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ABSTRACT

A modular, steady—state modal for the simulatiom of absorption heat pumps (ABP) is presented.
The model is based on detailad mass and epergy balances and heat and mass transfer relatiom=
ghips for components of the cycle and is applied to a prototype AHP and compared with experi-
mental data. The qualitative behavior of the simulated COP and system temperatures,
compositions, and heat £lows gemerally agrees with experimental results. The usafulnaess of the
podel in design scudies is demonstrated by a factorial analysis investigating the sensitivity
of the AHP to changes in design parameters. .

INTRODU K -

The absorption hest pump (AHP) is a type of heat—driven heat pump, which, through reversible
absorption procasses, utilizes the thermodynamic availability of a high temperature heat input
to extract heat from a lovw tamperature SOuEca and upgrade its temperatures to a useful level.
While the absorption cycle has most commonly besn used for refrigeration or air conditioning,
it cap alsc be used for heating. Ima fual=fired heating application, an ABP can achieve a
heating coefficiaent of performance grs8ater than one, thus improving ou the efficiency of an
advanced condensing furnace. (The hesgting COP is defined as the ratio of the ugseful heat
delivered to the load to the High temperature heat input to the cycle.)

Historically, absorption machines have been dasigned more by a combination of art and cut-
and=try methods than scientific analysis. While succagsful AHPs have resulted from these
traditional methods, their performance ecould almost certainly be improved by a detailed
component and cycle analysis.

A number of absorption heat pump models have been prasented in the litarature; several of
these are sufficiently decailed to warraat mention. KRoenmig et al. (1971) have carried ocut an
analysis of a gas—fired ammonia=water absorption chiller by wpiting mass and energy balances
and heat transfer relationships for each component in the cyele. The solution was carried out
by iterating between compounents in a fixed order aund required several agsumptions ef system

states (e.g., constant subcooling leaving the condenser).

A steady—stace AHP simulation model has been daveloped by Muephy and Allen (1982) as part

.0f a larger program to develop an AHF using organic working fluids. The general nature of the

model is similar to thac of Koenig's, except that the values of three system scatas (e.g., weak

absorbent composition) were imput for each set of tast conditions. The heat exchange processes

were trested with comatant hest transfer coefficients or by assuming comstant heat exchanger

:ifec:ivenesa. The results predicted by this model were in good agreement with experimental
ta.

Anand et al. (1982) have modeled the transient behavior of a lithium bromide-water chiller
including the transient hydrodynamic processes in the varicus componants. This model was used
to study the time constants associated with chiller start=up.
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Vliet et al. (1981, 1982) have modeled a double=effect lithium bromide=water absorption
chiller, Heat transfer coefficients are calculated from correlations or scaled as a fumctiom
of flow rate for most of the heat exchangers. This model was used in a parametric study of
design and operating variables. In this model, a single main program specifies the components
present, the order of iteration batween compomnents, many of the component balances and, in some
cases, ipitial guesses for stream conditions. :

To varying degrees, the AHP modals presented in the literature fall short of the goal of a
flexible, genmeral model, which would allow the simulatiom of a variety of system configurations
and refrigerant-absorbent pairs. To simulata a machine that has not been built and to be fully
useful in design studies, a modal should require only design data as input. Assumptions of
conditions (such as quality or approach to equilibrium) at certaia points in the cycle or the
input of system statas oftan requira tast data or experience with similar machinas. While a
given assumption may be applicable for a givenm machine under normal operating conditions, it
may not be trus for all posaible conditions or sets of componant parameters. Although a major
use of simulation is to study machines or configurations that have not been built, a simulation
modal should be validated against axperimental data.

The primary objective of this work was to develop tha capability to model absorption heat
pumps in some detail, making as few assumptions regarding system statas as practical. While an
effort was made to develop a general, flexible modal, a secondary objective was to model a
particular absorption heat pump and compare simulatiom and experimental rasults.

SYSTEM DESCR ON

The absorption heat pump considered in this work was a prototype developed by an American
manufacturer under government sponsorship. It is a gas-fired, heating=only, air-toewater heat
pump and has bean dascribed by Kuhlenschmidt and Marrick (1983). The unit is sized for a
rasidential application and, excspt for the load heat exchanger and its asgociated circulating
pump, is contained in a single cabinet that would be located outsida.

The heat pump utilizes aa ammonia=vatar absorption cycle as shown in Figure 1. In the
genarator, dizact firing by natural gas boils the weak absorbent returning from the absorber
producing refrigerant vapor and strong absorbent. (The tarms strong and weak absorbent rafer
to the affinity to absorb refrigerant.) The absorbent streams entering and leaving the ganera-
tor are heat exchanged and the refrigerant vapor purified in the analyzer and rectifiez. - The
ractifier employs a triple heat exchanger, which preheats the incoming weak absorbant by.both
cooling the exiting strong absorbent and partially condensing, and thus purifying, the
refrigerant vapor. ‘

Refrigerant condenses in the amnulus of the concantric tube condenser, transferring heat
to the load heat exchange stream flowing countercurrently in the inner tube. The refrigerant
passes through two fixad—-orifice restrictors and a concantric tube refrigerant heat exchanger
as it flows to the low=side prsssure of the evaporator. Two resctrictors azre used to provide
better control of the refrigerant flow rate. The evaporator is a series-flow £inned coil,
which axtracts heat from ambieat air, vaporizing the liquid refrigerant. .

