling is a necessesty siep
towards such a transient model, but it is also vemgortant by
itself, because it reflects the mean operating itmms, providing
useful information on the overall system performanc

Furthermore, it had been observed that only pdrteeosystem
are affected by the transient operation basidakyevaporator, as
explained above, and the absorber, which warmsfisigmtly above
its mean temperature after receiving the liquid @mia at the
beginning of the defrost. The other componentspimrast, are only
slightly affected. The vapor mass taken from thedemser in the
defrost period is small. The liquid mass required fill the
evaporator after the defrost is much more significhut it is taken
from the reservoir under the condenser which igledfgradually,
so that the high-pressure side of the system idynenaffected by
the defrost.
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Figure 1. Basic representation of the system.

Nomenclature

Latin Symbols

A = heat transfer surface [f]

COP =coefficient of performance

Crthermal =capacity of the fluid [J/°C]

Cr = thermal capacity of the fluid [W/°C]

D =diameter of tubes and pipes [m]

DEV = deviation from equilibrium

EV = expansion valve

f =real function

F = correction coefficient for mean temperature difference
g =real function

h = specific enthalpy [J/kg]

H = heat of liquid-solid phase change [J/kg]

K= coefficient for localized head loss

Kw =masstransfer coefficient in evaporative tower

L = tube and pipe lengths

m =mass flow rate [kg/q]

N = number of physically relevant variables

n =number of effective variables in the SNR method (n<N)
NTU = number of transfer units

P =pressure [Pa]

Q =heat rate [W]

Re =Reynolds number

T =temperature [K, unless otherwise stated)]

U = global heat transfer coefficient [W/(n?K)],

U =dryness degree of the vapor-liquid mixture

v = specific volume of water-ammonia solution

X = mass concentration of ammonia in the liquid solution
Y = mass concentration of ammonia in the vapor solution
Z = total mass concentration of ammonia,

Greek Symbols

A = difference or increment in variable
€ =relative roughness of pipes[m)|

¢ =relative roughness of tubes

-n = efficiency

p = fluid density [kg/ ]

@ = coefficient of viscosity correction
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A =friction factor
Subscripts

1,2... =index of ordering

A = absorber

air =relativeto cooling air
ASC =ammonia sub-cooler
C =condenser

D = desorber

E =evaporator

f = fluid

H = hydraulic

p =pipe

RC =reflux condenser

sat =saturation

SHXx =solution heat exchanger
SP =solution pump

St =steam

t =tube

w =wall

wb =welt bulb

WSC =weak solution cooler

Superscripts

0 =zero centigrade degree on water-ice interface

A = availablein NTU

i = interface
In= relativeto air inlet air flow
L =liquid

Out = relativeto air outlet air flow
R =required in NTU

(0) =relative to water

(1) =relative to ammonia

SS =strong solution

Teva =temperature of evaporation
V = vapor

WS =weak solution

Steady State M odel

This steady-state model simulated the mean opgratindition

of the system. Each component was treated as apéndent
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control volume with its own inputs and outputs. Thwdel
equations are presented below for each componbaselequations
represent conservation of the total mass, conservat the mass of
ammonia, conservation of the energy (assuming gietgi kinetic
and potential energy variations between the intet autlet fluxes),
the phenomenological equations of heat transfer @ingressure
drops, and the thermodynamic state relations fer rthixture. A
more detailed presentation can be found in SilvErg®9).

Desor ber

In the desorber, heat is supplied by means of steabpoil off
ammonia from the water-ammonia mixture. Point thia desorber
was considered in equilibrium with the liquid leagithe generator
at point 18. The rate of condensation of the vafeading the
desorber could be easily measured by collecting chvedensed
liquid in a calibrated vessel.

My, =, —m,, =0 (01)
M X, - MY, -mX,, =0 (02)
m,,h,, —mh, —mh, +Q, =0 (03)
m,,(h,, —h,,)-Q, =0 (04)
A, -, =0 (05)
In-—7 22/
(T~ T2)
Tis = Toa(Pis, Xo5) (06)
T, =T, (07)
P =R, 08)
Y, =Yeu(PLT) (09)
h,, = h"(Pyear) (10)
h,, = h'(Pyear) (11)
h, =h, (P, T.Y)) (12)
hy, = hy (P T Xo) (13)
Pie = Np(Pas Thgs X 16) (14)

Distillation Column

The column is adiabatic, and it is assumed thatethg no
resistance to the mass transfer between liquid aagor in
countercurrent. The possibility of strong soluti@porization in the
solution heat exchanger is taken into account hsodlucing the
dryness of the mixture into the balances.

