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1.0 INTRODUCTION
1.1 BACKGROUND

A heating and cooling systen combining a heat pump and
a solar energy system has & number of attractive features.
Alone, each 1s economically marginal in pany parts of the
nation today. Together, they may be_ablé to compensate for
some of each other's shortcomings.

Since moderate temperature heat source reservoirs (like
lake or ground water) are not generally available, most heat
pump systems are forced to rely on amblent air as a heat
scurce in the heating mode. At low ambient temperatures the
alyr source heat pump's coefficient of performance, COP {(the’
ratio of delivered energy tec input electrical energy) drops
rapidly toward unity. For ambient temperatures under O°c,
iojsture in the outdoor air condenses and freezes on the
evaporator coll requiring that the heat pump be gswitched to
the cooling mode periodically to defrost the coils. The
resultant waste of energy may reduce the average COP below
unity. From the point of view of the utilities, widespread
utiiization of heat pumps may cause unacceptable peak loading
on very cold and very hot days. As for golar energy systems

working alone, the obvious shortcoming of most systems 1s

their lack of space cooling capabllity, and at acceptable

efficiencies, the outlet temperatures of inexpensive collectors

are often below the lower 1imit of usefulness for space heatlng.



performance. The transient nature of solar energy system
performance requires that considerationlbe made of the transient
effects; but many authors model the weather, the solar
collection system, snd the heat pump 511 on the basis of sone
kind of "mean". The results so obtained may be valid for
steady state operation over a relatively short time when the
mean conditions prevail, put 1t 1is unlikely that these re-
,ults can be interpreted as long-term averages.

Jordan and Threlkeld (1) have written a serles of papers
investigating the feasibility of solar heat pump systems.
They conclude from a thermodynamic analysis that multiple
step condensation is optimal for heat pump applications
in solar systems. From manufacturers ratings and thelir own
analysis they are able to derive a semi-empirical relation
‘or COP for thelr proposed designs. Their performance studies
are based on & constant condensing and evaporating temperature,
a "typical® January mid-day solar radiation level, and a
constant collector efficlency. The authors conclude that
evaporator side storage 1s clearly superior. Their economlc
analysis suggests that the solar-heat pump systems have low
reasibility in the northern United States but relatively high
reasibility in the south.

Lof (2) did another feasibllity study, 1imited to systems
employing evaporator side storage, & neat pump that uses either
the solar storage tank or outdoor alr as a source when storage

{s depleted, and electrical resistance suxliliary. The average



Calvert and Harden (5) perform an economic analysis
for heating and cooling a gpecific residence in Tulsa, Oklanoma,
with several different kinds of appliances supplying heat and
alr conditioning. After concluding thap the eleqtric heat
pump 18 a viable alternative, they investigate providing
the heat pump with a solar energy source to increase 1ts
capacity and reduce the substantial electric resistance heat
required. Assuming a constant COP, 2 constant source (storage)
pemperature, a8 congtant collector efficiency, and an average
solar energy flux, they estimate the collector and storage
size requirements for this residence‘and climate.

Rridges, Paxton, and Halnes (6) discuss many of the
practical considerations 1in the design, operation, and main-
tenance of their solar energy heat pump office building in
Alibuguerque, New Mexico. They present a comparison of.re-
corded performance for a heating season to predicted perfor-
mnance calculated from a simplified model. Loads were found
from the degree-day method. Daily average ambient temperatures
were taken from weather bureau records as was incident solar
energy which was subsequently corrected for collector tilt
by a multiplicative factor of 2.3 on tsunny" days and 1.0
on "cloudy"” days. Collector efficiencies Were calculated as
a function of storage and ambient temperatures on a daily basis.
Nu attempt was made to model the heat pump performance other
than to assume that, on the average, the system withdrew .8

of the heating 10zd from storage (equivalent to assuming an



There are a number of possible solar energy-heat pump

system configurations described in the 1iterature, €.8-,

Bridges et al. (&), vanagimachl (10), and Jardlne (11).

Thege systems have several aifferent modes of providing

heating oOr cooling to the load, depending on availability

and demand. The systems and modes can be separated into

"in-line" systems

two general classes of configurations:

where the heat pump {g located between the solar collection

joop and the neat load 1lo0Pp, and "parallel“ systems where

t from the losd inde-

the heat pump can add (or remove ) hea

pendently of the solar system operation. The second pbjective

e two gifferent system con=

of this paper 1 to compare thes

rigurations and perform & cursory economic evaluation.




methods bY which the user would supply the progran with heat
exchanger surface geometry, heat transfer characteristics oI
compressor construction details, for example . 1¢ would be
difficult to nqeaign” a maechine of a desired capaclty in
this way, and only an experienced or 1ucky designer would
end up with a heat pump with typical performance character-
fistics.

The model gshould be as flexlible as possible in order
to represent a large variety of gdegigns. Both heatling and
cooling must be considered, of course. The user should have
the option of switchingdmodes py altering the refrigerant
fliow path or diverting the hot and cold side flowstreams.
These [lowstreams may be elther gas or liguid so the model
should be able to handle elther. The model should not be
1imited To 2 particular refrigerant.

The solar energy system designer, just like the heating
and ventilating engineer, is going to want to deal with heat
pumps of known capaclty at known {(i.2., rated) conditions.
oy this readon, the model should be able to produce ngypical®
characteristics that include a wpated® output ab the “"rated"
conditions supplied by the user.

aplar heating and cooling systems involving neat pumps
must be gimulated for relatively long periods of time, due
in part to the differing demands on the system as the 8eas0ns
change . TRNSYS gsimulations usually require 2 computational

time step of no mare than one hour. Thus it hecomes critical
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sdditional comments on the design procedure are in order.
The emphasis of this heat pump mode ling method is not

so much to deagign a particular plece of hardware with high

accuracy, bubt rather to see how a typical machine that is

deasigned to deliver & specified output at gpecified conditions
will operate off design conditions. For this reason, 1t is
not highly eritical to have precise design econdition values
for such parameters as condensing and evaporating heat trans-
rer coefficlents {which are almost impossible to obtaln
analytically). What 18 important to this medel is knowledge
of the way in which the design condition parameters change
when the heat pump is operating of f 1ts deslgn point (..,
the functlonal relationshlp of heat transfer coefficlents

to refrigerant flow rate). During the development of the

program 1+ has been gbserved that when a specific rated

output is sought, substantial changes to many deslgn parameters

and assumptlons result only in the design of a different
plece of nardware (e.g., larger or smaller heat exchangers).
The way in which these different designs operate off rated
conditions 1is often not too different. For this reason, 1t
has been found unnecessary to define a plece of hardware with
great detail. A relatively few pleces of information suffi-
ciently characterize & heat pump for the purposes of this

model.
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and much of the time, the heat pump is being called with

inputs for which outputs have already been found. Thus a
great computatimnal savings can be realized by creating &
performnance map «

A performance map is & set of soiutions of operating
points corresponding To a set of possibile combinations of
input variables. Maps are constructed DY repeatedly solving
for the rates of heat addition and heat rejection &s all
the inputs are atepped through small intervals within their
ranges. Trhese maps becone matrixes from which an interpo-
1ation routine obtains‘performancer&ata at finlte intervals
and interpolates petween for the heat pump solution at any
aet of inputs within the map's range. To 1imit the amount
of mappling required, the flow rates of the exchange fluids
are assumed to pe a constant {when turned on) for a particu-
iar map. This reduces the number of inputs to two {evaporator
inlet temperature and condenser inlet temperature), The
performance maps are thus WO two-dimensional matrixes:
(QA(L,J)) for the neat addition, and (QR{1,J)) for the heat
rejection, which contain soluthons for inputs (E,J) that
correspond to combinations of evaporator and condenser ex-
change fluld inlet temperatures. Compressor work required
and COF can easily be derived from this information. A
more complete description of the mechanlics of performance

mapping and {nterpolation 1s given 1n geection 2.4.
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another performance map for the heat pump in the opposite
mode . On the other nand, the performance map generated with
this approach is usually not very accurate for real hardware
in the mode for which it was not sized. This unfortunate
situation is a result of shortcomings in the modeling
strategy butb alsc bescause the real system’s heat transfer
coefficlents change in some nebulous wWay in the diverted
flow situation, design condition heat exchanger aAt's
{between refrigerant and exchange fluid) differ in some
unknown wWay, and a different expansion device is often
switched into the refrigerant circult since more restrictive
flow is needed 1n the cooling mode.

The approach taker, therefore, is to size a 34 fferent”
device for both modes of operation of the diverted refrigerant
type of heat pump. Tt is up to the user to specify heating
and cooling rated conditions (as well &s other parameters)
that are consistent with each other when specifying the
heating and cooling modes of the same heat pump. A measure
of his success 1in doing this 1s that the sizing information
{printed out at the user's option) reveals that the same
hardware was ndeaigned" to meet the rated conditions in both
moGes .