A flue gas heat exchangar improves the burner efficiancy by transferring heat from the
combustion products to the strong absorbent stream, although at the expense of increasing the
temperature and thus the vapor pressure of the absorbent entering the absorber. Ia the
falling=film type absorber, solution absorbs refrigerant vapor supplied by the evaporatar as ic
drips ovaer tubes, transferring heat to the load heat exchange £luid flowing inside. The
resulting weak absorbent collects in a sump at the bottom of the absorber and is returmed to
the high-side pressure of tha generator/ractifier by the pogitive displacament diaphragm=type
solution pump, thus complating the eyele. : . .

The hest pump was tasted at the National Bureau of Standards in an environmental chamber
with controlled dew=poiat and dzy=-bulb air temperaturss. Water at a counstant temperature and
flow rate was pumpad to the unit where it flowed in parallel to the condenser and absorber.
The test proceadures and steady=-state and cyclic performance of this machine are described by
McLinden et al. (1983, 1984). : :

.
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MODEL DESCRIBTION

The simulation model ‘developed in this work is steady-state, modular, and stream—based. The
nmodular approach was selected as being most compatible with the goal of a gemeral, flexible
model. Compomsnts in the simulation are separate subroutimes (written in ASCII FORTRAN)
corresponding, in most cases, to physical components in the rmal cycle. Each componant subrou-
ripe calculates the state(s) of the leaving stream(s) given the state(s) of the imput stream(s)
and values for the design parametsrs (e.g., heat exchange area). Although the need to model
the prototype AEP has led to assumptions of configuration for various compoments, the structure
of the program allows modification of compoments or the addition of new compoments to model
other systems. Proparty relations are refeveanced dirsetly in the compomnent routipes and are
supplied as separite FORTRAN subroutines, making the model independent of the working fluids.

. The streams floving betvesen components are specified by 2 unique stream number. Each
stream is representsd as a omne=dimessional array containing the stream Ctype (GoZes &
refrigerant-absorbent mixture versus a hest exchange f£luid), mass flow rate, pressure, composi=
tion, enthalpy, temperature, and equilibrium vapor quality. There are also "daga SETeams,"
which cam be used to pass information such as 2 heat flow oT conersl function between
components. :

Ap examination of the usual set of mass and energy balances and heat and mass traasfer
relationships revealed that they were insufficient to complecely specify the state of an
absorption cycle (McLinden 1984). The final two ralationships are contained in a iaventory
balancae. The absorptiom cycle (exclusive of extermal heat exchange streams) is a closed
system, and thus the total charges of refrigerant and asbsorbent must be constant and represent
two design variables. A model formulation that does not account for inventory would be undez=
specified and thus must make assumptions of system states o raplace the inventory
relationships.

The overall structure of the simulation is shown in Figure 2. The input data specifies
the compoments prasent in the simulaeion, their parameters, and the mannmer in which they are
connected, as well az initial guesses for gystem presaures. The simulation itsrates between
compounsests in several iterative loops. Because of the eyclic nature of the system, inpitial
guesses for a number of streams (called taar stresms (Rudd and Watsem 1978)) are requized and
are supplied as input information to the simulation. The calculation for an iterative loop
starts with a tesr stream, proceeds through a number of compenents (with the output streams
caleulaced by one compoment being the input streams to the nezt), and finally ceturms to the
tear stream. The iteration is controlled by separate coUVergence COMPONSRts which monmitor the
scate of a 'given tear stream between succassive iterations and return the ealculations to the
first component im an iteratiom loop if the stream has not coanverged within a specified
toleramcs., When the taar stream has converged, the jteration proceseds to the next componment in
the order specified im the imput data. - '

The inventory anmalysis is contained in the outermost iteration loop -and is paired to the
low= and high—side system pressures. (This pairing represents only one possible choice. The
inventory relationships represent two equations which are dependent on the coaditions in the
various components and thus could have been used, in principle, to sat any two system variables
that affeet the inventory.) When the entire cycls has counverged for a given set of pressures,
the inventory of absorbent and refrigerant computed in each compounent are summed and compared
to the (known) total inventory. Naw guasses for the pressures are then genmeratad and the cycle
iteration begins agaim.

