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ABSTRACT

Various researchers have developed models of conventional H,O-LiBr absorption
machines with the aim of predicting their performance. In this paper, the methodology of
characteristic equations developed by Hellmann et al. (1998) is applied. This model is able
to represent the capacity of single effect absorption chillers and heat pumps by means of
simple algebraic equations. An extended characteristic equation based on a characteristic
temperature difference has been obtained, considering the facility features. As a result, it is
concluded that for adiabatic absorbers a subcooling temperature must be specified. The
effect of evaporator overflow has been characterized. Its influence on cooling capacity has
been included in the extended characteristic equation. Taking into account the particular
design and operation features, a good agreement between experimental performance data
and those obtained through the extended characteristic equation has been achieved at off-
design operation. This allows its use for simulation and control purposes.

Extension d’une équation caractéristique aux refroidisseurs a
absorption munis d’absorbeurs adiabatiques

Mots clés : Absorption ; Bromure de lithium ; Différence de température ; Eau glacée ; Conditionnement d’air

1. Introduction

dispersing the weak solution inside an adiabatic chamber,
extracting the absorption heat downstream using a compact

Today’s research about absorption systems includes the
development of new machines, models to analyze and/or
predict the performance of the chiller, and technologies for
improving the heat and mass transfer processes. In this
respect, adiabatic absorption is being investigated with the
aim of developing compactness and efficiency. It consists on

heat exchanger. As a result, the heat and mass transfer
processes are separated into two different apparatuses (Fig. 1).

Experimental and theoretical studies concerning adiabatic
absorption include the works performed by Ryan (1994), Ryan
et al. (1995), Summerer et al. (1997); among others. Venegas
et al. (2004, 2005) and Arzoz et al. (2005) offer a summary



Nomenclature

Variables

B Diihring coefficient

COP coefficient of performance

¢ specific heat capacity of a liquid (k] kg™' K™%

¥ correction factor for plate heat exchangers

h enthalpy (k] kg™")

K ratio of enthalpy difference

LiBr lithium bromide

m mass flow rate (kgh %)

Np number of plates

P pressure (Pa)

Q thermal power (kW)

RR recirculation ratio, RR = ——

Myeak

s characteristic parameter (kW K~

t temperature, external heat carrier (°C)

T temperature, internal process (°C)

u measuring uncertainty

UA overall heat transfer coefficient (kW K™")

X concentration, mass/solution mass

X measured variable

z real driving temperature difference divided by the
difference of the arithmetic mean temperature
difference of hot and cold fluid

Subscripts

A absorber, absorption

€, condenser, condensation
ch chilled

E evaporator, evaporation
eq equilibrium

G generator, generation
hex solution heat exchanger
i inlet

I ideal

1 liquid

Im logarithmic mean

o outlet

of overflow

T recirculation

ref refrigerant

v vapor

w water

Greek letters

@, 8, 4, v characteristic equation parameters

n efficiency

ATim logarithmic mean temperature difference

about those works. The literature review about recent publi-
cations in the field of adiabatic absorption using aqueous LiBr
or lithium-based liquid absorbents is presented by Gutiérrez-
Urueta et al. (2011). This includes the works reported by
Warnakulasuriya and Worek (2006), Elperin et al. (2007) and
Wang et al. (2007).

In another field of investigations, various researchers have
developed models of conventional LiBr—H,0O absorption
machines with the aim of predicting their performance. The
effect of several operating variables or conditions on the
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Fig. 1 — Flow diagram of the test rig, showing sensor
positions.

functioning of the absorption refrigeration system is
a common objective in the papers by Hellmann et al. (1998),
Joudi and Lafta (2001), Florides et al. (2003), among others.
We want to use the model developed by Hellmann et al.
(1998), which is able to represent both the capacity and the
COP of single effect absorption chillers and heat pumps by
means of simple algebraic equations. These equations are
expressed as a function of the so called characteristic
temperature difference, which depends on the average
temperature of the external heat carrier fluids, and a param-
eter representing the slope of an average solution isostere in
the Dithring chart, B:

QE =S AAL— “'Qluss (1)
With
AAL = tG tA B (tc t]:) (2)

Based on the mentioned work (Hellmann et al., 1998),
cooling capacity is analyzed in this paper in terms of the
characteristic temperature difference AAt. Previous works
(Albers and Ziegler, 2005 and Kiihn and Ziegler, 2005)
illustrate the use of AAt to analyze and predict the off-
design performance of chillers with a diabatic absorber,
meaning simultaneous absorption and cooling. In this
paper, an extended version of the characteristic equation
model has been developed and adapted to the features of
the facility shown in Fig. 1. The adjustment of both the
original and extended model to the data is presented for
such particular equipment configuration that highlights the
extended part.



2. Experimental setup

Fig. 1 shows a diagram of the experimental setup. It consists of
a single effect absorption cooling system, which incorporates
plate heat exchangers (generator, condenser, subcooler and
solution heat exchanger), two fin-coiled evaporators and the
adiabatic absorber as main components. The evaporated
refrigerant is absorbed by a flow of sub-cooled solution that is
appropriately distributed inside the absorption chamber. The
absorption heat is stored in the resulting solution and subse-
quently removed in a plate heat exchanger (subcooler). Both
the solution coming from the generator Msyong and the recir-
culated solution 1, flow inside the absorber forming droplets
or fan sheets. The experimental setup configuration, the data
acquisition system, the experimental uncertainty analysis and
the experimental procedure were described in detail in other
publication (Gutiérrez-Urueta et al., 2011). Table 1 shows the
characteristics of all sensors used in the experimental facility.

3. Operational parameters

In the following, the operational parameters used in the
subsequent sections are defined.

The cooling capacity of the two evaporators at each side of
the absorber, calculated through an energy balance on the
external flow (Fig. 2) is:

- tchw,o) (3)

The maximum cooling capacity, obtained if the entire
refrigerant was evaporated, can be expressed as follows (see
Fig. 2):

Qchw = mchwcw (tchw.i

Qypf — mmf' (huF. . hi["} (4)

With ri,.r obtained from a mass balance in the generator:

mref = mweak = iq.'15t.t'mf1g, (5)

Egs.(3) and (4) are compared in order to evaluate the quantity
of evaporated refrigerant, and therefore the performance of
evaporators—absorber combination. The evaluation of the
cooling capacity of this facility in a previous work (Gutiérrez-
Urueta et al,, 2011) indicates evidence of refrigerant overflow
on the evaporators. The fraction of refrigerant not evaporated,

Table 1 — Sensors used in the experimental test rig and
the correspondent measurement uncertainty.

Sensor type Quantity Range Uncertainty

Thermocouple 30 5-110°C +(0.2K-0.6K)

Solution flow and 2 150-400kgh '  +0.5%
density meter

0il flowmeter 1 1000-36001h~"  +£3.1%

Cooling water 2 1200-1500 kg h™? 11.1%
flowmeters

Recirculated solution 1 200-1000kgh ! +1.3%
flowmeters

Fan coil flowmeters 2 400-600kgh™" +07%

Pressure sensors 4 7—130 mbar +(1.8-3) %
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Fig. 2 — Control volume of evaporator (dashed lines).

named th,r, gives rise to aloss in refrigeration power, Q.¢, which
may be obtained by subtracting Egs. (4) and (3):
Qof = Mg+ (hur — hiz) {6)

Then, the energy balance in the evaporators, is expressed in
a general way as:

QF. = mr&l g (huE hit} an {7)

Using this expression, the evaporator overflow is then
included in the analysis.
The solution heat exchanger efficiency ne, is defined as
the ratio of the actual heat transfer to the maximum possible
heat transfer for the given inlet conditions.