From a practical point of view, thls approach has other
merits. First, the user 1s able to force the model 1o have

hoth heating and cooling performance which agree with a real



to the simple cycle reasonably well aince the user has

the freedom toO gelect many parameters that affect performance
put are not published by the manufacturers {(e.g., compression
efficiency and heat transfer coefficients). In other words,
if representation of some real equipment *s performance is
desired, parameters can be selected for the simple single
stage cycle that result in very gimilar characteristics.

A separate subcooler heat exchanger wWas originally
ineluded in the model but for small amounts of subcooling,
the effect on performance Was negligible. This is not to
say that subecooling is undesirable, butb, 1f exchange fluld
fleow must be taken away from the condenser to be added to
the subcooler, the capacity gailned by subcocling 1s very
nearly lost by & reduced condenser capaclity. This is the
situation encoﬁntered when attempting to duplicate a real
heat pump's performance curve. The manufacturer normally
specifies the sondenser (plus subcooler, if any), alr (or
water) flow rate, but not how it is divided up between the
condenger and the subcooler. Nearly jdentical results are
obtained when a condenser emp loylng no subcooling 1s com-
pared to one employling 10°C subcooling and the same flow
rate split between the condenser and the subcooler.

A more serious 1imitation may be the inability of the
model to selve for the operating points of cycles using a
capillary tube expansion device. The thermostatic expansion

valve 1s probably the most practlical device for systems
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at. the same exchange fluld inlet temperatures for a few
time constants (on the order of a minute). There fore, the
model cannot be expected to accurately represent systems
whose temperatures fiuctuate rapidly or which underge
freguent shut-down and start-up, where transients are
especially long.

Real heat pump hardware, especially the "split” alr
to alr systems, employ long runs of refrigerant piping
from the outdoor unit to the indoor unit and back agailn.
Pressure drop and heat transfer along these pipes are not
congidered in this model. Por high ‘capaclty (high outdoor
temperature and large pefrigerant flow rate), the blg pressure
drops in the 1ines would hurt system capacity, and at low
capacitles {cold outdoor temperatures), the heat loss from
the pipes would again hurt capaclty. But, as explained
previocusly, uni form reduction of capaclty at all outdoor
temperatures slmply results in the sizing of a blgger {albeit
more expensive) neat pump that performs about the same at all

vremperatures as the unpenalized gmaller one.
2 2.4  CONTROL STRATEGY

In simulation of heating and cooling systems, experience
has shown that there are two basic ways in which systems
can be controlled. If the function of a heat pump {(or furnace,
air conditioner, ete.) is to meetb put not exceed a calculated

ioad, it 1s convenient to control an energy rates. For
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pump). For this reason, the on-off contrel function, yg,

was added. When Y, = 0, the heat pump 18 off. The heat

pump exchange fluid pumps are assumed to be within the heat
pump, SO whenever the heat pump is off, the flow rates

My out 2nd ﬁaout are set to 0, and Ty 4¢ and Ty ,¢ 2T° equated
to Tyqp and TEin’ regpectively.

As discussed in the section on mode changing, no control
mechanism has been developed to change the heat pump function
from heating to cooling. A 1oad model with very large dead-
pands, or accurate consideration of capaclitance, is a pre-
requisite for automatie mode switching. Otherwlse there
would be unwarranted switching from daytime cooling to
nighttime heating for much of the cooling season. In place
of mcde control in this study, the heating mode will be
simulated jndependently of the cooling mode by isolating a
"heating" season and a tenoling" season and running twWo

separate gsimulations.
2.3 COMPONENT MODELING

Of the four pasic components in the vapor compression
cycle, the evaporator snd condenser are the most difficult
to model adequately. Separate subroutines have neen devoted
£o them since these models are more jpvolved and more sub-
ject to change than are the compressor and expansion valve
models. More sophisticated and/or accurate methods of

describing the heat exchangers could be developed at a later
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prevent nglugging" s OF passing of liquid droplets into the
cOMpTressor, provision 38 made for a gmall amount of super-
heating of refyrigerant vapor before 1t leaves the evaporator.
This superheating cannot be excessive since the specific
volume of the vapor decreases as the vapor 1is neated at
constant pressure, thus decreasing the compressor’s re-
frigerant pumping rate (higher CFM/toﬁ) and decreasing
ayatem performance. Superheating is held to a practical

minimum of about 5 - 10€C especially in thermostatic expan-

sion valve systems where the ljevel 1is maintalined very nearly
constant. Thus the . amount of heat‘exchanged petween the
exchange fiuid and boiling‘refrigerant is vastly greater
than the heat transferred in superheating the refrigerant.
Referring to the p~h dlagrams of R-22 and 1l, the ratio of
heat transferred to superheated yvapor to the total heat
rpansferred (&hSH/&hTOT) for 10 O¢ guperheating is approxi-
mately 1:30 and 1:20, respectively. Tt will be shown that
as a result of this situation, the heat exchangé process in
the evaporator may be approximated as heat transfer o
refrigerant entirely in the two-phase region.

Although the evaporator is a single plece of heat exchange
hardware, mathematically it is two heat exchangers coup led
together in gome , not necessarily simple , manner. For any
fiow arrangement other than parallel flow, a rigorous

analytical aolution of two coupled heat exchanger problems

pecomes very difficult. A geries combination of parallel-
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UEVAPdc and AEVAP referenced tU the refriggrant side;
UgyaPde = 1/{1/hpoTLde) * 1/hy ARgvap)) neglecting wall
resistance. AgvAP © Uhge/VEVAPdC and is a constant. It
bears repeating at this polint that the purpose of this model
is not to accurately design a particular plece of hardware
to meet some specifications but to characterize the way 1in
which & "gyplcal® machine's performance changes when opera-
ting off design conditions. For this reason, y and A have
been calculated 1in & very straightforward way. what is of
primary importance is the way 1in which U changes, for this
is goling to have a strong influence  on the off design heat

transfer characteristics and thus on the off design system

performance.
2.3.1.3 EVAPORATOR HEAT TRANSFER COEFFICIENTS

Tn this model the assumption has been made of a constant
exchange fluld mass flow rate. Actually this is not quite
aceurate since, ror air systems, the fan maintains a constant
yolume flow rate (CFM). The alr volume 1is prOportional to
absoclute temperature 80 outdoor air entering the evaporator
in the winter can undergo a sizable change in mass flow. of
course the other transport properties of air {p, Cp> Kk} also
undergo changes with alr remperature. However, the air side

heat transfer coefficient as a function of transport proper-
o e 333 k.667 o 6

ties derived in appendiz Al.1, Naqp® 1 s
Z
Vol
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. - T - T
therefore: hpoIL “iin A Npo1Lde
Ty4ndcTAdC

This relation, rhough crude, is probably as good a
general rule as can be found. hs the re frigerant flow rate
increases, the operating point temperature dgifference
(Tvip - Tp) will rigse, resulting in an, increased bolling
neat transfer coefficient, SO functional dependence of
hpoyp on flow rate 1s implicit in this relatlion.

The purpose of the evaporator model, subroutine BOILER
(1isted in Appendlx A2.6) is to determine the refrigerant
sutlet state (state B) for any combination of refrigerant

jnlet conditions (state A) and flow rate, and exchange
£iuid inlet temperature. Fach time called, subroutine
BOILER recalculates & new off-design bolling heat transfer
coafficient, DROIL:> and the new over~all U value from

Ugyap = 1/ (1/mpoIL * 1/hy Aggvap)e D€ € - Nyy equations

are then solved for QA, and hp and Tiout 2¥e easily found.
5.3.1.4 EVAPORATOR FROST

An additional consideration for alr-source evaporators
is the possibility of frost puild~-up which can occur when
the suprfaces are pelow 0°C and the alr dew point 18 above
the surface gemperature. Frost 1s detrimental to the oper-
ation of the system for three reasons. A layer of frost
build-up adds additional neat transfer resistance to the

evaporator resulting in a smaller U. The frost increases
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for both refrigerants. The use of a single ¢wo-phase heat
exchanger to represent ¢this significant gmount of heat trans-
ferred from superheated vapor would seem unacceptablie. HowW-
ever, the exact solution of two coupled heat exchangers for
any case but the parallel flow configuration is so difficult
that some simplifications must be made.