Each of the components in the absozption cycle is cepresented by am analogous subroutine
in the simulatiom. The analysis of the components is gemerally based om seraightforward mass
and energy balances, which will not be presentad here; a completa desczipeion of the simulation
program is given elsevhers (MecLinden 1984). In developing the compoueant models, pressure drops
(excapt in restrictors and pumps) and heat losses to the surroundings ares neglected. The state
of all sereams (except for those within the absorber) is taken to be fully specified by the
stresm type, pressure, compositiom, and enthalpy (i.e., thermodynamic equilibrium of two-—phase
streams i3 assumed). The required propezty relations of enthalpy, specific volume, and vapor-
liquid equilibrium behavior for the ammoniz-water system were derived from an equation of state
presented by Schultz (1971).

The generator is treated as a fully mixad vessel with known heat input. The exiting
refrigerant vapor and strong absorbent streams are assumed to be saturated and in equilibrium.



The analyzer is basically a distillation column contacting refrigerant vapor and weak
absorbent with the addition of a heat exchanger (containing strong absorbent) extending the
entire length of the column. It ig treated as a series of N equilibrium stages. The
contacting streams ‘entering each stage are assumed O mix and leave in thermodynamic
equilibrium. The heat axchange with the strong absorbent is treated with am overall heat
transfer coefficient-area product. o

The solution of the analyzer requires two concantric iteration loops. The outer loop
employs a two=variable secant method to iterate on the mass flow rate and composition of the
liquid leaving the boctom stage. The state of the weak absorbent antaring the stage necessary
to satisfy these guassed valuas of £flow rate and composition are calculated by the use of an
inner secant maethod iteration loop. The output streams of the bottom stage become the inputs
to the next, and the solution procaeds stage-by=stage up the column. The couvergence of the
outar itaration loop is checkad at the top stage.

A genaral heat exchanger compounent was developed to model tha ractifiar, condansar,
avaporator, and refrigeraat and flue gas heat exchangers in the prototype heat pump. This
component treats N streams (including multi-component two-phase streams) in thermal contact. A
pmaximum of one countercurrent and one cross—-flow stream is permittad. The heat flow batween
co= or countarcurrent flow streams is traatad with a UA - log mean temperature diffarence
formulation with the overall coefficient calculatad from £film coefficients, which can be
supplied as (constant) paramaeters aTr calculatad as a function of local conditions (e.g.,
quality). The concept of heat exchanger effectiveness is used for cross-flow streams.

The heat exchanger is divided into nodes and employs a fourth=order Runge=Kutta tachnique
to solve for the enthalpy of the streams down the length of the exchanger. I1f a counterflow
stream is present, an iteration for its outlat emthalpy is required; the computed enthalpy at
the end of the heat exchanger is compared to the inlat valua to check convergenca. I£f a stream
has gone from single to two-phase (or vice-versa) withia a node, it i3 likaely that the heat
rransfar coefficisnt and temperature diffarences between streams have changad significaatly.
When this occurs, the node is subdivided at the point of the phase transition. A similaz
checking for phase transitions was also found to be nacassary for each axtrapolation in the
Runge=Kutta nethod.

The falling=£film absorber component applias the analysis of Nakoryakov and Grigor'eva
(1976) for the absorption of vapor into a laminar film £lowing over aa isothermal plate to each
row of absorber heat exchange tubes. Their analysis assumes that the absorbent solution enters
the top of the plate at a uniform composition and temperaturs (equal to the plate temperaturs)
and equilibrium exists at the vapor—-liquid interface. It assumas fully developed hydrodynamic
and thermal profiles and a penetration theory approximation for mass diffusion. The vapor=
liquid equilibrium behavior is linearized about the inlet conditioms. The analysis yields
axpressions for the temperature of the liquid=-vapor interface and the resulting heat and mass
fluzes. ~ ‘

In implementing this analysis, the laminar velocity profile for flow over a ¢y linder was
intagrated to obtain an average valocity and film thickness in order to approximate flow over a
tube as flow over a plate. The row=by=rowvw calculations begin at the top. The outlet condi- .
tions of the absorbent solution for one row bacome the inlaet comditions to the naxt lower row; ‘
the absorbent solution i3 assumed to mix fully as it drips £rom tube to tube. The absorbent
solution entaring a tube row is oftan warmer than the plate temperature; becausa this violatas
an assumed boundary conditiom, the Nakoryakov and Grigora'eva amalysis will underpredict the
heat flux. To avoid such an underpradiction, the heat flux is also calculated using a comstaat
heat transfer coefficient for the falling £ilm, with the larger heat £lux being used in the
overall emergy balance. The cumulative vapor absorption rate is computad at each row, and if
it excaeds the inlet vapor mass flow rate, all subsequant rows serve ouly to sransfar heat, not
mass. The countercurrent heat exchange stream is solvad in reverse. The outlet enthalpy of
this stream (i.a., at tha top of the absorber) is initially guessed. The net heat transer in
each row is subtracted to give the enthalpy (and thus temperature) of this stream for the next
lower row. The calculated enchalpy at the bottom row is compared with the inlet value and if
necessary the iteration recurns to the top row with a revised guess for tha outlet enthalpy.
Also at the bottom row, any unabsorbad vapoxr oT liquid present in the inlet refrigerant stream
is combined with the outlet weak absorbent.