Mhex = % {8)
Qmax

With

O.‘m:-x S (mcp) cold (Tweak,o Tweak.i) =3 (mcp)hot (Tsuung.i Tsuung,u} {9)

Qmux - (mcp)mm (Tstror:q,l' - Twuuk.ir:) {10)

The logarithmic mean temperature difference is given as
(Incropera, 1996):

AT, — AT,

AT, = 11
™ T In(AT, /ATy) &
For counterflow exchanger:

ATy = Thotj — Teoldo

? 4 12

AT? = Thm,n =4 Tcold.i { )

4. Description of heat and mass transfer

processes in components

The main aspects of the heat and mass transfer processes in
each component will be described next. Each aspect
mentioned in this section is relevant to adapt the character-
istic equations to this kind of machines.

The subscript “I” corresponds to ideal conditions, given by
the average temperature of an ideal diabatic absorption
process in equilibrium at the corresponding pressure.

For the later explanations, it is important to take into
account that the use of a plate heat exchanger leads to apply
a correction factor, F, if the number of plates is less than about



50. F is a function of the number of transfer units, NTU and of
the number of plates. It takes into account that the two end
plates of the heat exchanger transfer heat only by one of its
sides, e.g. (Hewitt, 1998).

4.1. Absorber

Fig. 3 shows the control volume corresponding to the
absorber.

Relevant aspects to be considered for the analysis of this
component are listed in the following.

- In order to apply the characteristic equation methodology,
the subcooler has been included inside the control volume
since both heat and mass transfer processes have to be
considered. Thus, interactions with the outside will include
the same concepts existing in a diabatic absorber: heat
transfer (both from the subcooler Q, and losses to the
environment Qyu,4), as well as input and output enthalpy
flows corresponding to strong solution, refrigerant, and
weak solution. For machines equipped with a solution
recirculation pump, the work done on the solution should
be included in the control volume also.

- The half part of the solution heat exchanger, corresponding
to the strong solution, has been included in the control
volume of the absorber for compatibility with the method-
ology presented by Hellmann et al. (1998).

- Two adiabatic absorption processes, corresponding to
strong and recirculated solution streams, are noted in Fig. 3
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Fig. 3 — Control volume of absorber (dashed lines).

as “A;” and “A,"” respectively. The solution temperature
corresponding to strong and recirculated streams, T,; and
Ts, respectively, increases slightly while their concentration
of salt decreases during the absorption processes A, and A,.
Finally, the solution from both A, and A, drops into the pool,
where it mixes up, to be pumped to the subcooler and the
generator in parallel.

- The value of solution temperature at absorber outlet, Ta,, iS
considered as the same as that at subcooler entry, Ts; .This
has been experimentally verified in this work and it means
that the increase of temperature produced by the pump is
insignificant and not perceptible with the instrumentation
used.

- The mean value of the temperature of inlet and outlet of
the weak solution temperature in the subcooler is named
TAsub~

- The heat transfer process takes place only in the subcooler.
S0, Tasup represents the internal fluid temperature T,

T T.
T, =2l T, (13)

- The difference between Tasup and Ta; is named “absorber
subcooling” (AT,). It indicates the difference in mean solu-
tion temperature between the heat transfer process which
takes place in a diabatic absorber (supposed to work under
saturated conditions) and the one that occurs in an adia-
batic absorber (where the heat transfer takes place far from
saturated conditions).

- The heat transmission parameter UA, is obtained from the
evaluation of the heat transfer rate using the logarithmic
mean temperature difference and a correction factor F,, Eq.
(14).

Qu = UAn ATjma Fa (14)

For the calculation of ATy, Egs. (11) and (12) are applied,
with the diluted solution and cooling water as hot and cold
fluids, respectively, in the subcooler.

Thermal losses from the subcooler to the ambient are
calculated as a part of Q4.

- External fluid temperature t, is defined as:

t tow,i
th = cw,o‘zi’ cw,i (15)

- The mass balance in the absorber is given by Eq. (16),
according to Fig. 3:

mweak - mstrong = mvl + va + mo 1+ mon (16)
The subscripts 1 and 2 designate evaporator 1 and 2,

respectively.