Fig. 2.4 shows the most common fin-tube flow AYTange-
ments where air (or any gas) 18 the exchange fluid. A
number of shell and tube flow aprangements where water (or

any 1iquid) 1s the exchange fluid are shown in Fig. 2.5.
2.3.2.1 AIR SOURCE GONDENSER-

Characterization of the two coupled heat exchangers 1in
terms of Kknown heat exchangey flow arrangement solutions is
much more stralghtforward with the air (cross-f1low) config-
uration. The way in which the equations are linked is minimal
gince the alr through the superheat heat exchanger is separate
from the alr which flows through the two-phase heat exchanger
for almost any conceivable flow tube geometry. The state of
the refrigerant a3 1¢ enters the two-phase heat exchanger
1s simply the exit state of the superheat heat exchanger
{state Y). The location of state Y 13 free to move as con-
ditions change. Fig. 5 6a shows the cross flow condenser
spom the alr flow direction and 11lustrates how the two heat
exchanger problems are gulte geparate no matter what the

tube geometry. Pig. 2.6b shows how the cross [{low condenser
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REFRIG.

. gaturated liquid
REFRIG. superheated vapor

.5 TUBE=-SHELL PLOW ARRANGEMENTS

- FIG. 2
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2.3.2.2 WATER SOURCE CONDENSER

From the experlence gained in modeling the cross flow
condenser, 1t was decided that some‘SimplifiQation was botﬁ
necegsary and Justifiable for the ligquid conled condenser.
The liquid cooled {or water scurce) condenser cannot be
separated into two distinct heat exchangers for which simple
analytical golutions exist. A fiuid may repeatedly pass
into and out of both heat exchangers (e.g., the water in
PFig. 2.5). Clearly, a gsimplified model 1s required. One
can imagine a hypothetical flow arrangement consisting of
two separated parallel-counter flow heat exchangers whlch
is easy to solve (though impossible to puild). The key
assumption here is that & separate parallelécounter flow
heat exchanger 18 available to de-superheat the refrigerant
vapor and yet all of the refrigerant and all of the liquid
flow through both neat exchangers, thus eliminating the need
for an lterative sizing algorithm as required In the cross
flow analysis. Agaln, the flow arrangement in the two-phase
neat exchanger does not affect the heat exchanger equations.

From the same information available in the cross-flow
gnalysis, the sizing routine must find the design condition
UA's,U's and A's. This processd (described in Appendix Al.3)
i relatively stralghtforward, requiring the solution of
the separated E - Ney equations for UA in terms of kKnown

heat and mass flow guantities.
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does jnclude, is the strong dependence of the heat transfer
coefficient on the mass [lOwW rate (per unit area) of the
refrigerant (G). pecoprdingly, for refrigerant flow inside
tubes, hRgH 1s TE- -computed every time the conderiser subroutine
1s called by scaling hprsHde py the factor (mﬁ/mﬁdc)o 8 In
1iquid cooled condensers, the refrigerant condenses on outer
tube walls., The vaporized refrigerant heat transfer coefficlent

15 less dependent on fiow rate in this circumstance and hpey

18 taken to be hRSHdc(%R/&Rdc)OQB“

The condenser heat transfer coefficient of primary im-

portance is the condensing coefficlient, hpop, but it is also
the most difficult to evaluate. For £11m condensation ocutside
horizontal tubes, Nusselt proposed:

3 5
no= 725 kp pelog- Pyl ghfgx
© N D pupat ]

Wwhen evaluated over & wide range of condensing temperatures,

this equation gives variations of 30% for R-22 and about 15%

for R-1l. Nevertheless, for the following reasons it was

decided to leave hgop constant at its design condition value,

_____ hpopdes This model is not sufficiently detailed to discern
petween film and dropwise condensation (whieh would modify
the Nuaselt equation considerably), For condensation inslde
tubes (the situstion for alr cooled condensers), Nusselt's

correlation must ne modifled again to account for the fact

that decreasing amounts of surface area along the flow

directlion are available to vapor condensation as liquid collects
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re frigerant jnlet state, and refrigerant flow rate, there
ia é pressure at which state D does occuf wheré desiredm*

it 4s one of the functions of subroutine HTPMP to {teratively
find this pressure.

In concluslion of the condenser discussion, the following
obgervations are noted. Most heat 15 transferred in con-
densers from condensing refrigerant where the mechanism is
virtually the same for any flow arrangement {(exactly the
same as far as the & - Ny, equations are concerned). There-
fore the differentiation made between erogss—Tflow and parallel-
counter low arrangements affects only the small amount of
neat transferred in desuperating the vapor. 1n retrospect,
the effort expended 1in treating this detall is probably un-
warranted. In fact, it is common practice in the refrigeration
ipdustry to treatb the condenser as 1f all heat were trans-
ferred in two-phase (as done 1n the evaporator model).
According to Stoecker {(24), in the superheated region the

effects of a smaller heat transfer coefficient are very

nearly balanced by the larger At, justifying the simplification.
2.3.3 THE COMPRESSOR

The refrigerant mass flow rate through a reciprocating
compressor 18 related to its displacement rate (DR), the

inlet specific volume (Vsuct)s and the volumetric efficiency

(v ).

mg = (PR %y )/Vsuct
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that have Lo operate over wide ranges of hot and cold side
temperatures since the valve ensures nearly optimum usage of
all the evaporator nheat exchange surface. This is done

by throttling the refrigerant such that a small and fairly
constant amount of superheating i{s maintained at the evapor-
ator outlet. The thermostatic expansilon valve's orifice
size 18 regulated by three rorces acting upon a diaphragm
rigidly connected to the throttling pin inside the orifice.
A bulb charged with refrigerant i1g affixed to the outlet of
the evaporator 80 that the bulb follows the evaporator
temperature. If the bulb 1is charged with the same refrigerant
as the evaporator, the bulb pressure, Py, will be the
pressure at saturation of the superheated vapor leaving the
evaporator. Py acts on one side of the diaphragm tending to
open the valve. Balancing this force on the opposite side
are the evaporator pressure, Po, and a constant spring
pressure, P3; tending to close the valve (see Fig. 2.9).

Tf the valve does not feed enough refrigerant, the
evaporator pressure drops and/or the bulb temperature is
inereaged by the warmer vapor legving the evaporator. Thus
an.opening force 18 exerted on the valve pin, admitting more
pefrigerant until the three pressures are again in balance.
Conversely, if too much refrigerant 15 fed into the evaporator,
the bulb temperature decreases and/or the evaporator pressure
jnereases so that 8 closing force 13 exerted on the pin untll

the pressures are again in balance.
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Modeling the thermostatic expansion valve is not giffi-
cult, however, since the orifice size is not of direct
interest. It is gufficient to assume that the-valve 1s
capable of adjusting the opening in such a way that &
constant amount of superheating is maintained. One other
constraint 18 pequired to characterize the valve and that
is the customary assumption of a conséant enthalpy expansion
process.

There is, however, one complication to add to this
simple model. In practical neat pump systems operating at
very high capacities, -the evaporates can be "starved" by
the valve's fallure to pass enough refrigerant. This may
happen because the valve egnnot open any further or because
the reservoir of liquid refrigerant in t+he condenser
geceumulator has been depleted. AS the heat pump hot and
cold side temperature difference becomes small, the pressure
ratio approaches unity resulting in a high volumetric effi-
ciency, a large refrigerant flow rate, and a high heat pump
capaclity. A 1limit to the {ncrease in flow rate is reached
when the wvalve opens 1ts widest to pass more refrigerant but
5t111 can't keep point B on the locus of constant superheat.
This condition does not occur in a good design within the
normal operating range of the hardware. In most air to alr
heat pumps, for example, refriperant flow 1s not 1limited
by the expansion valve 1n the heating mode until the outdcor

gemperature is wlthin approximately 59¢ of the indoor
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For a glven refrigerant vgag 1lig js essentially conatant
and the maximum orifice area, A,ige open’ 1 a constant, SO
the relation reduces to:
ﬁ%ﬁ*c bp

Fig. 2.10 shows conceptually how the compressor re-
frigerant mass fiow and the expansion valve mass flow re-
lations are simultaneously satisfied as the condensing and
evaporating temperatures change. In this illustration, it is
assumed that the uppermost compressor curve pesults when the
evaporation pressure 1g held constant at pp1 and the ¢on-
densing pressure is successively"lﬁwered so that Ap =
Ap1, AP2s AP 3 etc. The compressor i{g able to pump more
refrigerant as the pregsure patioc approaches unity, and the
thermostatic expansion valve adjusts to the new operating
point by 1ncreasing the orifice area. AL Apy = ADyims how=-
ever, the valve is wide opeén and further decrease of condensing
pressure pesults in a decrease of mass flow rate along the
"wide open' curve. State B is no longer constrained to be
on the locus of congtant guperheat, and the evaporator
presaure is free to #ind a new level. The new compressor
characteristic 13 the next lower Curve and the new balance
point is point 5. As hp-» 0 there is no pressure across the
expansion valve and mp=*0. These conslderations will be
discussed further in the description of the solution technlque

(Section 2.4).
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The one problem remaining in the expansion valve model
is how to provide & maximum orifice size eriteria that the
user can speclify. The obvious wWay would be to have the
user supply the constant, C. This approach, however,
requlres unjustifiably detalled knowledge of tﬁe hardware.
The approach decided upon regquires only the specification

of a pressure ratio, RPyims (corresponding to Piim iN

Fig. 2.10) under which the expansion valve 1is8 assumed to be

wide open and therefore limiting the flow of refrigerant.