(15)

m, +m, +m(1-U,)-m;,-m,=0

mX, +mY, + r’h16(1_ UlG)Xlﬁ —-m;X,; = mlaYla =0 (16)
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mrhr + mlhl + mlG (1- Uls)hlLs - ml7hl7 _mlahla =0 (17)

Reflux Condenser

In the reflux condenser, vapor leaving the digidla column is
partially condensed by the cool strong solutionrirthe absorber
and the solution pump. While it is cooled and pdlsticondensed,
the vapor exchanges mass with the condensed liqail&d reflux,
in the top of the condenser, increasing its come#oh. The
temperature of the vapor leaving the reflux condend, was
regarded as constant because it is assumed ttet ibe controlled
the bypass in 13.

m,, +m,U,, —m,—m, =0 (18)

m,, Y, + MmUY, —m,Y,-mX, =0 (29)

m, h,, +m, U hY —m,h, —m h, = Q.. (20)

My5(hy; = hy) = Quc (21)

(UA)RCW Qe =0 (22)
(T - Tw)

Y, = Yu(R ) (23)

T =T, (24)

X, =Xa(P,T) (25)

P, =P, —APF‘{C (26)

P. =Py~ AP (27)

h, =N, (P T2, Y2) (28)

h, =h, (R, T,.X,) (29)

Ammonia Sub-Cooler

In the ammonia sub-cooler, liquid ammonia from ¢oadenser
is in thermal contact with ammonia vapor leaving #vaporator.
This heat exchanger has 4 liquid internal passethfliquid, and
requires a correction factor for the LMTD, which éslculated
according to Kern (1950).

m,(h, —h;) — Qs =0 (30)
m7(ha _h7)_QASC =0 (31)
(TS_T7)_(T4_T8)_ - —
(UA)ASCFASC n (T5 —T7) QASC =0 (32)
(T4 _Ta)
with
JR? +:|Jn[ 1-S j
Fre = 17RS (33)

(R_l)ln[Z—S(R+1—\/R2 +1)j

2-S(R+1+VR?+1)
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R=11"Ts Cp:“'“ (34)
T, - T, CpNHS

S= Ij :E (35)

T,=T(h, .P,.Y,) (36)

T, =T, (37)

Y, =X, (38)

P, =P, - AP, (39)

P, =P, —APY. (40)

hs =hy, (B, Ts, Xs) (41)

h, =h,,(P,T,.Y,) (42)

Expansion Valve

Expansion takes place in a throttling valve ancbissidered
adiabatic.

hs =h, (43)
Zs=X, (44)
Ts =T(he R, Z) (45)

Evapor ator

Ice is produced directly on the evaporator wallsisTice layer is
the main resistance to the heat transfer betweemwtter and the

evaporating ammonia.

me(h7 _he)_QE =0 (46)
Mo (CPAT +HS, +Cp,AT[™) Q. =0 @7)
(UA)EM_QE =0 (48)
In (Te _O)
(T7 _O)
Z,=2Z4 (49)
P, =P, -AP. (50)

Solution Heat Exchanger (Strong Solution Heater)

This is a horizontal countercurrent heat excharigemed by
three tubes in a shell; the hot weak solution flomgde the tubes,

and the cold strong solution outside them.
mw(hl& - h1g) - Qst =0 (51)
mlS(hIG - hlS) - QSHx =0 (52)
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(T19 - Tls) - (TlS ~ TlG)

(UA) s, N Qe =0 (53)
(Tis = Tie)
P, =P, —APY> (54)
P = Ps ~APSS (55)
hye =h(Bg, Tie, X 16) (56)
hy, =h(Bg, Tyg, X 1) (57)
Solution Pump
h, —h,, 7P il ) 0 (58)
Mpe
P = P~ AR (59)
P, = P + AP + ARG (60)
vy, =h(B;, T, X)) (61)

