A Steady State Computer Slmulatnon
Model for A|r-to Alr Heat Pumps

AE. Dabiri, Ph.D.
ASHRAE Member

INTRODUCTION
The 1.S.° Department of Energy's (DOE) appliance energy eff1c1ency standard current1y being :

1mp1emented requ1rei that- extensive 'testing be conducted to .obtain 'heat pump performance .~
rating ‘information, In some cases, the standard permits use of computer “programs 2o
generate these data. Therefore, a Heat Pump Simulation Model has been developed that is -

capable .of reducing the amount of testing currently. required by DOE. The simulation mode],
which generates steady state heat pump performance data, is based upon the mlnimum number of__;
experimenta1 data for the spec1f1c heat pump of - 1nterest ' o . : v

The first step in deve1nping a- heat pump s1mu1at1on mode] is to generate a cunpressor -
simulation model:using:the minimum amount of. compressor. data. -This model, based on manufa

turers': empirica1 performance curves ‘and discussed in a previous paper, contains built-in _.wf
corrections to adjust for levels of: refrigerant superheat in the rec1procatingzcompressors,“i-'

which differ from those levels for which the performance curves were generated

In order to simulate other heat pump components, several component mode}s were 1nves_;-_..
tigated for their appiicability and availability.” = : Heat Pump Design Model developed .in -

Reference 3 ‘was chosen for its avai]ab111ty -and comprehens1ve component mode]ing charac-' g
teristics ' ) C _ _ _ o

The following sections of this paper w111 present a brxef descrxpt1on of the component*e:

model, along with major modifications. The ‘overall heat pump simulation model performance

is :then compared to heat pump experamenta] data and recommendat1ons are _given for 1mproving'_
and ut11iz1ng the model. . o

HEAT PUNP DESIGN MODEL AND MAJOR M)DIFICATIONS

The Heat Pump Design Mode1,3 which was derived frmn Hiller and Glicksman model, 5 predicte_Q
the steady state performance of conventional vapor-compression, e1ectr1ca11y driven;
air-to-air heat pumps in the heating and cooling modes. The model serves as an analytical
design tool in studies aimed at improving heat pump performance. Steady state capacity and

coefficient of performance (COP) or energy efficiency ratio (EER) are computed as a function

of system operating conditions, compressor characteristics, the refrigerant flow control”
device, and heat exchanger parameters.

The heat pump design model's main elements include a compressor, a condenser, an
evaporator, and a flow control device.
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Two approaches are possible for modeling the compressor -- one based on compressor
- manufacturers’ data and the other on loss and efficiency terms impacting compressor perfop-
mance. It was decided to base the compressor model on manufacturers' empirical performance
curves for reciprocating compressors obtained from compressor calorimeter measurements,
(This approach does not require estimation or measurement of efficiency terms that apre

usually difficult to evaluate precisely.) These performance curves provide compressor motop.

power input and refrigerating capacity and/or refrigerant mass flow rate as a function ‘of:
the evaporator saturation temperature for different condenser saturation temperatures,
Corrections have been built into the compressor model to adjust for levels of refrigerant:
superheat in reciprocating cogpressors, which differ from those levels for which the perfor-
mance Ccurves were generated. The model could easily be applied to rotary compressors,
although new corrections for the level of superheat would have to be determined.

The condenser model calculates the heat transfer rate as the sum of the rates from the -
three flow regions in the heat exchanger, 7.e., desuperheating, two-phase, and subcooled.
The average temperature of the outlet air is the weighted average of the temperature of the
air exiting each region. The model of the evaporator is similar to that of the condenser,
except that the amount of air dehumidification can be computed.

The flow control device model can handle either a capillary tube, themmostatic expanf_t

sion valve, or short tube orifice. The model can bypass the flow control device, but an '~

additional input -- the value of refrigerant subcooling at the condenser exit -- would then:
be required. L

_Since the original model was developed primarily for design purposes and the re-'"
searcher's 1intention was to simulate the performance of a given heat pump, a few modifi-
cations were necessary. Power inputs to indoor and outdoor fans, which were calculated as
outputs in. the original model, are inputs to the present simulation model. These data are

easily measured by heat pump manufacturers, and the modification is necessary since fan . -
efficiencies, which are usually not known exactly, are required to calculate fan power,

Other modifications -- a reversing valve model and refrigerant line losses will be discussedﬁ’
in the subsequent sections. i

HEAT PUMP SIMILATION MIDEL

Tab. 1 shows the input variables to the heat pump simutation model for each of the heat pump
components. The data consist of physical specifications of the unit, independent of changes
in the system's operating conditions. These data are grouped separately from variables that
depend upon operating conditions. For improved accuracy, indoor and outdoor fan power input
are given as input data instead of being calculated.