The program uses this information to determine the value

of ¢. This is done by equating the:refrigerant mass {low

rate expresslons of the compressor and the expansion valve

at this eritical, 1imiting case operating point. {(1.2.,

evaporator pressure = Ppge » condensey pressure = Po1im™ RPlim PBgo

Qtate B 1s on the locus of constant superheat.)

Then mg = 2?2& = Cf@éiiﬁ%pééc where Ty = £(RP y4p)

The vafue of C obtained from solving thig equatlion, it
must be remembered, corresponds to the wlde open valve only.
Whenever c«Bdp » DRMy , the valve is partlally cloged and

VB
1g maintaining constant superheat. Rut when c4ap tends to

fall beneath DH”“’, the valve 18 1imiting flow, and the
constant superheat constraint 1s replaced in the solution

ecriteria by the equation cAVBp = Dﬁﬁﬁ/vg = MR-
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specified by the user. Within that range 11ie-an infinite
number of ordered palirs, Tiins Toins for which an operating
state exists (although the solution may be that the heat
pump 1s off). in general, when an or@ered palr Tiin:s T?in
1g specified, the soiution aubroutine HTPMF {1isted in
Appendix A2.3) iteratively gsearches for the atates A, B,

¢ and D that satisfy the component modelling equations setb
forth in Sectlon 2.3.

The algorithm is 2 modified form of Newton's method in
two dimensions. The functions for which zeroes are to be
found are DELHB (PB,'PC) and DELHZ (PB; PC)° ‘These functions
represent the amount of ngyvershoot" (positive or negative)
of the locus of constant suberheat 1ine that point B ultimately
must lie on, and the saturated iiquid line which point 2
ultimately must 1ie on. It must be remembered that when
CNDNSR and BOILER are called, they solve the heatl exchanger
equations and return the end states of the condensation and
evaporation processes which, in general, either undershoot
or overshoot the locus of permissible endstates. The
jterative appreoach to locating these pressures 4s analogous
to "hunting" in a real system where pressures and endstates
. oscillate somewhat when the inlet conditions change before
the new "steady state" operating states are found. The

object of the jterative Newton's method, then, is to find

the combination of evaporator and condenser pressures (Pp and Pc)
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to keep polnt B on the locus of constant superheat. in

a real system, when the evaporator pegins to starve, point

B drifts further out into superheat, the compressor inliet
specific volume goes UP., and the compressor fiow fate gges
down, resulting in a stabllizing effect that tends o limit
the evaporator starvation problem. an effort to duplicate
thig effect in the iterative solution‘technique was never
entirely guccessful. The gsolution algorithm often bacame
ungtable, predicting new state B polnts far intoc superheat
or pressures that diverged rapidly. It {s believed that

the baslce concept 18 sound but that‘another method of
1mp1ementation is required. At any rate, this problem only
affects the heat pump golutions at very nigh refrigerant
flow rates. Many possible expedients were investigated to
epnable an approximate aolution in this gituation. The pro-
cedure {inally employed uses the following algorithm. Sub=-
routine HTPMP aolves for the operating states as usual
assuming there 1s no refrigerant flow 1imitation. It then
checks to see 1f the flow rate &as calculated by a8 fully open
valve, CdfFEw:#§§z is exceeded by the flow rate as calculated
by the compressor eguabtion, DR %y /¥B. If so, the pressurc
difference (PCc - Pp) is jteratively snereased (which increases
the valve fléw pate and decreases the compressor flow rate)
until the two flow rates are equal. This method results in

a2 solution that aptisfies the masa flow rate conastralnts of

the compressor and valve but does not 1in general satisfy the
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Heat pump capacitlty would be very high (whenever the
evaporator source fluid temperature exceeds the pondenser
source fluld temperature} were it not for the fact that
most heat pumps are not generally designed to operate in
this region. As explained 1n gection 2.3.4, valve and
refrigerant charges are simply not large enough tO permit
inereasingly larger capacities as Tli; exceeds Toy,: Be -
sides this, the HTPMP solutlon routine becomes increasingly
more unstable, and results become increasihéi& moré &e;” B
pendent on the RP1inm parameter which, 1t must be remembered,
1 an artificial way of enabling theé user to specify when
refrigerant flow pegins to be 1imited by the expansion
valve and/or refrigerant charge (see Section 2.3.4), For
these reasons, the palrs T14ins L2in within the cross~-hatched
area of Fig. 2.12 are not solved for. Instead, QA(I,J) and
QR(I,J) for I > J * 1 are assigned values of QA(I,J + 1)
and QR{I,J + 1J.

The best justification of this procedure; however, 1is
that in a properly designed system the evaporator fluld
temperature will never, OF nardly ever, exceed the condenser
fluid temperature. The heat pump could be provided with an
external bypass 80 that heat may be transferred directly
when the "cold"nslde becomes hotter than the hot" side. In
a simulation, temperatures on poth sides can be monitored
and steps taken (e.f., LATEEY heat pump and/or heat pump by-

pABSs employed) 1t 1f 18 found that T1in frequently exceeds

Toin-
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When parameter ISAVE is a positive number, DATAPT
will save the performance mMap just created by WFiting ig ‘
out on logilcal unit ISAVE. When TSAVE 1s a negative
number, DATAPT will read the existing performance map
off of logical unit ~ISAVE. Once & performance map
(QA(1,J} and QR(I,J)) exists, the heat pump problem is
very quickly and easily solved by subroutine INTERP (1isted
in Appendix p2.h). When called with an ordered palr
Tlin’ TZin’ INTERP finds the 3 X 3 matrixes QA33(L,M) and
QR33(L,M) whose center pointsgLaM=2, represent the closest
pointa to ’I‘lin anﬂsziﬁ, Using éuﬁic LaGranglan p@iynpmiglss N
three three-point interpolaticons are performed to find QA'
and QR at points 1, 2, and 3 b¥ holding M conatant and
interpolating in the L directlon as shown in Fig. 2.13.

Then by holding L constant at Tiin and interpolating in the
M direction for Tpin, QA and QR are both found for TiinsT2in-

WA is obtained from WA = QR - QA.
2.5 FPROGRAM STRUCTURE

Now that all the tasks in the heat pump modeling pro-
cedufe have been jdentified and explained, the interrelation-
ships of the routines which perform these tasks can be summed
up (see Flg. 5>_14). In accordance with the TRNSYS interfacing
rules, the "main" program of the heat pump model 1s a sub-
routine with a special name (TYPE20). TYPE20 (listed in

Appendlx A2.1) is a control routine through which TRNSYS
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(or any main program) interfaces with the actual modeling
routines. TYPE2U controls all external input/output oper-
ations and the calls to the sizing, operating point solution,
performance mapping and interpclation segments of the program.
TYPE20 implements the control strategy specified by the

user; that 1is, whether inlet temperatures or heating and
cooling demand rates determine when.the heat pump will run.
TYPE20 ensures that the input exchange fluid temperatures

are within thelr allowable range. It performs ﬁnit conver-
sions, 1f necessary, since a user has the option of working
in the standard English system of units or the 31 system.

Tf the ST system 1s employed (as 1s the case in this work),
unit conversion is necessary since the refrigerant property
evaluating routine, FREON, and all other internal manipu-
lations are performed in the Eﬁglish system because of greater
user familiarity and ease of de-bugging. The TYPE20 logic
flowchart 18 represented in Fig. 2.15.

TYPE20 calls the sizing routine HPSIZE (listed in
Appendlx 42.2) the first time called in a simulation unless
TSAVE is a negative number signifying that a performance
map is to be read off of loglcal unit ~ISAVE. HPSIZE locates
the deaign condition states and determines the design con-
dition refrigerant flow rate. 1t caleculates the sizes of
individual components as discussed in Section 2.3 and prints
out all the sizing information if requested DY the user.