Evaporative Exchangers

The simulation of the evaporative heat exchangers
(condenser, absorber and weak solution coolerpsed on Webb
(1984), following Merkel, who identified the air tyalpy difference
as the fundamental mechanism for the simultaneeas énd mass
transfer in air-water vapor systems. There are nwledorated
models for theses systems (Leindenfrost and Korer@i82) but in
general the industry prefers the Webb approximatdeh used in

this work.
Condenser
m, (h, 'h3)+ma\rc(h:$<t: _hlar;r) =0 (62)
i —_hn Out _ pIn
In ha\rC hg\rt = K M ha\rC ha\r (63)
Nac ~hac  Uc To—Te
(NTU)E =(NTU)2 =0 (64)
hi _ hln
NTUR = Iaer al\Jr (65)
¢ hairc - hgir(I:
KA
NTUA = —M—c (66)
arC
Ty = TP, X5) (67)
X, =Y, (68)
P, =P, -AR, (69)
Absor ber
M, =M, =i, =0 (70)
ABCM
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MyX g =M, Y, =M, X, =0 (71) _ hawsc—hi
NTU e = m (86)
myhy —rmghy —m,,h,, =0 (72)
A — KMAWSC 8
g (g - hiy) + M, (N5 —h5) =0 (73) NTUjee == —= &7)
airwsc
—_T i —_hin s
TQ TA - haer halr ex| UAmairA (74) P21 = on -APWSC (88)
Ty _T/IA hleurA - h:;; CFAK %
Q Other Equations
Cea =M,Cp= (T _AT ) (75) The thermodynamic state relations previously referrare
reproduced according to the method of Schultz ified by
o duced di h hod of Schultz (197ddified b
" A Ziegler and Trepp (1984). The method is based enftlmdamental
(NTU), —(NTU), =0 (76)

equations for the Gibbs free energy in terms of pemture,
» pressure and concentration, one for the liquid @l one for the

= _ hi,-h" vapor phase, in such a way that the values fromh leguations
NTUR = —am___ar (77)

h,, —h%" match at saturation conditions. The liquid soluti®taken as a non-
ame e ideal mixture, and the vapor mixture is assumecdoan ideal
K A solution of non-ideal gases.
NTUj =M (78) Pressure losses in the above equations are detefrfon both
Maira the pipes and accessories along the flow circuij &or each
exchanger of the system. These pressure lossesd@cthe
Tio = Tou(Pio» X 10) (79) distributed friction lossesAP,, ) and the localized lossedR, ) in
contractions, expansions, direction flow changes raoezles at the
P =R, —AP, (80) inlet and outlet of the exchangers, computed as:
hyo = Nig (Pos Th0: X10) (81) AP, =) Lo PV is the distributed loss in pipes do to friction9)8
ISt 2
P
Weak Solution Cooler N
, , ou . AP, =K2— is the localized loss (90)
My (Mo - 1) + Myeyec(Nainwse —Nar) =0 (82) 2

Tyo~Thee A e~ UpscMamec The friction factor A is determined by means of the equation

T T T _pow ex;{ C. K J (83) due to Churchill (1977), multiplied by factor 8 tonvert to a form

2 Twse arwsc - Tlairwse FwscitM suitable for Eq. (96) (89). For the pressure logsdbe exchangers,
calculations depend on the kind of exchanger, andvioether the

. _ QWSC flow is inside the tube or in the shell. The caaéfnts for pressure
Cruwsc = MxCP= (To=T,0) (84) losses in components and in lines, computed acuprth Kern
oo (1950), are reproduced in tTable 1. The evapowmdrthe generator
(NTU)". —(NTU)". =0 (85) are considered as large reservoirs with no presssse
wsc wsc ~

Table 1. Coefficients for pressure losses calculations in components and lines.