- The energy balance in the absorber is given by Eq. (17):

QA = (mvl + va) ‘hvE + (mofl + mon) ‘hIE + mstrong‘hstrong
- mweak ‘hweak - Qhex - QlossA (17)

Thermal loss to the environment Q.. is evaluated for the
reason that the absorber shell exchanges heat with the



environment, because the walls are in contact with the solu-
tion (which is hot after the absorption process). This is due to
the splash from both the nozzle and the solution pool at the
bottom. Mean values of temperatures measured at left and
right side of the absorber is 41 °C. The ambient temperature
ranges from 18 °C to 27 °C with a mean value of 23 °C. The loss
is the order of 5% of the thermal power of the subcooler Q,,
being this case favorable for the operation of the subcooler.

4.2, Generator

Fig. 4 shows the control volume corresponding to the
generator.

Relevant aspects to be considered for the analysis of this
component are listed in the following,

- The separator has been included inside the control volume
since refrigerant separation continues in the route from the
generator outlet to the separator outlet. Interactions with
the outside are similar to those existing in a conventional

diabatic absorption chiller: heat (both from the generator Q.

and losses to the environment Qyuc), input and output

enthalpy flows corresponding to strong solution, refrigerant
and weak solution.

The half of the solution heat exchanger corresponding to

the weak solution has been included in the control volume

of the generator for compatibility with the methodology

presented by Hellmann et al. (1998).

- The weak solution enters the generator at a sub-cooled
condition, Tg;, depending on solution heat exchanger effi-
ciency, Eq. (8).

- Due to the pressure drop in the generator channels by fric-
tion, acceleration and gravity, superheated condition of
vaporispresentin partofthe plateheatexchanger generator.

- The mean value of inlet and outlet solution temperature in

the generator (Tg; and Tg,) 1s named Tgeyp.

The difference between Tgq and Ty is named “generator

subcooling”. This quantity is smaller when the solution heat

exchanger efficiency is higher.
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Fig. 5 — Control volume of condenser.

- The heat transmission UA, is obtained from the evaluation
of the heat transfer rate using the logarithmic mean
temperature difference and a correction factor Fg, Eq. (18):

Qg = UAg - ATimg - Fo. (18)

The term ATy is estimated according to Egs. (11) and (12),
with the thermal oil and the solution as hot and cold fluids,
respectively, in the generator.

- Downstream the exit of the heat exchanger, an adiabatic
zone for vapor separation results in almost saturated
condition, when the condenser pressure is attained in the
droplets separator vessel.

- The heat transfer process takes place between Tg; and Te,
So, Tgsub represents the internal fluid temperature:

_ Toi + Teo

T(, 9 - TGsub {19)

- External fluid temperature t; is defined as:

Loiti + toilo

6= 5 (20)

- The mass balance in the generator is given by Eq. {21),
according to Fig. 5:

idqwenl( = ms[rong = mref {21)

- The energy balance in the generator is expressed as:

O.G = m:e[ & h-UG | msL!ung % hsuoug mweak £ hweak thx | Q.]nr\qﬁ {22)

A model of the heat transfer losses to the ambient evaluates
the thermal losses to the environment Q... They represent
as average value 8% of the generation power Q.



4.3. Evaporator

Fig. 2 shows the control volume corresponding to the evapo-
rator. As can be seen, the refrigerant distributor is considered
as a component inside this control volume.

Relevant aspects to be considered are:

- The “overflow"rny, is considered in this evaporator scheme
as a flow rate of non-evaporated refrigerant directly to the
pool of the absorber as a consequence of an undesirable
saturation of its evaporation capacity, leading to a loss of
cooling capacity. In Kim and Infante Ferreira (2008) this
situation is explained, as well as in other papers cited in this
work.

- As both evaporators and the absorber are located in the
same vessel, the refrigerant saturation temperature Tg
corresponds to absorber pressure P,.