TYPEZ20 calls DATAPT, which calls HTPMP repeatedly, to create
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a few different indcor temperatures) are readily avallable
from at least the major manufacturers. Water-to-air heat
pumps are produced by & wide variety of gmall companles
(mainly in the southern United States where large podies of
159~ 25°C water are avallable as botﬁ sink and source).
Characteristics are avallable for many of these heat pumps
but since they are designed to operate over such a narrow
range of temperatures, their characteristics are rather
ashort, straight iines. These are easy enough o duplicate
with the model but don't allow verification of operation far
from the design point (which 1s where a heat pump must often
operate when sglar energy provides the heat gource). PFinally,
water-to-water heat pumps are almost honnexistent in the
comfort heating and cooling market; ARI lists no manu-
facturers of unitary water-to-water heat pumps.

geveral of the Climate Master water-to-alr heat pumps
were modeled successfully, 1if not somewhat inconclusively
because of the 1imited range of the data. Water-to-water
performance data was not available, so the main effort in
model verificatlon was concerned with air-to-alr systems.
The three major manufacturers of ajir-to-alr heat pumps used
plmost exclusively in colder climates are carrier, G.E. and
westinghouse. The Westinghouse hardware employs a rather
vnigue refrigerant circult utilizing both suction line and
flash tank heat exchangers, and a sub-cool regulating ex-

pansion valve, all of which provide for an uynusual amount of
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of different systems in response Lo 1dentical forcing

functions. Actual hourly readings from local weather
pureaus of dry bulb temperature, wet bulb temperature, solar
radlation intensity, and wind speed provide the raw data
used for the simulations. Linear interpolation provides

values when needed between hours.

3.1.2 THE COLLECTOR

The Hottel, Whittier, Bliss (4,26,27) flat plate

collector model expresses the rate of energy collectlion,

Q

as:

u’ o o a e
Q, = AFg [HT‘E‘G - U Ty, - amb)] = mC (T,~Ty)

where Fp mgf 1 - exp(F LA> F’, the collector geometry

efficiency factor can be detegmined in the manner glven by
Biiss (27) or Duffle and Beckman (19). The over-all energy
loss coefficient, Up, 1is & complicated function of collector
construction and operating conditions. It is evaluated from
an expression developed by Kleln (28).

Hp is the solar energy incident on the tilted surface
of the collector and depends on how the measured radlatlon
data available to the program, H, is divided up into beam,
Hy s and diffuse, Hg, radiation. Hy and Hy are estimated
from an empirical relationship derived from the graphical

snformation of Luil and Jordan {(29). DBeam radiation incident

on the collector is Hbﬁb where Rb is a function of the
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the 1ndoor-outdoor temperature difference by a significant
amount of time, so it can ve an important factor in solar
syatem dynamic performance. Another factor 1s solar heat
gain through walls and windows. For these reasons, the
simple "degree-hour" TRNSYS load model.(where the load 1s
calculated &s & constant UA of the house times the outdoor-
indoor temperature difference) has peen replaced by a more
sophisticated 1oad model with subroutines that ¢reat heat
transfer through each wall, the roof and the basement sep-—
arately. The walls are treated as three planer nodes each
having a mass and §ﬁécifié heat commensurate with the wall
construction. An energy balance 18 performed for each node,
and the resulting set of algebralc and differential equatlons
apre solved for the heat transferred into or out of the room.
"he same routine which finds Ry, the ratlo of incident solar
energy on a collector surface of known orientation to that
on a horizontal surface, s used to calculate the instantan-
eous radlation on each of the walls and the roocf. Percent
windows and percent shading are accounted for, as 1s in-

filtration and internal heat generation.
3.2 SYSTEMS DESCRIPTION

On the basis of previous work (1-6) and to 1imit the
scope of this study, two ngtandard" system designs were
chosen for detalled performance study. These gystems are

by no means equivalent to the full range of possible solar
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IN-LINE HEAT PUMP
11)

COLLECTOR AREA

SYSTEM SYSTEM
1.5 ton 3.0 ton 1.5 ton 3.0 ton
{A) (B) {A) {B)
0m 1A00 1800 ~ ~
10 m 1A10 1810 - -
20 1420 1820 . 11A20 11820
30 m 1A30 1830 11A30 11830
40 mé 1A40 1B40 11440 11840

TABLE 3.1

RUN SUMMARY
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VALUE

~70~-AIR HEAT PUMPS

AIR

-WATER HEAT PUMPE

WATER-TO

capacity (at 20°¢ indoorf-ﬁ.?oﬂ gutdoor
(Runs IAXX)
{(Runs IBXX)
fndoor Coll Alr Flowrate (Runs TAXX)
(Runs IBXX)
Outdoor Coil Air Plowrate (Runs TAXX)
{Runs IBXX)
Minimum Evaporator Tnlet Temperature
Maximum Condenser Tnlet Temperature
Adiasbatlce Compression Efficlency, 7g L
Refrigerant
Design Evaporator outlet Temperature
Difference
Condensger Outlet Temperature
pifference
Boiling Heat Transfer coefficient

Design

Design
Desipgn
Deasign
Evaporator Alr Slde Heat Transfer Coeff.
condenser Alr Slde Heat Transfer Coeff.
Evaporator Alr to Refrigerant Area Ratio
condenser Alr to Refrigerant Area Ratlo
Evaporator Qutlet Superheating '
Condenser Outlet Subcooling
pressure Ratio at Which Valve is wide Open
Fraction Capaclty Loast below Freezing

Due to Evaporator Coil Frost & Defrost

condensing Heat Transfer Coefficient
Superheated Vapor Heat Transfer Coef

18990 k3 /hr: (1.5 tons)-
37980 kJ/hr (3.0 tons)
2045 kg/hr : p
5091 kg/hr

4091 kg/hr

8182 kg/hr

~250C

boolC

0.7

R=22

3°c
6°C

16350 kJ/m>-hr="C
6133 kJ/me~-hr-0C

£.1635 wJ/mé-hr-°C

504l xJ/me-hr-°C
1227 kd/mé-hr-°C
5 e
10 - .
10C

00C

Y

Ty~

2

0.05

Capacity {at 20°C evap.inlet/60°C cond.

inlet) (Runs ITAXX)

{(Runs IIBXX
Rate (Runs ITAXX)

{Runs IIBXX)
Minimum Evaporator Inlet Temperature
Maximum Condenser Inlet Temperature
Adiabatic Compression Efficiency; g
Re frigerant
Deslgn Evaporator outlet Temperature
Difference
Deslgn Condenser cutlet Temperature
pifference
Design Bolling Heat Transfer Coefficient
Dealign Condensing Heat prans fer Coeff.
Dagign superheated Vapor Heat Transfer
Evaporator Water Side Heat
Condenser WaterT Side Heat

Water Flow

Transfer Coeff.
Transfer Coeff.

Evaporator Water to Refrigerant Area Ratilo

Condenser Water to Refrigerant Area Ratio
Evaporator Outlet Superheating
condenser Outlet Subcooling

pressure Ratio at Which Valve 1s Wide Open

18990 kJ/hr (1.5 £ons )
37980 kJ/hr (3.0 tons)
B20 kg/hr

1640 kg/hr

0%¢

oc o
16350 kJ/gznhr-OC-;jZ 
6133 kJ/m==hr-9C -

Coeff.1635 kI /m2-hr=0C

2452 kJ/mé-hr-0C
2452 kJ/me-hr-0C

gc
C

(SR Rt I

TABLE 3.2

COMPONENT PARAMETERS (cont .}
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All systems studied here are simulated using the
aame year of meteorological data and the same heating and
cooling load models. The weather data 1s from the Albu-
querque weathepr bureau for 1959. This location was selected
on the basis of previous femsiblility studles (1~6) and
avalilability of data.

The space heating and cooling 10éd parameters represent
the Colorado state Unlversity Solar House I (18). The

house ig & single story wood frame structure having 140 we

of floor area. It has a basement and a vented attic. The

ey

house's over-all design 1oss coefficient is approximate;wa__

WoE

1250 kj/9C-hr. The loads differ slightly with collector
areé since tank losses are counted as heat inputs to the
conditioned space. The 1osd model has been calculated with
conslderation of capaclitance, solar heat galns through walls,
roof and windows, ipfiltration, and {nternal generation.

The load model parameters are listed in Table 3.2.
3,2.1 THE PARALLEL SYSTEM

The "parallel” system collector has & non-selectlive
surface and two covers of medium quality glass. In the
heating mode (Fig. 3.1a), the load controller switches the
pumps on and off to extract enough energy from the tank to
meet the load. I the 1oad cannot be met, the contrcller
glso switches on the parallel gir-to-air heat pump to meet

the balance. If that 1s stiil insufficient to meet the load,

Spp—
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the heat pump's puilt=-in auxiliary heater (electrical re-
sistance neaters) make up the rest.

in the coocling mode (Fig. 3.1b), the solar collection
system needs only to meet the service hot water load (whiche
it can do very easily). The 1pad controller switches the
heat pump on and off to meet the cooling joad. There is
noe cooling auxiliary B0 shortages of heat pump cooling
capaclty represent times when the indoor temperature would
rige above the room design temperature.

The heat pumps used in the "parallel” mode are designed
to yield 1.5 and 3.0 tons (18991 kJ/hr and 37982 kd/hr) at
design condition evaporator and condenser air inlet tempera-
tures of =6.7°C and 500C. They employ cross flow heatb
exchangers and refrigerant R~22. Other important parameters
used to model these devices are 1isted in Table 3,2. These
aip-to-air heat pumps are modeled to very closely represent
the performance of the Carrler unit described in Section 2.6.
(1t should be noted that the heat pumps modéled nere supply
their "rated" capacities at & lower cutdoor temperature
than 1s normally used in the industry. Thege heal pumps
are essentially "de-rated” approximately 50 te 60% in com=

parison to industry standards.)