Component/Line Flow area fin | & /Dy >(L/Dy) 2(K)
Absorber 3,54e-03 0,002 1050 10,50
Ammonia sub-cooler — liquid side 8,55e-04 0,0026 225 3,35
Ammonia sub-cooler — vapor side 1,25e-03 0,00q18 5 86, 14
Condenser 4,05e-03 0,0020 1050 10,%0
Reflux Condenser - liquid side 3,32e-05 0,007 92,3 1,40
Reflux Condenser - vapor side 6,08e-03 0,0036 47,25 1,33
SHx — weak solution side 1,27e-04 0,0040 4677 20,00
SHx — strong solution side 4,36e-05 0,0067 7973 0@0
Weak solution cooler 8,55e-04 0,0020 1050 10,50
Line 1 1,14e-03 0,0013 32,65 0,85
Line2-6 1,27e-04 0,003¢ 1314,2 33,8
Line7-8 5,07e-04 0,002 472,52 254
Line 9 5,07e-04 0,0020 0,47 4,3
Line10-11 5,07e-04 0,0029 111,89 38,y
Line12-16 1,27e-0,4 0,0029 709,66 416
Line 17 1,14e-03 0,0013 25,85 0,49
Line 18 -21 1,27e-04 0,0029 551,82 22,p
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In general, heat and mass transfer
experimentally determined. For the ammonia subesoahd the
solution heat exchanger, the experimental set spphll the
necessary data for that estimation; for all othechangers,
experimental data were the basis for a theoretis@nation of their
coefficients.

Rodolfo Jesus R. Silverio and José Ricardo Figueiredo

coefficients ewenf other variables. A careful inspection of theteys may indicate

that n variables, renamegd and called effective variables, can be
strategically chosen so that the remaining N-n aldess, called
substitution variables, can be explicitly found Mmsing N-n
equations from the set. In other words, the wheleo$ physically

relevant variablesx can be determined by the narrower set of

Computation of the available evaporative NTU of theeffective variabley as a explicit functionx(y). This constitutes the

evaporative cooled exchangers, as expressed in(&js.(78) and
(87), required the estimation of the mass transfefficient K, ,
which was done according to Mizushigtaal. (1967), assuming that
water and air flow rates through each exchangepeamgortional to
its plane front surface. The estimate by Mizustenal. (1967) of
the external water film convective coefficient walso employed.
The internal convective heat transfer coefficieraswcalculated
according to the kind of exchanger: for the evafoeacondenser,
the equation presented by Shah (1979) was use@ribination
with the Dittus-Boelter relation (Incropera, 199@)r the film
convective heat transfer coefficient; for the wealution cooler and
the absorber, the Dittus-Boelter relation was usethe turbulent
case and the Sieder and Tate (Incropera, 1990}iequar laminar
flow inside the tubes.

Table 2 shows the heat transfer surface and tivaatst values
of the global heat transfer coefficient for eackhenger, as well as
the estimated mass transfer coefficients for threpexative cooled
exchangers used in the numerical simulation oktstem.

Table 2. Heat transfer surface, heat and mass transfer coefficients.

Unit A[m? | U [kW/mK] |K g [kg/nts]
Condenser 10 0.78 0.19
Absorber 8.75 0.39 0.19
Weak solution cooler 25 0.52 0.19
Evaporator 6 0.27
Ammonia sub-cooler 2.6 0.082
Solutions heat exchanger 7 0.63
Desorber 7.3 0.37
Reflux condenser 24 0.26

The Substitution-Newton-Raphson M ethod

According to the above model, the system to be esblis
formed by the equations (1) to (88), along with thermodynamic
state relations and the equations for the prestuaes and the heat
transfer coefficients. The solution algorithm isséa on the

Substitution part of the Substitution-Newton-Raphsoeethod. If a
set of guessed values is assigney, the complete set of variables
is determined by N-n equations that would be satisiwvithout
residuals, within the range of arithmetic preciswfnthe machine.
Applying x to the remaining n equations produces residhalsare
forced to vanish through the Newton-Raphson proeedoy
manipulating the effective variablgs

In the present problem, only ten effective variableere
required, namely fn,, Ts T Tis Tig, X0, Y2 X1g. P53 P} The
remaining variables of the set are explicitly cidoed as functions
of the effective variables through the equation®vab except
equations (64), (48), (76), (22), (05), (32), (58kK), (16) and (17).
The latter are the residual equations, which mestsatisfied by
means of the Newton-Raphson method. In other wotksir
residuals, represented below by a simplified fofrthe logarithmic
mean temperature differences (LMTD), must be fotoedanish by
manipulation of the effective variables through ewton-Raphson
code.