- Thermal input from the ambient to the evaporators can be
considered negligible because of its location within the low
pressure shell next to the absorber. Evaporators external
walls are not wetted by the refrigerant, in contrast to the
case of the absorber walls, wetted by the solution. Addi-
tionally, the evaporators are insulated from the absorber
radiation heat through a double metallic flat plate, acting as
a radiation shield. Radiation heat from the ambient to the
evaporators can reach around 1.4% considering the ambient
and evaporation temperatures (the mean value of evapo-
ration temperature is 5 °C), so this loss can also be consid-
ered negligible for the purposes of this analysis.

- External fluid temperature tg; is defined for each evaporator
as:

Lt Tohwo
£y, = et T oo (23)

2
In order to calculate tg, the mean value of tg; and tg; {cor-
responding to each evaporator) is used.

- The mass balance in the evaporators is given by Eq. {24),
according to Fig. 2:

irl.'1)'61’ — mTEﬁ + irh‘refp {24)

The terms on the right side of Eq. (24) correspond to the
distribution of refrigerant on both evaporators (Gutiérrez-
Urueta et al., 2011).

In each evaporator there will be an evaporated (used) and
not evaporated (overflow) part of refrigerant:

mref;l = mu;l } muh {25)

Myer, = My, + My, (26)

where m,, and m,; designates the evaporated refrigerant.

Regarding the refrigerant mass flow rate that is not evap-
orated, an evaporator efficiency »; is expressed as:
mu _ mref _mnf =l mﬂf

N == g
Myef Myef Myef

(27)

This is different from the heat exchanger efficiency. It
depends on the absorber performance as well.

- The energy balance in the evaporators is given by Eq. (7).

- Itis necessary to estimate a mean UAg for both evaporators.
Values of UAg and ATy, are estimated by using the following
equation system:

Qe = Qe + Qe = UArt ATy + UAgz-ATims (28)

Q; = UAp ATz (29)
From Eqs. (28) and (29):

ATy = ATIMI% =+ AT!mZ&

UA. (30)

If one of the evaporators does not receive any refrigerant
due to a bad distribution, there is no heat exchange wet area
(Ag; = 0), and the temperature difference AT, is not defined.
In those cases, UAg and AT, would be corresponding to the
one evaporator that receives the refrigerant.

As a first rough estimate it is assumed that UA; depends on
the received refrigerant mass flow rate. Therefore, ATy, can
be approximated as:

my m
AT i = KT ;‘1““:“‘ +ATj, “’”‘“:'-’d (31)
re! rel
with . .
(M€ *AT) g0 (mcp AT)
Myefy = and Myefs (32)

wed = (M) wd = " (hr — hig)

4.4. Condenser

Fig. 5 shows the control volume corresponding to the
condenser.

- The energy balance in the condenser is expressed as:
QC = mref' (huC th) (33)

- Vapor is entering at the superheated condition.

- The refrigerant saturation temperature Tg corresponds to
the inlet condenser pressure Pe.

- The external fluid temperature t. is calculated as the mean
value of inlet and outlet cooling water temperature:

tewi + tewo
te = 34
C 2 (. )
- UAcis obtained from the evaluation of the heat transfer rate
using the logarithmic mean temperature difference and
a correction factor F, Eq. (35):
Qc = UAc-ATinc-Fc (35)

For the estimation of ATy, Eqgs. (11) and (12) are used, with the

vapor and the cooling water as hot and cold fluids, respec-

tively, in the condenser. In this case, the saturation temper-

ature corresponding to the inlet condenser pressure P is

considered for the vapor side.

- Heat loss of the condenser can be neglected because of its
temperature being near to the ambient (24 °C as mean
value).