3.2.2 IN-LINE SYSTEM

Fig. 3.2a shows the in-line solar energy-heat pump

syastem with evaporator side storage in the heating mode.

-
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The collector used here has a single glass cover since it
will be operating at lower temperatures. Though the
gervice hot water gsystem 1is jdentical to the parallel gystem,
the tank temperature will be lower sC iess of the service
hot water load can be met'by splar durling mid-winter.

fhe in-line heat pumps are designed to supply 1.5 tons
and 3.0 tons of heating capacity at design condition evapo-
retor and condenser water iplet temperatures of 200Cc and 60°C.
They utilize parallelncounterflow water to refrigerant
evaporators and condensers, and refrigerant R-114. Important
parameters used in the model are 1isted in Table F.2s

In the heating mode there are two submodes for trans-
ferring tank energy to the load depending on tank temperature.
1f the temperature exceeds 30°C, the bypass controller
positions the diverter valves to deliver hot water directly
to the load heat exchanger, bypassing the heat pump. When
the tank temperature dips below 30°C, the diverter valves
are re-positioned to dellver the tank outlet tc the heat
pump evaporator gide and the 10ad outlet to the heat pump
condenger slide. The heat pump 1s gimultaneously switched on.
The heat pump has 1ts own internal control criteria that
will turn itself of f to prevent freeze-up of the evaporator
as the tank temperature approaches g%c. 1In either heating
submode, 1f the joad heat exchanger cannot extract enough
energy [from the snlet flowstream Lo meet the load, the balance
is made up by a “parallel” guxiliary which is assumed to be

gome kind of “conventional“ heat source.
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The "totallauxiliary" requirement peferred to above 1s
the difference between the total load and the energy suppllied
by the solar system. The "actual auxiliary" energy required
by these aystems consists of heat pump compressor and fan
motor electrical input (WHP), heat pump auxiliary heat
(QHPAUX)s and service hot water auxiliary (QSHWA) (neglecting
the small water pumping power). It 18 reasonable to assume
that for practical systems, the latter two energy require-
ments would also be met with electriclity. An average system
COP can then be defined for the heating season as the "total
auxiliary" energy requirement divided by the total electrical
energy input. This system COP 1s a function of collector
ares and heaﬁ pump slize as shown in Fig. 3.5.

The cooling mode performance is a function of heat pump
size, but not collector area. The 1.5 ton heat pump meets
9% of the coollng 1oad and the 3 ton heatl pump meets 100%
of the load. The larger heat pump reguires gslightly less
electrical input.

The results of the in-line system simulations are shown
by months in Taple 3.4. The fraction of the total load met
by solar energy, FS, 48 defined in the sameé manner as in the
parallel system. The in-line heat pump electrical require-
ments (WHP) are considered to be auxiliary. Here, however,
FB is a function of both collector area and heaé pump size
as shown in Fig. 3.6. Comparison of Fig. 3.4 and Fig. 3.6

reveals that all Fs curves are very nearly identlcal. The
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conclusion is that the collector efficlency geined by
operating at a jower tank temperature nas been offset {(in
these examples) by inereased losses associated with the one
cover collector. Approximately the same amount of auxiliary
heat (QAUX) must be added to the in-line system as was re-
guired by the "parallel” system. Now, however, instead of
an air-to-air heat pump providing this function, a conven-~
ticnal heat source must be used. Clearly, no matter what
kind of auxiliary is used, the cost of meeting this substan-
tial load is golng to be significant. A fuel burning furnace
would cost less to run than resistance heaters but would be
an additional initial equipment cost. Assuming the in-line
system utilizes electricity for service hot water auxiliary
and heat pump compressor work only (again neglecting pump
work), Fig. 3.7 has been drawn to show the minimum fraction
of auxiliary energy that muat be eleectric, FE, as a function
of collector area and heat pump size.

In the ccooling mode, the in-line system 1.5 and 3 ton
heat pumps provide 87% and 99% of the cooling load but use
slightly less electric power than the air-to-alr heat pumps.
The 3 ton heat pump again uses less energy even though it
meets much more of the load.

A factor which further tends to even out the differences
between the parallel and in-line system performance 1is the
hot water load. The main storage tank in the parallel system

is maintained at & much higher average temperature than the
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in-line system's storage tank. As a result, more of the
gervice hot water lpad can be transferred across the heat
exchanger petween the main storage tank and the service hot
water pre-heatl tank during the heating season as evident
from Figs. 3.4 and 3.5. Thus, lesSS service hot water auxi-

liary 1s required for the parallel heat pump system.
3.4 AN ECONOMIC EVALUATION

A complete econcmic analysis'is beyond the scope of

this study. It would require plotting of annual costs Vs
collector area and heat pump size assuming different com-
binations of equipment, electricity, and fuel costs. The
theprmal performance has been computed without regard to

coats and provides a pbasis for an economic analysls &s in

the example presented below. The thermal performance results
nave been presented in a way that enables easy re-evaluation

of the economics using different cost assumptions. However,

the thermal performance aimulations are 1imited in thelr
scope, and cgution should be exercised in drawing general

conclusions from them.

The annual "cost above pase” is computed for each system
by summing the annual amortized equipment ".ost above base”
and the annual electrical and fuel cosats. annual fixed

costs are gugumed to be 129 of the investment. The base

syatem 1s defined as a 1.5% ton air-to-air heat pump {which

is Just large enough to meeb the cooling 1oad) with bullt-in
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system heat pumps, unlike the parallel heat pumps, rely on
collected solar energy ss a source in the heating mode.

The smaller collectors simply cannot furnish an adequate
heat source in the in=line configuration. Tt is also
apparent from Fig. 3.8 that the imﬁfovéd perforﬁance of the
31 ton heat pump in either configuration does not compensate

for its higher first cost.
3.5 CONCLUSIONS AND RECOMMENDATIONS

A general method of modeling single stage heat pump s
has been described. npypical” performance mapg have been
constructed for air~to-air and water-to-water heat pumps.
Tweg s0lar energy-neat pump gystems have peen described and
aimulated using the transient simulatlion capabilities of
TRNSYS. The resultant thermal performance data revealed
aome Very interesting information about the twd basic design
philosophlies considered here. 1t is recognlzed that nelther
of these systems has been optimized ingsofar as most system
parameters &are concerned. No one has yet ascertained what
deslign constraints should apply to system parameters, or
indeed, what the most important parameters actually are.
Nonetheless, the same basic trends noted in these study cases
are bound to apply in more carefully optimized systems of
the same design.

wirst of all, higher collector efficiencies can be

expected from in-line systems since the collectors operate
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5lways capable of meeting the auxillary requirement with
a COP-ef greater than unity.

An “improved" selar-heat pump system can be envisioned
that could incorporate the advantages of'both the in-line
" and the parallel systems. The heat pump could use storage
as the heat source when the storage temperature 1s gsuffi-
ciently high. When storage 18 depleted, the heat pump
could switch to outdoor air as a source., For water collector
systems, tThe heat pump would probably have to have both an
~alr source and a water BOUrce evaporator for the heating
mode. This is an additional complexity to the system but
may actually not require a net first cost increase aince
the coolling tower formerly used for summer heat rejection
could be replaced by the air source outdoor cpll used a5
noth a winter heat source and a summer heat sink.

The example economic analysis reveals that the parallel
snlar energy heal pump gystem 1s slightly less costly than
a heat pump system working alone. The economic incentlve
for using the fofmer would increase for lower solar equip-
ment cost or higher electric costs. The economic attractive-
ness of a combination in-line/parallel system is almost &
surety based on these findings.

mhe effects of climate are unclear. 1t 1s not obvious
that the same considerations that make solar systems oOT heat
pump systems more oT less feasible in certalin climates apply

to solar-heat pump systems in general. The attractiveness
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G, and the air properties. Alr property changes have very
1ittle effect on b over a wide range of temperatures. The
inerease of Kk andawith temperature 18 offset by the decrease
in p (which is proportional to G). Evaluated at 50°F,
equation Al.2 becomes h,y,. = -049 1oBr;‘”G'6, This re-
lationship provides a convenient air side heat transfer
correlation for a wide variety of different surfaces whose

wpY yalues can be easily inserted.
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These equations can be simplified by removing groups of

constants. All U's, T's and Q's are known at design condltions.