‘As noted in the table, the input variables {except compressor shell heat Toss, which -
will be discussed below), are easily accessible and readily available from heat pump
manufacturers. The superheat level at the evaporator exit, which is one of the dependent
input variables, is usually known at the rating points by heat pump manufacturers. As will
be shown later, some variations in the level of superheat will not affect the heating
capacity and COP of the heat pump.

The mode!'s outputs include heating capacity, COP, mass flow rate through the com-
pressor, refrigerant pressure and temperature at every point of the circuit, air pressure
drops across the heat exchangers, and air temperatures at the heat exchangers' exits.

Compressor Shell Heat Loss

A1though_the compressor shell heat loss is a parameter that should be obtained experi-
mentally, it is not measured by compressor manufactyfsrs at the present time. Some indirect
measurements have been made by other investigators.

Compressor shell heat loss and the compressor shell heat loss factor (the ratio of
compressor shell heat loss to the compressor power input) are illustrated in Fig. 1 with
respect to the evaporating temperature for four different heat pumps. Calculations of the
shell heat loss conducted by Bonne et ail. are also plotted in Fig. 1 for condensing
temperatures. of 26.7°C (80°F) and 46.1°C (115°F). As can be seen, no specific pattern
exists in the relationship between the shell heat loss and evaporating temperature. The
compressor shell heat loss factor varies between 10% and 40%. Heat pump No. 4's low level
of shell heat loss occurs because the compressor is surrounded by a sound-insulating jacket.




ffjl L Rever51ng Va]ve Mode1

Two ma1n reversang va]va parameters were mode]ed The flrstfparameter;wasche.pressure;'-

" drop ‘across . ‘the. valve in the: d1scharge and suction 11nes “These Values,'obta1nab1e Ffrom o

valve manufacturers, are norma!!y 1n the 1 to 3 ps1 range depend1ng upon the va]ve s;ze and'Qu-
refr1gerant f1ow rate : RS L e mi : S AR

The second parameter modeied was heat transferred from the d1scharge llne to the.~j
suct1on .gas Tnside the reversing valve.: This transferred heat, which ‘could be expressed in -
terms of the - reversing wvalve .factor (the ratio of ‘transferred -heat to discharge line heat '
loss), 'has -not been.measured by heat “pump . manufacturers. Accordlng to “the only available -
source. of information, this: factor coul range from .. 17 to .25 for split system heat pump, .. .
depending .upon the outdoor. temperature “Results presented below ‘indicate that the thermal: .. .
performance ‘predicted by the model.is not very sens1t1ve to the revers1ng valve factor.- RO s

Refr1gerant Ltne Heat Loss Mode]

D1scharge 11ne heat Toss is a funct1on of tube therma] 1nsu1at1on and the surround1ng'ja:
temperature. . Tab. 2 shows. these ‘losses, which ‘were calculated “on “the basis ‘of values: .
measured experimentally, for four heat pumps.. For all heat-pumps_éxcept No.3, :the -average :
discharge Tine heat loss was about 500 watts ( "~ 1700 Btu/hr), averaged “over outdoor:i=-.:. -
temperatures.- The Toss for heat. pump No. 3 was approximately half that of -the other units
because, according tg the manufacturer, the sect1on of d1scharge 11ne 1ooated 1n the outdoor o
un1t was 1nsu1ated o L . R A

The 11qu1d Jine heat 3055 varies. from 60 to 200 watts ( ~ 200 to 700 Btu/hr) accord1ng;if_:a.
to the -outdoor temperature.  Heat pump No. 4's heat loss, howeV%r was about twice-as much .-
as the ‘other units due to. low thermal insulation around ‘the tube.”" As will be shown later, ' .
wide variation in. 11qu1d Jine heat Joss ‘has only a minute: effect on’ thermal performance.#"”
Therefore th1s heat Toss .was, neglected 1n the s1mu]ation mode] 2 : R i

In order to s1mu1ate 1nd1v1dua1 heat pumps, d1scharge 11ne heat 1oss must be est1mated;*3 i
in advance. For this work, however, a simplistic approach to correlate the discharge Yine.::i-
heat loss-was used. The fo1IOW1ng equat1on was. the best fit for the ca]cu]ated dlschargef
line heat losses (Btu/hr) ' . L

| WISt = 10 (T - Ty
where-”f

the refrlgerant temperature leaving the compressor {°F) and
the outdoor air temperature (°F).

nou :

R
e
For'heat pump No. 3, the factor of 10 in the equation ‘has been replaced by :5 to.

approximate the system discharge-line heat loss. The correlated values are also shown in
Tab. 2 for comparison with the calculated heat losses.