Tha model for the fixed orifice restrictors employs an empirical fit of test data to an
equation applicable to homogesneous .two=-phase flow through a sharp=edged orifice. The mass flow
rate computed by the component for a given pressure drop will not, in gemeral, be equal to the
‘flow rate input to the rastrictor. The restrictor i3 used to adjust the flow rates in various



portions of the eycle and thus a temporary violation of the restrictor mass balancs occuzrs
until tHe cycle has converged. .

Other components in the simulation model are the pump, stream mixer and splitter, and a
convergence enhancer. The solution pump is modeled as having a comstant volumetric f£low rate
(based on inlet conditions) with a given ocutlet pressure. A compoment capable of mixing
several input streams OF splitting a gingle strzeanm into liquid and vapor fractioms was davel~
oped, While not corresponding to amy physical compouent in the cycle, a convergence component
employing a boundad Wegstein iteration method (Seader et al. 1974) for the solution of tear
streams is necessary for the simulatioct.

The inventories. of refrigerant and absorbent in the heat exchanger compoments (evaporator,
rectifier, etc.) were ealculatad in pazallel with the heat and mass balapmces o a node=by-aode
basis. The total volumes of the generator, analyzer, and absorber vere divided into separate
liquid amd vapor poetions with the imvemtozry in each being bssed on the specific volume of the
corresponding stresm. Any stream (such as an external hest exchange stresm) could be excluded
from the iaventory amalysis by specifying zero for the corresponding volume parametes. The
inventory comntainad in the pump, restricgor, and strsam miZey components and conmecting piping
was assumed to be nagligible.

SIMULATION OF THE PROTOTYPE AHP

The representation of the prototype ABP with the components of the simulation model is depicted
in Figure 3. The tear streams necessary for the iteration of the cycle are the solution pump
outlet, the analyzer weak absorbent inlet and outlet stTreams, and the evaporator refrigerant
outlat (streams 2, &, 5, and 19). These tear streams repeesent the minimum aumber possible for
this system and were chosen acsording to the procedures givem by Rudd and Watson (1968).

The parameters necassary to spacify the hest pump include physical dimensions (e.g., heat
exchanger areas and volumes), heat and mass transfer parametars, and general specifications for
the simulation (e.g., how components are connectad together). The major compoment parametars
are given in Table 1. Detailed specificacions for the prototype ABP were not available and
thus it was necessary to estimate mamy of the psrameters. Whers possible, these were basad on
dirsct measurements of the umit. In some cases it was necaszsry to adjust psrametars to give
reasonsble agreement with a limited sumber of experimental tests; the parametars were then
checked with an independent set of three to £ive tasts. Heat transfer coefficients for beiling
" and condensing ammomia were estimated according to the recommendations of ASHRAE (198 1) and
Threlkald (1962). At vapor qualities above 902 and below 10%, the coefficients were varied
linearly between the two phase valua and the appropriate single phase value. Coefficients for -
the extcernal heat exchange stTreams wvare astimated from the Dittus—Boelter equation at typical
conditions and supplied to the simulatiom as comstant parameters.

The use of inventory relatioms to set the low= and higb=side system pressures was, tested
in two ways. The system pressures experimentally measured over a range of ambient temperatures
were supplied to simulations at corresponding cemditions. The rasulting inventories were
within 0.4 kg (0.9 1b) of a constant valus but were significantly different than the cotal
charge of approxzimately 4 kg (9 1b) ammonia aad 7 kg (15 1lb) water reportad by the
manufacturer.

The second test of the imventory analysis was to iterate for system praessures using
calculated values for the total inventories. Starting with initial guesses for pressure 5%
above and below the measured values, the pressuzes anéd inventories converged to within 03Z of
their correet valuas with 10 itezacions of the complete cycle. This convergence demomnstrates,
in peineiple, the use of inventory analysis to calculate twe system variables that otherwise
would have to be assumed.