THEN : WHERE :
1. Egp= 1-e~NTUZP 1. o = Upp/CC2
2. €p= A Agy/Apop 2. A = QRyp/CC2(TY-T2INDC)
3. NTUpp = % ARt 3. & = Ugy/cc2

N, Egp=0(App/ARsy)(1-exp E— (1-e~NTUSH) ( (Agsn/PRT) /@ )-! )

y, g = CCRSH/CC2

5. &gy=t(ART/ARSH) 5. T = QRgy/CC2(TC-T2INDC)
6. NTUgy = &ART 6. 6 = -61n(1-1/0)
7. hAgp = Aggu * Arep 7. $=1-06-p

This system reduces to:

(1 - g)e~BART + (1 - @ )e ®ART - e-(@+8)ART - g= 0
which is solved with Newton's method for Agp in subroutine HPSIZE.
The endstates of the condenser process are calculated in
subroutine CNDNSR once ART has been determined by the sizing
routine. First, the amount of heat exchanger area used To
de-superheat the vapor, Agsy, 18 found by solving Al.2-1, 2 & 3
below. (The heat rejected in the superheat exchanger, QRgy 1s
known from the inlet refrigerant mass flowrate and the states
C and Y are known from Fig. 2.1.) The endstates are the same
for either fluid having maximum capacitance. For Cmin =
capacitance of superheated refrigerant = CURsy» the equations

are:
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A1.3 WATER SOURCE-CONDENSER EQUATIONS

As discussed 1n Section 2.3.2.2, an exact solution for
almost any water-source condenser flow configuration cther
than simple parallel flow is very difficult. It is assumed
in this anal§sis that the two heat exchangers {superheat and
2-phase) can pe separated and solved jndependently. Both
of these heat exchangers are represented by the parallel-
counterilow g-Ngy equations {(though, &s pointed out pre-
vioualy, these equations peduce to the same simple form for
any flow arrangement in the 2-phase heat exchanger). The
water temperature entering the superheat exchanger 1s T2IN,
the condenser water inlet temperature. The water temperature
entering the 2-phase exchanger is T22P = T2IN - QRgy/CC2
where QRgy 18 the heat exchanged in the superheat exchanger

and CC2 = ﬁchg ig the total water ¢ide capacitance. This

sasumes that all the water entering the condenser fiprst Tlows
through the superheat exchanger, then through the 2=-phase
exchanger.

In the sizing routine, QRgH» QRsps TC, TY and T22P are
known at design conditions. Deslgn condition effectivenesses
can then be found from &= QR/Cin(8Tmax) - The parallel-
counterflow heatb exchanger equations can then be solved for

Uhge's in both heat exchangers at design conditions.



Thus, €,p = 1 - e-UropARap/CC2 (A1.3-6)
and, QR,p = CC2 €5p (T22P-TY)} (A1.3-T)

where T22P 1s the gemperature of the water after passing

through the guperheat exchanger:

T22P = T2IN - QRgy/CC2

then, T20UT = T2IN - (QRSH+QR2P)/(me)water (AL.3-8)
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510 WRITE§-¢5273 CFFE
517 WRTTEI-¢5 281 FEleHL pHBN ILTeUT VAP o AEVAP AREVAP
IF(TFERR.FA4¥ STOP
£1° RETURN
€75 FORMAT(® TFFCSH CREATER THAN 1IN HPSIZE®}
580 FORMATE® FFFE CREATER THAN 1 IN HPSTZIv®)
£&1 FORMAT L TEFC2P IS CPEATER THAN 1 TN HPSIZE®}
5 Be FORMAT(® CEFSC GREATUR THAM 1 1IN HPSTIZFE®)
Tar FORMATE® TFFCSHs {1.+CRISH) IS CREATER THAN 1 TN HPSTZE®D
537 FORMATE® CONDo GAMMA IS GREATF™ THAN 1 IN HPSIZE®]
£q8 FURMAT §® SUBCLR GAMMA IS GREATFR THAN 1 IN HPCIZE®)
17 FORMATI? FOEQON CALLED AT T2t oF10 .4}
€11 FORMAT(® FREON CALLTD AT phzteflU.4)
617 FORMATE® FREQON CALLED ATY Th=v¢F10.Uee HDZ®oFLU B
£L? FORMAT(® FREON CALLTT AT PAz eF1l0.u1}
61 FORMATE® FREON CALLCY AT TH=% o F10.8e%e PAZ e lFlla43
c1F FORMAT ¢ FREON CALLF™ AT PNzsyFLOMe%e SZeFllel)
GLE FARMATE® FOTON CALLED AT Sz ? g FlUMe® HCTTeF1T 4]
617 FORMAT (* FREON CALLFT AT np=*eF1llal)
518 FORMATE® OFSIGN CONDITION RP IS NeT WTTHTH AMCE °F 1 79 10°)
g2 FORMAT (/¢ THF DESIEN CONRDITION STATES ARE:®/
1% °a=SYCTION PRESSU To v er10.%/
17 FCINTISCHARGE BRESSURE=® o FLUL4/
Ls HR=SUCTTON CNTHALFYZ"»FiC.4/
1% HCZNTSCHARGE CNTHALPYS T eFlO8/
1t MD=THROTTLING ENTHALPY=? «F1lD U}
621 FORMATE /7 COMPRESSOR DESTGN SAPAMTTITRTIY/
1% MDOTDCT®%ASS FLOW AATE="sF10 a8/
[+ RPOESPIRFSSURD RATICT®eF1lC0.4/
1¢ YIFFOCTVOLUMFTRIC EFFISTENCYS ®eFLO U/
Le FFzDISPLACCMENT RATEZ®FLOLb Y
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A

1al

199

401

200

190
c

20

TeT=2
crizranill
CPZzmARCS)
rYaa-paR{l1O}
praX-ranilll
TCHX P ARILE
CHEAT=PARELT )
RPIT-PARIZY
CEROGTZPARLZ3)
IrRzPARIZS)

Fenyn THT INITTAL CUESS OF PRESTUST

TTYPEZLD

ToXINEZhePARELOD

CatLk FFEDN(TFFW'wHwalnstITYPFl
TIYPEZ1S

T-oXIHMELI-PAREILE]

CALL VREONETUPﬂwHvalquuITY"F!

READ THE KEW INFUTS

TIIN-XINELS
PINOT=PARIT )
T2INZXINCTD
MZDOT=PAR(T S
TenTizO
TENTZ:=0
TCNT3I=0

Locate PY B

=10

TYYPET2E

CALL FRIZUN (TeF‘?!sHsSoﬁ@\JvTTYmE?
TEATTYPELNT O} GO 70 191
WRTITrFi-n018 PN

SYOP

CONTTHNUE

TR=T+SHE AT

TTymirz=12

cALL FREDCN i?ﬂwPEwHBISPa@wVB +sITYFE S

TE{ITYPE.NE0) GO TO 193
WRTITE - U2 TPePE

stTop

pez-PC/PE

TFIRO,LT.12.1 00 To 200
WRITE =801 TIINeTZIN

FraMaTie PP IS OVER 12 AT e 2F10 LU

o TO 49%

UﬁFF:1@UZﬁ5—?QSBTLE—UEsRP+3.32€7E*D3*QP9&2

MOOTR=FFsVEFF/VR
TeCOK=D

LOCATE PT C

A AL

rcabl FREOR (TePCeHetPelGe¥ TTYFF
TEPITYPDLNE O GO T8 201

WO TTS§~e6.03) POsSE

Rl

CORTINUE

U= {4-HA) /FTAL 4B

TTypPE=Z3

CALE FREIN {(TCsPLeHCeSsNe Ve ITYPED

127



z0F

317

330

129

STOP

CoMTINUD

EpaReLizTh

COEAREZIZPINGT

FPARET s -¥DOTF

cpanikI=rPl

EPRREYIZCULIGP

CALL ﬁﬁILEPﬂI?UﬁPnE“&?vT&eHﬂw*ROH@wflINeTlouveQAl
grl.b

TTYPEZ2S

CAaLL FWECN(TwPBrHoSvGveITYPF)