In order to illustrate the important ideas explained in the
previous subsections, about the heat and mass transfer process
in the components, Fig. 6 is presented. This scheme shows the
solution cycle layout of the refrigerant vapor pressure against
boiling temperature (InP-1/T diagram), in a schematic way. In
this paper, we understand the pressure to be the equilibrium
pressure corresponding to the temperature and composition of
the solution. It is not equal to the pressure which exists in the
vessel. As already commented, the subscript “I” corresponds to
ideal diabatic conditions. In this way, T, and T, represent the
average value of the equilibrium temperatures of the strongand
the weak solution in the absorber and the generator, respec-
tively, at the corresponding pressures.

The adiabatic absorption processes, described in Section
4.1, “A,” and “A;” are represented in this figure. The inlet
temperature of both strong and recirculated streams, Tx; and
Ts, and their slight change, due to the absorption processes A,
and A,, are indicated by points “a,” and “a,”. Downstream, the
solution from both A; and A; drops into the pool, where it
mixes up to the conditions of temperature and concentration
of pointS. The point S, isnearer to the state of point a, than that
of a; because the recirculated solution mass flow rate m;, is at
least1.5timeshigher than the concentrated solution mass flow
rate iswong. The value of solution temperature at absorber
outlet, Ta,, is considered as the same as that at subcooler entry,
Ts; (point Sin Fig. 3). The heattransfer process (HT) occursin the
subcooler, with the mean solution temperature T asu, as well as
the subcooling condition AT, represented here.

The concentration measured at absorber outlet corre-
sponds to Xy.ak- The ultimate equilibrium concentration X.q
corresponds to the concentration of the diluted solution when
the solution is brought to equilibrium adiabatically. The esti-
mation of X, is explained in previous works (Gutiérrez-
Urueta et al., 2011; Ventas et al.,, 2010).

The generation process is represented as follows: the heat
transfer process (HT) occurs between the inlet and outlet
solution temperature Tg; and Tg,. The condition of the solu-
tion at the generator exit is represented by point “g” in Fig. 6.
The saturated condition and the “generator subcooling”
indicated as Tgep o and ATg, respectively.

are

=)
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Fig. 6 — Schematic diagram of solution cycle in the
adiabatic absorber on the InP-1/T diagram.

5. Extension of the characteristic equation

With the aim to implement a model which is able to predict the
cooling capacity obtained for a wide range of operating condi-
tions, the characteristic equation model for the described
adiabatic absorption system has been investigated. It includes
the specific features of both the design and the operation,
which have been outlined in Section 4; mainly: plate heat
exchangers, two evaporators, evaporator overflow and
absorber subcooling. In the following, the procedure to adapt
the characteristic equation to such features is presented.

Following the analysis developed by Hellmann et al. (1998),
the energy fluxes corresponding to each component are
expressed as a function of the difference between external
and internal temperatures:

‘ti_Ti| ii:E}C}A}G'

As already explained, the feature of plate heat exchangersis
considered by including the correction factor F.

Ql’f = UA(:'Z(:'(T(: — t{:)'FC

Qu =UAa-24 (Ta —ta) Fa
. (36)
Qi = UAg-26{tc — Ts) Fo

Qp = UAp-ze (Te —te)

The correction factor for the case of the evaporator is
neglected, taking into account that the temperature of one of
the fluids remains constant.

The terms z;, Eq. (37) represents the correction needed
because of considering |tj — T;| instead of the logarithmic
temperature difference AT, ; in the energy balance, as is done
by Hellmann et al. (1998). Mean values of this factor were 0.9 for
the generator, 0.8 for both condenser and subcooler and 0.7 for
the case of the evaporator. The size of the correction depends
on the different heat capacities m-C, of the flows involved.