Unfortunately, however, the jceration did not reliably converge for more realistic
starting gussses. The limitad couvergeuncs of the inventory/pressure iteration was due primar=
ily to simplifications made in the modeling of the compoment imveantories. In particulaz, the
generator and analyzer (which together held the majority of the total charge) were madeled as
bhaving £ixzed liquid and vapor volumes. While the total volume of these components is rela-=
gively comstant, the fraction that is liquid will change with external conditions and total
charge. In additiom, the total cycle inventories showed comsiderable curvature as a funceion
of pressure, making counvergance more difficult for the linear iteratiom technique employed.
Because of thase problems, the inventory jteration was not used and experimentally measured
system pressures were supplied to all further simulations presentad here. '



The performance of the prototype AHP was simulated at ambient and load water conditiocns
corresponding to experimental tests, allowing for a direct comparisom. For these comparisons,
a COP not including burmer lossas or alectric power input will be used; it is defined as the
sum of the heat £lows delivered to the load divided by the heat inmput to the generator plus
flue gas heat axchanger. »

Simulated and measured COPs are shown in Figure 4 for a range of ambient temperatures with
the standard load water inlet temperature and £low rate of 41°C (106 F) and 0.38 L/s (6 gpum).
The qualitative behavior of the two sets of results ig similar. The gimulated values aze
consistently high (by 0.11 at 15°C (59 F) to 0.18 at =-21°C (=6 F)) with an error greater than
the experimental umcertainty. As will be discussed later, uncertainties in the gsimulation
parametars can result in an error in COP of 0.13. Apart from these uncertainties, one explana-
tion for the discrepancy is that the model does not account for heat losses to the surround-
ings; inclusion of such losses would lower the COP, aspecially at lowver ambient temperatures.

The simulatad COP lavals out more at high ambient tamperatures but not as much at low
temperacurss as experimentally observed. The reason for this behavior is likely to be related
to conditions in the evaporator. The 2 to 3°C (4 to 6 F) discrepancy in the avaportor inlet
temperatures (stream 18) indicatad in Table 2 is probably the rasult of a significant pressure
drop between the evaporator inlat and the absorber (where the pressurs was mesgured). Sinca
this pressure drop was not accounted for in the model, the simulated evaporator temperature
will be low, resulting in a greater tempsrature diffarence relative to the ambient. Similar
affacts rasulting from such a pressure drop were notad by Viiet et al. (1981, 1982). At the
lower ambient temperaturas the greater Cemparatura diffarenca rasulted in an increased heat
flow from ambient, yielding higher gimulatad COPs. At the higher ambient temperatures, the
avaporator outlet stream (stream 19) is nearly complately vaporized (as ~ indicated by the
temperature rise between the evaporator inlat and outlet) and thus the increased temperature
difference has much less effact.

Measured and simulated temperatures for saveral other streams are also given in Table 2.
In general, thers is rsasounable agreement betveen the values. The simulacted temperature of the
strong absorbent leaving the ractifier (stream 8) was consistently high (with an RMS erzor of
25°C (45 F)) indicating that the heat exchange area and/or heat transfaer coefficient in the
rectifier was underastimatad. The simulatad solution pump outlat (stream 2) temperature was
high by an average of 11°C (20 F). This differsncas may be due to an uaderestimation of the
absorber area or the high simulated strong absorbent temperature and refrigerant vapor quality
inlet to the absorbez. ‘ 4

A comparison of simulation rasults with measured absorbent compositions (expressed as mass
fraction ammonia) and heat £lows is prasented in Table 1 for two ambient temperatures. The
simulated strong and weak absorbent compositions were both low by 0.04, but the simulated
composition differenca between the two 3streams ‘was only 0.005 greater than the experimentally
observed value of 0.19. The simulated condenser heat flow was low by 0.2 to 0.4 kW (700 to
1400 Btu/h), corresponding to the slightly low values of refrigerant mass flow rate. The heat
transfer in the evaporator was low at the high ambient temperature because of the low simulated
refrigerant £low rate but high at the low ambient temperature because of a low evaporator
temperature (as discussed above). '

The results of simulations carried out with varying inlat load wataer temperature at these
ambient temperatures are given ia Table 4. The simulated COPs are consistently above the
measursd valuss for the reasons discussed above. . The variation in COP for a change in wacter
temperature from the standard conditions (ACOP), however, showed good agreement with axperimen=
tal rasults for the two higher ambient temperatures. A lower load water tamperature in the
absorbar rasults in lower absorber and evaporator prassuras. At the two lower ambient tempera=-
tures, this lower evaportor pressure (and thus temperaturae) resultad in a larger heat flow from
ambient  increasing the COP. At the highest ambient temperaturs, the refrigerant leaving the
evaporator is naearly completely vaporized for all thrse water temperatures and thus variations
in the low side prassure had much lass affact.

The sensitivity of the prototype AHP to changes in simulation paramaters was studied by
means of a factorial design. This analysis also served to further axarcise the modal and to’
estimate the uncertainty in COP arising from uncertaintias in simulation parameters.

A factorial design is useful for investigating the effects of a number of variables (or
factors) with a minimum number of experiments or simulations. The most common design, and the
one employed here, varies the factors betwesn two levels in a specified fashion. The results
of the analysis are "main effects” for each factor and interactions between factors. A main



effect is the response of a dependent variable (e.g., COP) to a change from the low to high
level of a factor (e.g., 3 heat exchanger area) taken over the average of all other factors.
Iateractions measure the result of two or more variables simultaneously chamging from their low
to high level. There are two= and three-factor interactioms, up £0 3 kefactor interactiomn
(where k is the number of variables investigated). .