TRL INF=TeSHEAT

TTYPE-12

CALL FREQNﬂTBLINEsPEquLINEvSszVvtTYPE‘
DELHBELZHE-HBLINE

TEEICHNTILNF0Y 50 Y3 317
TFQDELHBla”T.*ZH-uﬁNDeUELHBZ-LTnSCu) s T 317
TCNT3zL

TazT1IN-PAT {19}

ITYPCz1%

CRLL VREJNTTﬁvPBquEwlocVnITYPfi
TIYPE-LZ

Te=Ta+SHTAT

CALL FREGN‘TEWPBSHW:|GVVP!ITYPF}
RpzrCsPs '
VEFF:lwﬂﬁi?*?aSB?lE"EE#RP*3°32ETE-O3'9P$$2
MOATR=FFeY FF/VO

g0 TO 200

TEINTLHAL L Ta2.) GO TN 313

PRO-PESEL .~PBINCL/TCRITY

Ge YO TZ5

TF EOFLHURL . T.TPS) GO T0 %20
TE{OELHBL.LT.-ERSY GO TCO x22

IF (IPCCK.F0.11 GO TO g0l
ponspHe]l ¢ PRINCZ/PCRITY

G0 10 32T

prn=nBsfl.~PRINC2/PCRITI

CONTINUT

3

R

¢ Locall YT OAQ

¢ FYRST OFTFR¥INE ATPROX V8O0 AT PRg To GEY NEW MDOTF

0zl

TTYPEZZ2E

CaLL PO ulTePBleHeSede Ve ITYRE]
TRO-T2+SHT AT

TiyeCzli2

Call FREDﬁ?THGQP@O@HBLINE@E?PeGUVBSvITYPT?
pr=wl/srad
VEFF:lEUZSJ“TQEBTIE“GZ$RP¢3.3257E“D3$DP*$2
MENTR=FEsYTEF VB0

TTYPEZZS

CatL FRETNET&U@PBO@HDvSrGQV@ITYPE‘
FParRel1iz=rng

CUATI] TIZMOOTR

CAaLL BCILFP%I[VRP@VP&FwTAQsHﬂeTBO&HBCsTlINinEUTeﬂﬁ}
ATLHAATHI0~HEL TNE
DERIV?:!ﬁELHBO-D[LH@l‘ffpﬂo—PB3

PR PR-NELHRL/DERTYY
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pe=nng

aln RIE=PFr/PE
FLHWZCV&LVEsSQRIEPC~°GE
TTY¥PECZ?E
f=l.

CAaLL FﬁCLﬂeTePBstSpGanI?YPf}

To= T+ SHIAT

“f¥PFE=-12

CaLl ??EjmiTBsPBeHEuSBeQnMBeITYPE)

VKFF:l,UEBFWTWE8?1F-PZ#RF+3.32E7E-UE*RP*$2

M TASTFeVIFF/VS

G?FF:MBOT”*FLGN

Tr(AQSiDTFFIQL“oSsOE e 71 a8zt

DERIV:EDIFFOEDIFFEIGPCLwPC1

TF{IPR.E3.11 WRITE €-¢8053 LCNTePCsPEcMDQTRsFLOEuEERIV
g0« FORMATIIS o5 FL2at }

nYFER=DIFT

PagzPR

pCce=ra

LENTZLONT I

IFiLCNT.LT.ZUsP co 1o agd

WRITE =810

310 FrRYMATL® LCRT cqauaLs 20}
<Tor

820 TITYPTo Y :
CAaLL FFELN&TwPﬁunSRwaVsTT?pF)

Heo M2 (H-HRI/TTAR

1=0,

TIYPLT 20

CALL FRETNtTwPﬂvHBwaJsVaITYPEi
250 QR:MQOTR'EHC—HD!

CATMDOTR® (HB=HD)

C CYAPORATOR Fenst CHECK
iFﬁeTliNﬁfﬁllz,,GT,E?@} gn Tn DL
GEFRST=CF?05TeaR
AR =aR-GDIFRST
SAE=Q&-0DFPST

oo Y0 700

Lg% WHITE{~ofF 201} TiIINeT2IN
“TOP

g7 GR=-0. 0
wa=0 .0

601 FORMATE® FOEOGN capLen AvY nar e  Fll.%]
&02 FORMAT{® FREGN CALLTN BT YRz %eFl0.8e®
607 FORMATE® FREON CaLLTD AT npze g Flle%s
£08 FORMAT(® TRCON CALLTD AT PCzteFlleby® HCz®sF10.4}
50% FORMATE® FREON CALL T AT pazteTll.8,” HO= e FLlDa%)
£20 FGRMATL® FAIL FUNVERGE IN 12 ITERATICNS AT p2FTel]
r22 FCRH&TYIww%F&n3f1XeT¢3a2§
500 RE TURH

TRD

¢ PEz"eF10e#]
¥ SB:' 9?1[1@4'
¥
@

A2.4 INTERP

SUTROUTIRT INTFRP{TIINsT2INe3Aw3P]
ATMENSTAN ARIZ(%e33 A3 133 ¢2R3TLI T 2RI LI
COMMON/GRTD/TLOs THT 9 NFLT oM



¥+

is

R3]

&0

s EeEs L

XTME1IzTL Qe qL-10e0FL T
CALL HTPPPEIPAR XTNzQ A OR}
JATDO{LeJ Iz :
QREJIL « JIZQR
COMTINUD
FTLL UP REST OF ARRAY WITH LOWED DTIACONAL VALUET
5o 19 JzleW
IIzJ+2
an 15 I=TIeN
QATOITJIZOARDE sl e )
ARE I Te JI=ARCILS+1 0]
TFITLAVE ATR.08 RETURN
e 200 Jmi el
Do 20 IzleN
HETTTEISAV s~1 GRTI{Tedla AR (Tl
RETURN
TOCRAYE =~ TTAVE
00 40 JZ1le N
e wo Iz1eN
FEADITCSAYF =) OREJITeJIeQANDET o J)
RETURN
END

A2.6 BOILER

SLARQUT INT BGTLCRETEVAT P8P o TCTeHC T TCOoHCO e THITHOQAD
DIMOINSION PARLTY
REAL MO0THeMNITCM1COTE

COHMON/EV&P!HHOILUlevﬁRFVAPeAFVAPvMIDGTEpTDIF

PHAXzPAREL)

MDOTH=PARIZ S

MECOTCZPAT( IS

CPH-PAR[%}

NRCZPARIL )

AT ATV AR

CH=MDNTHeCPH
STMPLIFIED MODEL TN KHICH NO SUPERHEAT HraT FYCHANCER
FYER EXTISTSe SINGT THE HFAT TRANSFERRED IN SUPECRHEAT HUAT
FXCHANCFR I5 VERY CTMaLL IN A HTAT PUMP APPLICATIONs ASSUME
TS TRANSTFRRTT TO 30IL ING REFRITINANT.

HPOIL=HEBOILDs{THI-TCI/TDTF

TFEHROTL oL THA0IL /100 HODILZHBCILC/lUS

U0zl o/ (1o AHL/APEVEP L. /HBOTL )

F=l.~FAP{-UDeRT/CH!

THOZTHI~"siTHI-TCI}

FATCH e TUT~THOT

HCOzHCT+QA/MEDTL

Tiyer=23

CALL FRESHITCUPMAXeHCDaSe0eVeITYPF ]

RETURN

END

133

ALL HEAT
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xon
CR

I
G

or
A1

s B e lalel

€ RE
xg-

310

3

TH

xar

601

g Ta 315
CONT TNUE
O3S FLOW

OH ATR SITF DEPTNDS Ch ARCA FRACTION AZSQCTATLY

SUPERHFATING YAPQR (578 TLF AMALYSISH
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WITH

RLOUCES TO SAMD FORMULA NO MATTER WHICH STDD HAS MAX

Elo=Gl/0HIe{THI-TCT Y}
TFIFElelTs1e0t 50 Tn 210
TURN WITH A LARGE NFCATIVT DOLRO
DELHAZHHI~HHZ

RETUDHN

CAMMA=ZL o ~TXP{-UHsART/{MOATL2CPCl }
Al=(~CHL# BRT/(MOOTCe CPCeCAMMAT IR 06Tl .~E1)
TFEAL.CY.ATTY ©Q Tn 305 :

AZ ZART -4l

2=-PHASE CMAXTCHMIXENZINFIWNITY
CCZ2-MDOTC+CPC2 AL /ART
L221la~FXPL-UZPaR2/0C2)
TCOZ-TCI2E2 8 (THE-TCI]
G2z=CC28LTLT-TCO2Y

HHOTHHZ + 02 AMDOT H

IRz N0l+12

TCOZTCI~CRA(MOOTCRCPL Y
DELHOZHHI~HHO

RETURMN

FORMATE® THZ T3 GRFATER THAN YHILI I8 CNDNSRYI)
TME

THIS I35 TRU™ FUYEN THCOUGH %1 IS DNIFFFRENT “0R DIFFEPENT CMAYX
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No. Parameters Descriptiocon

21 IPRSZ Option to printout sizing information computed
in HPSIZIE

22 RPIX Pressure ratio at which valve becomes fully
open

23 CFROST Percentage of sir source evaporator capacity
lost below freezling point

24 HR2P Design conditicn condensing heat transfer
coefficlent

25 HRSHD Deslign conditlon condenser de-superheating
heat transfer coefficient

26 H2 Condenser exchange fluld side heat transfer
coefficient

27 AREVAP Evaporator exchange fluld to refrigerant ares
ratio

28 ARCORD Condenser exchange fluid te refrigerant area
ratio '

29 IPR Option to print out intermediate results during
HTPMP molution

30 MODE Heat pump control mode (l=control on temperatures,

2=control on heating rates)
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