AT

- &

It is a property of the working pairs that the difference
between generator and absorber temperatures, Tg — Ta, is
proportional to the difference of the condenser and evapo-
rator temperature Te — Tg. The proportionality factor, B, in
very good approximation depends on the average solution
concentration only:

To—Ta—B-(Te—Te}=0 (38)

The following analysis allows considering the absorber
subcooling in the adaptation to the characteristic equation:
The parameter B in Eq. (38) is the isostere slope in a Dithring
diagram for an average solution concentration. T; and T, are
generally considered as T, and Ty, (Fig. 3) respectively. But as
previously explained, those are not the characteristics
temperatures for the real heat transfer processes due to sub-
cooling, which are Tgeun @nd Tasus. Then, a definition of an
apparent value of B, named B,,,;, is necessary to satisfy Eq. {38):

TGsub TAsub {39)

Bsyp =————
sub Tr=Tx



This parameter can be related with B:

Bsup =B + 7’32 — ?:“ (40)
where, due to the characteristic subcooling process of the
adiabatic absorbers, AT, is the most relevant contribution.
For a diabatic absorber, the four temperatures Tg, Ta, Tc
and Tg must be related to each other when applying the
characteristic equation. In adiabatic absorbers, at least AT,
must also be specified. Additionally, no matter what type of
absorber is used, n,e, should be specified to calculate ATg.
Combining Eqs. (36) and (38):

QG 4+ QA + Bsub* QC + QE
UAg 26-Fg  UAas'Za Fa UAc-z¢-Fe  UAp -z
=1t; —ta — Baw(tc — tr) = AAL (41)

In order to express Q., Q, and Q. as a function of Q;, the
above equations are combined with the energy balance for the
rest of the components (deduced previously in Section 4):As
a result:

T R
Qe = Moz — i) (QL * Qof) =

hv. e hs.mn , - - .
( (;EUE 7 rhl(_')gr) 2 (QF += Qof) + Myealk (hsrmngﬂ = hweak/\)

Qi — D=t
=KaQp +Quj'(KA = 1) + Quogs —
(huc hstrongb)
(hl.d: h]C)

Qhex I Q‘Jnssﬁ
=K (QE. + an’) 1 Qinss + Qlossu (42)

K((QL+QDI)

Q, =

Qiossa

Q = (Qe + Qug) + ueai: (Msronge: — haeain)

Ratios of enthalpies differences, K., K4 and K, are assumed
to be constant, as a good approximation.

According to Hellmann et al. (1998), Q). is an equivalent
for the solution heat exchanger internal loss, ie. the heat
required in the generator for heating, and rejected in the
absorber for cooling the solution to the appropriate internal
equilibrium temperature. Although this is an approximation
(Albers and Ziegler, 2009) in this paper the assumption is
preserved.

Combining Eqs (41) and (42) results in:

Qp = S-AAt — & Quoss — Qo + 6 4 (43)

AAtis calculated according to Eq. (2) with using Bs,p, instead
of B.
The characteristic parameters (s, «, 5, and i) aredefined as

1
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f=s- Ka—1 Bsup K¢ {44)
UAG 2o Fo T URp-za Fa | Uhg 2 To
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The parameters B,5 and » are new terms added to the orig-
inal characteristic equation. Such parameters appear because
of the effects of both overflow and thermal losses in the
absorber and generator, respectively, giving a higher precision
in the prediction of performance.

Section 6 shows results of this extension of the character-
istic equation model for all the experimental points obtained.

6. Results and discussion
6.1. Extended characteristic equation

Fig. 7b illustrates the comparison of the experimental and
predicted cooling capacity Qg, obtained by applying the
characteristic equation model using “B” instead of “B,,” and
B,8 and A. The need of including the subcooling effects on B is
revealed by the comparison with Fig. 7a. In this case Q; was
obtained through the extended characteristic equation. The
parameter B, varies from 1.16 to 1.65. Regarding Eq. {40), the
contribution of the term AT, ranges from 10 K to 28 K, with an
average value of 20 K in the operating conditions tested. The
term ATg ranges from 2 K to 5.2 K with an average value of

a
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Fig. 7 — Comparison of cooling capacity obtained trough
extended characteristic equation, Q;, with experimental
data Q- (3) Results using Bgy,,. The 95% confidence
interval is shown. (b) Results using B.