To fully investigate k factors at two levels would require 2k cests. A fractiomal
factorial design requires fewer tests but at the expense of confounding main effects and
interactions. Means are available, however, tO insure that main effects (which are likely to
be significant) are confounded only with high—order jpteractions (which are likely to be
neglibible). (A thorough discussion of factorial amnd fractionmal factorial designs may be found

in Box et al. (1978)).

Ia the study of the prototype ABP, 12 design parameters along with the low= and high—side
pressure and ambient CLeMPETraLure Ware investigated with 32 simulations. Ia the resulting
fractional factorial desigm, the Bain effects were confounded only with three=factor and higher
jnteracgions, but two—factor interactions were confounded with each othez. The low and high
levels of the design variables aze given in Table 5. (The effects of heat transfer coeffi-
cients were lumpad with those of the heat exchange areas.)

The results of this amalysis, in tarms of effects on COP, are given in Table 5. The
average value of COP aud the main effect of ambient temperature are consiscent with the results
presented above. An increased low=side pressure dacreases the temperature difference for heat
transfer in the evaporator and thus reduces COP; this is reflected in the negative value for
this effect. The effect of gamerTacor heat input is segative, suggesting that the condaenser
and/or evaporator are uot capable of handling the increased refrigerant flow rate resulting
from a higher gemsrator hest imput. The effect of condenser area is significant and positive;
the condenser is undersized umder some conditions (as indicated by a two=phase exiting refrig-
erant stream) and thus the performance of the heat pump is sensitive to the condenser area. An
inereased high-side pressure increases the heat £low in the condenser and thus also has a -
positive effect on COP. :

The remaining factors had sffects smaller than 0.01. The relative insensitiviey of
performance to the analyzer, rectifies, absorber, and refrigerant heat exzchange areas 3uggests
rhat thesa components are oversized so that a relatively lazge (202) change in area results in
only a small performance chapge. The effacts associasted with the solutionm pump and throttle
valve parameters are alse small; it is pessible that the sizing of these components was
optimized in the design of the prototype ARP.

The ranges for the variables investigated in the factorial design were chosen to
correspond to the uncertainties in the corresponding simulation parameters. Thus the main
effects can also ba interpreted as erTOT3 in cthe simulaced COP arising from uneartaincies in
the perameters supplied to the model. The total error in COP (excluding the effect of ambient
temperature) is 0.13. Although this value is specific to the unit investigated here, its
magnitude indicates that parametars must be kaown te a high precision to obtain accurate
results for COP. In the absemce of isput data of high precision, the simulacion model is still
useful for ingvestigating the relative performance eesulting from changes in design parameters.

In addition to the main effects, the factorial analysis yielded 16 interaction effects; of
these, six had absolute valuas greater thas 0.01. However, thase igteraction terms are highly
confounded among the 105 two=factor interactions possible among the 15 variables. Some of
these interactions were resolved by azm additional factorial dasign carried out for identical
low amd high levels of f£ive variables having significase effects om COP. (All other variables,
including ambient temperature, ware held at their low levels.) Iz this de sign, two=factor
inceractions are confounded with three=factor and higher intsractions but not each othar.

The average and main effects for this analysis (given in Table 6) are slightly diffezent
from the values in Table 5, indicating that there ig an interaction with ambient temperature oT
the ocher variables. A number of subscantial interaction effacts (given in Table 7) exist
among the five variables. (Table 7 alse indicates the thrse=factor interaction with which each
two=factor interaction i3 confounded;. the given value is the sum of the twa—factor and asso-
ciated three-factor interactiom.) For example, the interaction between condenser area and high
side pressure is negative, indicating that, although each individual factor improves COP, the
effect of increasing both factors simultaneously has an effect less than the sum of the indi-
vidual factors. These intaractioms illustrate the complex nature of the absorption cycle. In
dasigning an ABP, it is not_poassible to optimize components individually; rather, the cycle as
a whole must be counsidered.



CONCLUSIONS

The modular steady=-state model for absorption heat pumps developed in this work was applied to
simulate a prototype AHP and has been successfully demomstrated. A comparison of experimental
and simulation results generally showed good agreement, although revealing several needed
refinements to the model; in particular, neglecting heat losses to the surroundings and pres=
sure drops through components led to overpredictions of COP. An analysis of the refrigerant
and absorbent inventory is needed to fully specify the state of the absorptiom cycle. The
uge of the inventory analysis to iterate for system prassures was demonstrated in principle,

but im practical tests this approach was not succagsful due to oversimplifications im the
rreatment of components with changing liquid volumes.