R[1] = NTU% —-NTUF (91)

R[2] = Q (UA)e LMTDe (92)

R[3] = NTU% - NTU? (93)

R[4] = Qrc (UA)rc LMTDgc (94)

R[5] = Q (UA), LMTDp (95)

R[6] = Qusc (UA)asc ATasc (96)

R[7] = Qstx (UA)spx LMTD sy (97)

R[8] = NTU%g. - NTU, (98)

R[9] = X, +M,Y, + (1= Uye)X,e = X, Y, (99)

R[10] = mrhr + mlhl + mle(l_ Ule)hlLe - m17h17 _mlahla (100)

Results

SubstitutionNewton-Raphson approach, explained in detail by Results from the steady-state simulation of théesysoperation

Figueiredoet al. (2002), and briefly resumed here.

Lets us consider the sparse non-linear systen®0, with N
equations and N variables. Because it is sparsey mguations can
be employed to express some of the variables diéXpnctions

418 / Vol. XXVIII, No. 4, October-December 2006

for an environment wet bulb temperature of 23@e most
representative in the regiprare presented in Table 3, showing the

internal thermodynamic parameters of the systenthik case, the
COP was computed as 0,45.
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Table 3. Simulated values and parameters.

Point Estate | m[kg/s] | P[bar] T[C] X Y z H[kJ/kg] [kI/kg]
1 \% 0,031 13,01 118,10 0,877 0,8779 1671,99
1b L 0,008 12,92 101,17 0,346[L 0,3461 249,16
la \% 0,029 12,92 99,54 0,9448 0,9448 1542,08
R L 0,008 12,73 40,00 0,7751 0,7731 25,98
2 \% 0,023 12,73 40,00 0,9994 0,9994 1317,33
3 L 0,023 11,71 30,13 0,9994 0,9994 142,00
4 L 0,023 11,71 30,13 0,9994 0,9994 142,00
5 L 0,023 10,97 10,96 0,9994 0,9994 50,73
6 M 0,023 2,45 -14,06 0,999 0,9999 0,99p4 50,73
7 \% 0,023 2,45 -11,46 0,9999 0,9999 1260,29
8 \% 0,023 2,16 29,08 0,9994 0,9994 1351,56
9 M 0,174 1,65 45,23 0,2927 0,9635 0,3469 119,35
10 L 0,174 1,45 31,71 0,3469 0,3469 -83,05
11 L 0,174 1,45 31,71 0,3469 0,3469 -83,05
12 L 0,174 13,91 31,87 0,3469 0,3469 -81,32
13 L 0,174 13,51 31,87 0,3469 0,3469 -81,32
14 L 0,174 13,12 51,47 0,3469 0,3469 12,79
15 L 0,174 13,12 51,47 0,3469 0,3469 12,79
16 M 0,174 12,73 102,73 0,340p 0,9368 0,3469 269,57
17 L 0,182 13,01 101,17 0,346[L 0,3461 249,16
18 L 0,151 13,01 118,10 0,2671L 0,2671 361,64
19 L 0,151 11,71 57,10 0,2671 0,2671 73,45
20 L 0,151 11,31 35,30 0,2671 0,2671 -31,38
21 L 0,151 1,65 35,49 0,2671 0,2671 -31,38

Table 4 shows a comparison between experimental and
simulated energy transfer rates and COP. Excephfopump, the
maximum error is under 10%, an indication of thigabglity of the
mathematical model. Although errors due to the mgs$ions on the

Table 4. Comparison between simulated and experimental data.