3.5 K, for a solution heat exchanger efficiency ., = 0.65, Eq.
(8). The ranges of the correction factors Fa, Fs and F¢ are:
0.93 < Fa < 0.97; 0.95 < Fs < 0.98 and 0.82 < F- < 0.83. The
observed agreement is good and deviations are in the range of
the overall uncertainty in the measured parameters.

The effect of overflow on Q; is presented in Fig. 8a. Obvi-
ously, as the fraction of non-evaporated refrigerant
increases, Q; decreases. The data corresponding to low and
high overflow mass flow rate (my <04 and my > 1.2) is
shown separately in the characteristic plot (Fig. 8b) for
different solution mass flow rates. The ideal linear behavior of
the data when the overflow is almost null is manifested.

6.2.  Cooling capacity

The influence of AAt on cooling capacity was analyzed for 280
experimental points, using By, Fig. 9 shows the performance
parameters obtained for two methods of dispersing the solu-
tion: a spray producing droplets and one producing fan sheets,
as a function of the characteristic temperature difference AAt
with a fixed recirculation ratio RR and weak solution mass
flow rate Myeqx. It can be noticed that Q,; {(maximum cooling
capacity) representing the design conditions follows a linear
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Fig. 8 — (a) Effect of evaporators’ efficiency over the
characteristic parameters. (b) Characteristics plot
corresponding to low and high overflow mass flow rate for
different solution mass flow rates.
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Fig. 9 — Cooling capacity vs. AAt. (a) Falling drops, Myeak is
fixed at 300 kg h™"! and RR = 1.9. (b) Fan sheets, M is
fixed at 120 kg h~* and RR = 2.9.

behavior, increasing when AAt increases. However, the
measured actual cooling capacity is much less {Fig. 9b) and
even drops off (Fig. 9a). This behavior was found similar for all
values of Mye.,. The average loss in cooling capacity due to
overflow obtained corresponds to 52% of Q,., which is man-
ifested by the difference between Q. and Q.. Previous
works have also reported a similar behavior in the evaporator
of some conventional absorption chillers such as Yazaki WFC-
10, e.g. (Albers and Ziegler, 2005). The evaporators perfor-
mance loss causes the maximum value observed for Qg,, in
Fig. 9. This is also discussed in Kim and Infante Ferreira (2008).
The comparison of the two types of absorbers (liquid sheets
and droplets as solution spreading mechanisms in the
absorber) is discussed in a previous work (Gutiérrez-Urueta
et al., 2011), which shows that the liquid sheet has shown
better performance parameters than the droplet spray for this
working solution. But it can be observed thatindependently of
the configuration used for spreading the solution inside the
absorber, the loss in cooling capacity due to the effect of the
overflow is observed in both cases.

Due to its simplicity, this extended characteristic equation
method can be applied in cases where the adiabatic absorp-
tion system needs to be simulated as part of a complete



integrated system. The use of two algebraic equations to
predict the part load behavior of the chiller eludes the
necessity for extensive numerical simulation of the internal
thermodynamic cycle, as commented by Hellmann et al
(1998).

The present work implements an extended model of the
characteristic equation to adiabatic absorbers with subcooling,
adding typical off-design operation parameters like the over-
flow. It also adds the observed effect of an excess of tempera-
ture, superheating, in boiling generators, such as plate heat
exchangers based ones. This makes the model useful for
purposes of operation and control of these machines and for
avoiding not desirable or less efficient operating conditions.

7. Conclusions

The characteristic equation has been adapted to a specially
designed single effect H,O—LiBr absorption chiller and it has
been applied for the experimental evaluation of the chiller
performances.

An extension of the characteristic equation method to
adiabatic absorption has been developed. For adiabatic
absorbers, a subcooling temperature must be specified.

The effect of evaporator overflow has also been charac-
terized. Its influence on the cooling capacity Q; has been
included in the extended characteristic equation.

Taking into account the particular design and operational
features, a good agreement between experimental cooling
capacity and those obtained through the extended charac-
teristic equation has been achieved at off-design operation.
This allows its use for simulation and control purposes.
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