The significant interactions prasent betwesn design parametars revealed by a factorial
analysis of the AHP illustrate the difficulty of optimizing am AHP and the usefulnass of a
simulation design tool. The factorial analysis also ravealad that uncartainty in design para-
meters can lead to considerable uncsrtainty in simulated results such as COP. Accurate simula~
tion results would require "calibration" of the model with experimental data. Although in the
absence of precise parametsr astimates, simulation can still reveal the ralative performance
rasulting from changes in dasign variables.
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TABLE 1
Component Parameters for the Simulation of the Prototype AHP

Cenerator heat input (varies with ambient £emp.) 10.2-10.6 k¥ (34.8 = 36.2 MBtu/hr)
Anslyzer - number of equilibrium stages i
overall UA for hest exchangsr 0.1 kW/°C (190 Beuéi’)
Rectifier — weak absorbent te vapor HX ares 0.32 =, (3.44 Etz)
weak to scrong absorbent BX arzea 0.25 m 2 (2.69 ££°)
Heat tragsfer coefficients: vapor . 2.0 kW/a=°°C (352 Beu/h* ££2°F)
' ’ strong absorbent 1.8 kW/m°°°C (317 Beuw/ B £e2°F)
wvesk absorbesnt 2.5 k@/m®*°C (440 Btu/h'ft°F)
Condenssr heat exchange azxes 0.25 o (2.69 ££2)
Refrigerant heat exchanger area 0.16 m? (1.72 ££2)
Flus gas heat exchanger UA 0.06 kw/°C (110 Beu/F)
Evaporator - refrigerant side HX ares 3.2 m* (34.4 fi )
air side (fin) HX area 52.8 ?z (622 £t
Absorbar = heat exchange ares 1.2 w (12.9 ££°)
number of heat exchange rovs 30 .
Solution pump mass flow rate 0.0227 kg/s (3.0 lb/min)
Heat Transfer coefficients:
load water 7.2 wW/m?-°c (1270 Btu/h°£e2°F)
condansing ammonia (condenser and ref HX annulus)
subeooled liguid 0.4 kW/me°C (70 B:u/h'ftz'g)
twe=phase 8.0 k§/m?°°C (1610 Bew/h'fe*°F)
superbeatad vapor , 6.1 kd/s?°°C (18 Btu/h°£e~°F)
evaporating ammonia (evaporator and inmer tube-
of ref HX)
. subcseled liquid . 0.16 kw?z-"c (28 Btu/h-£e?:F)
two=phase 3.0 k@/m4°°C (529 Beu/h'fiz'F)
superheatad vapor . 0.1 kW/m2°°C (18 Btu/h°£t°F)

TABLE 2 '
System Pressures and Measured and Simulated COPs and
Stream Temperacures for Varying Ambient Temperatures

Stream Temperaturas (°C) (numbers refer to Figure 3)

; Pressure
A?Z:;?t (MPa) cop
2 , 8 10 14 18 19

(pump oue) | (rect out)|(abs in)|(cond in)|(evap in)|(evap out)
(°e) lowv high| test sim| test sim | test sim |test sim|test sim |test sim| tast sim
=21.4 |0.158 2.02| 0.99 1.17| 38 32 57 83 73 79 | 76 75 |=23 <24 =23 =24
-15.7 {0.192 2.00| 1.03 1.2Z7{ 40 352 56 83 72 82|73 75 |=-18 -20| ~18 =20
=-8.0 {0.243 2,01} 1.18 1.43 42 % 57 86 73 86 | 73 78 |=12 ~l&| ~l2 <=l&
-0.9 |0.299 2.06| 1.32 1.50f 43 55 58 83 746 84 | 73 75| =7 =3 =6 =1
4.7 |0.336 2.08] 1.37 1.52| 4 34 58 80 74 83 | 71 73| =3 -6 5 5
8.8 [0.352 2.10| 1.39 1l.32] 46 34 58 80 74 85|71 72| -2 =5 9 9
15.5 |0.360 2.13| 1.41 1.52] 46 33 59 80 74 85|72 72| -1 -4 16 16




Comparis
Refrige

TABLE 3

Ambient Temperature (°C)

-8.7 8.6
tast sim tast sim

Compositions:

strong absorbent 0.133 0.099 0.173 0.122

waak absorbent 0.319 0.292 0.368 0.319
Heat £lows (kW):

condenser 5.8 5.8 6.1 5.7

evaporator 2.8 3.9 6.6 5.8

absorber 8.4 8.8 10.3 10.6
Refrigerant flow

race (kg/9) 0.0051 0.0049 | 0.0054 0.0051

TABLE &

System Pressurass, COP,

Conditions, and Simulated Heat

-

Change in COP from Standard Load Water
of Evaporation for Varying Inlet

Load Water Temperature at Three Ambient Temperaturas.

on of Measured and Simulated Compositions, Heat Flows, and
rant Mass Flow Rate for Tests at Two Ambient Temperaturas

Temperaturas (°C) Pressures (MPa) | Simulated ACOP Qevap
ambient load watar low high cop tast sim (kW)
«21.4 34.9 0.148 1.77 1.28 +0.06 +0.1l1 3.0