Parameterl Experimental Simulated Relative error [4

=

rectification efficiency and on the suction presswan not be Qe[kwW] 21,43 22,66 5,74

excluded, the differences between experiment amulilation are

attributed mainly to experimental uncertaintiesrtipalarly with Qolkw] 23,90 22,02 7,86

respect to the concentration, which was measurdieutly via Qu[kW] 3557 34.79 279

density and temperature. Punmerformance, in particular, was

affected by a short period of cavitation and dist@id pump Qo[kW] 51,42 49,58 3,55

volumetric efficiency after the defrost period, aese the high-

concentration solution temporally formed in the absr is not QrlkW] 15,75 16,18 2,66

sufficiently cooled — a consequence of the smaBodber heat QaclkW] 1,67 1,71 2,39

transfer area. This cavitation was not taken imieseration in the

model, accounting for the difference between sitedlaand QwsdkW] 17,71 16,06 9,10

experimental pump work values. Qe kW] 40,22 44,14 9,75
We[kW] 0,57 048 15,7
COP[%] 41,94 45,32 9,87
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Figure 2 gives a broad view of the external heatdfer rates of
the system, namely those of the condenser, theoestap, the
absorber and the desorber, when the ambient whtibuoiperature
varies from 20°C to 30°C. Figure 3 shows the cpoeding internal
heat transfer rates for the ammonia cooler, theitisol heat
exchanger and the reflux condenser. All the exteneat transfer
rates diminishes with the increased wet-bulb teatpee, in contrast
with the internal heat transfer rates, which araefiatted by the
external wet-bulb temperature.

- Evaporator
—#-Condenser
—4— Absorber

50
M‘\\,N\\:Desnrber
40

‘_\‘\—‘\.\‘\A\

EHTR [kW]
w
8

Twb

Figure 2. External heat transfer rates.

Although it is an external heat exchanger (exchamgdieat
directly with the surrounding air), the weak sabaticooler was
included in Fig. 3 to point out how close its heansfer rate is to
that of the reflux condenser, which shows that ehisr not heat
recovery from the rectification process.

50

40

—¢— Ammonia Cooler
-@- Soltion Heat Exchanger |—
—— Reflux Condenser
& Weak Sol. Cooler

@
3
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Figure 3. Internal heat transfer rates.
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Figure 4. COP variation with steam and wet bulb temperatures.
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Figure 5. COP variation with steam and wet bulb temperatures.

Figures 4 and 5 show the variation of the COP wé#pect to
the most relevant external parameters: ambient bukt-
temperature and heating vapor temperature. Thgsee§ indicate
that, for the present evaporative cooled absorptgstem, the
coefficient of performance has a greater dependemcambient
wet-bulb temperature than on steam temperature.

An examination of the actual temperatures of th&@ecyevealed
that the absorption temperature is high, and leedsa poor
performance of the absorption process. This suggleat the system
performance could be considerably enhanced byasorg the heat
and mass transfer surface of the absorber. Thisothgpis is
investigated with help of the mathematical model §teady-state
operation by a comparison of different design ojaation paths by
varying the UA values of the main heat exchangen® result can
be seen in Figure 7, which shows the variatiorhefrhachine COP
with respect to the UA values of different exchasgé&eeping the
remaining UA values unchanged in each case. Thersy€OP is
significantly worsened with the decrease of UA ealibelow the
design point, whereas improvement is small when Hues
increase above the design point, except for therabs UA value,
for which an increase of 20% leads to a considerahprovement
of about 10% in system COP, and an increase of ¥2is to a
15% rise in system COP.
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Figure 7. Variation of system COP with the relative UA values.

Conclusion

The mean conditions of operation of an evaporativeled
water-ammonia absorption system used for scalprimguction was
simulated by a steady-state model, and the maimtdgarameters
were compared with the respective values obtaineom f
experimental mean values, showing good agreement.
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Steady State Simulation of the Operation of an Evaporative Cooled Water-Ammonia

The Successive-Newton-Raphson approach was suaessf
applied to the solution of a nonlinear system witbre than 100
equations that constitute the mathematical modegstitally
reducing the dimension of the equations systemOtceduations,
which were then easily solved by the Newton-Raphegorithm.
Another important advantage of this approach, @agrly in
systems with a pronounced nonlinear behavior sgctha water-
ammonia  system, is the reduced number of variabdese
estimated initially, thus improving the condition$ convergence
process.

The mathematical model has revealed that the effoyi of the
absorption system could be improved by increasimg dbsorber
heat transfer area. An increase of about 40% inhtte transfer
surface of the absorber could improve the systenf ®® about
15%.
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