Q.7 0.158 2.02 1.17 - - 2.0
45.6 0.l64 2.26 1.1l -0.06 =0.06 1.4
4.0 35.1 0.223 1.81 | 1.50 +0.03 +0.07 | 5.3
40 .4 0.243 2.01 1.43 - - 4.6
43 .3 0.245 2.16 1.36 -3.06 <-0.07 3.9
8.8 35.7 0.309 1.92 1.51 -0.01 =0.01 5.8
4.3 - 0.352 2.10 1.52 - - 5.5
o .3 0.334 2.29 1.53 +Q.01 . +0.01 5.5




TABLE 3
Moin Effects for the Factorial Amalysis of the ABP

Factoz low level high level | Effect
Average 1.426
Ambient temperature (°C) -8 -1 +0.071
Pressuczes (MPa)

low (absorbez) @D, = -8 0.231 0.255 =0 ,.072

Comp = =l 0.284 0.314
high (reeccifier) €T, = -8 1.91 2011 +0.063
@T & =} 1.95 2.16

Gansrator heat input (mti? 9.93 10.97 «0.035
Beat exchanger areas (m“)

condenser 0.20 0.30 +0.056

refzigerant BX 0.13 0.19 -(,002

evapOEAEDE 2.86 4,29 +0.055

absorbs® : 0.95 ) 1.42 = .008

reccifier (s.a. to w.a.) 0.20 0.30 +0.004&

rectifier (vap. to w.a.) 0.26 0.38 0.000
Analyzer UA(kW/m*°°C) 0.08 0.12 +Q.001
Analyzer stages 1 2 +0.001
Absorber hest exchange rows 25 35 +Q.004
Solution pump flow (kg/s) 0.0216 0.0238 -0 .004
Theottle Far e:at 22100 24500 +0.006

(MPa 3=/kg*) .

TABLE 6

Main Effscts for the Second Factorial Analysis of the Pro:utypa AHP

Factor Low Lavel High Level | Effact
Average 1.387
Pressurss (MPa) '
iow (absorber) 0.231 0.255 =(.085
bigh (rectifiex) 1.91 2.11 +0,032
Generator heat input (k! ‘P 9.93 10.97 =Q.046
Heat exchanger areas (m“)
condenser 0.20 0.30 +0.,033
evapOTALor 2.36 4,29 +0.068




 TABLE 7
Two-factor Intaractions and Asgociated Confounded Three-Factor
Interactions for the Second Factorial Anmalysis of the Prototype AHP

TI::;.z:z::?.:n (confoundad with) Value

Plow * Phigh (Qgen = Acond * devap’ -0.027
Blow * dgcn (Ppign * Acond % bgyap) | +0-004
Piow X Acond (Pyign * Qgen * Acond =0.025
Piow * Aevap (Ppjgn * qun X Agond? +0.020
Phigh X Qgen (Piow X Acond * Aevap’ -0.011
Phigh * Acond (P1ow X Qgen * Aevap’ -0.017
Phigh * Aevap (Prow * égen 2 Acgnd) +0.021
Qgen * Acond (P1ow ® Phigh * Aavap’ -0.015
Qgen * Aevap | ®1ow ® Phigh = Acond’ +0.003
Agond * Agvap (P1ow * Phigh * dgen) +0.021




Analyzer

Rectifier

Restrictor

Exhaus?

te stack

igeQev00ey
aaseistiant

Flue |Gas
HX

Absaiiid
tERERLLAS

Generator

Figure 1.

TR
-

Salution P] /)
Pump
Absorber r L

Load Warer -

|  Read input deck
-b .

Set initial values

for pressures

Y Restrictor

Refrigerant
WX

Condenser

Evaporator

Schematic of the prototype absorption heat pump

I=l

Call

companent 1

Figure 2.

Compute total
inventery

(" PRINT RESULTS)

Reset 1 ta
L first component
in iteration loop

Adjus?

pressures

Overall structurs of the stsady-state simulation program



Rectifier : : @

: 12
T —— 9 | || Condenser
I 2 ' |
©INIE] A Thrortle | System stream number §
3 , 1 A ;
L IZ1 Stream Mix 3 : : | t,u Input ang leaving _
Lt |t I stream numbers for 1
12
@ @ 1 @ tz:».z __@ = individual companents |
sup— L-@
B 4 Analyzer l Z‘::f Gas |
a ' v e
©) “®' Exchanger &  Refrigerant Heat
L l,.f.i..ﬁ.._... Exchanger 5 ® T 28
Generaror ey @ - — S =2
l T
L2 - {2 o
©) PR r
N
NO, (1l @ & ® By
b b (‘—/ oL 12 L2 |
Solution Pump Absorber Evaporator l 29

Figure 3. Simulation schematic for the prototype absorption heat pump
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