T
T

Since the length of the suction line is small compared to either the discharge or
liquid line, and the temperature difference between the refrigerant and the outdoor tempera-
ture is also rather small, the heat gain or loss in the suction line (other than the heat
gained in the section inside the reversing valve described above) has been neglected in the
simulation model.

HEAT PUMP .SIMULATION MODEL RESULTS

The heat oump simulation model was applied to three different heat pumps. The results are
presented in this section.

Heat Pump No. 1

The model was applied to this heat pump to demonstrate potential applicability for
predicting rating point performance. The compressor shell heat loss and sheill heat loss
factor are shown in Fig. 1. The shell heat loss factor is approximately independent of
evaporating temperature and, for simplicity, a constant shell heat loss factor of .35 was
used as an input parameter. The reversing valve factor was assumed to be .25, which is
within the range of values reported above. A comparison of experimental data and the model
results for this heat pump appear in Tab. 3. The flow factor for the ca£11lary tube was

taken to be 2.24 for a tube of 38 inches long and O. 08 inches in diameter.

T




B Two experimental values for heating capacity are reported at each outdoor air tempera-
" eure. One value is based on refrigerant enthalpy drop across the condenser (refrigerant
1 method) and one value is based on the air enthalpy change as it flows through the indoor
i eail (air method). The average of these two values has been compared with the results of
" the model. At all outdoor temperatures, except -11.1°C and ~3°C (12°F and 26.5°F), the
©agreement between the experimental and predicted hea?ing capacity and mass flow rate is
‘highly satisfactory. {Notice that if, for discharge line heat loss, calcutated values were
used instead of correlated values [see Tab. 2], the agreement would be even better.) The
COP predicted by the model is generally within a few percent of the experimental results.
At outdoor air temperatures of -11.1°C and -3°C (12°F and 26.5°F), however, the refrigerant
‘Jeaving the evaporator is in the two-phase region. The difference between the model and the
" “experimental results at these temperatures could be explained by the earlier finding that
more experimfnta1 data are needed to quantify the effects of wet suction gas on compressor

performance.

- At almost all outdoor air temperatures, the agreement between the measured refrigerant
. ‘temperature at the compressor shell inlet and that predicted by the model is satisfactory.
"“Since this temperature is a function of the reversing valve factor, no definite comparison

‘between the experimental and predicted values is justified.

- The agreement between the experimental data and the model prediction for refrigerant :

- temperatures at the compressor outlet and condenser inlet is highly satisfactory at all » o

outdoor air temperatures, except at -11.1°C and -3°C (12°F and 26.5°) where the measured s
" values are higher. These refrigerant temperatures are a function of compressor shell heat

“‘loss. For example, at an outdoor air temperature of -3°C (26.5°), a change in compressor

- ghell heat loss from a present value of 1.256 to 1 kW (4257 to 3500 Btu/h} will increase the

‘compressor outiet temperature from 72.8°C to 79.4°C {163 to 175°) and the condenser inlet

" temperature from 80°C to 67.8°C (140 to 154°F). The change will have no major impact on

~"heating -capacity, COP, or any other output parameters. The predicted refrigerant tempera-

" “tures at the condenser exit are very close to the experimental values at all outdoor air

" temperatures.

The refrigerant temperature predicted by the model at the evaporator inlet is lower
than the experimental values at all outdoor air temperatures. This discrepancy may occur
because the reported values are not taken exactly at the evaporator inlet but, instead,
further upstream where the refrigerant temperature is higher.

The agreement between the experimental data and the prediction of the refrigerant
temperature at the evaporator outlet is satisfactory at all outdoor air temperatures, other
than -11°C and -3°C (12° and 26.5°%), where the refrigerant is in the two-phase region.

The values predicted by the model for capillary tube intet pressure and for compressor
suction pressure are in close agreement with the measured data at all outdoor air tempera-
tures. ‘

The outlet air temperatures of the outdoor and indoor coils predicted by the model are
in agreement with the experimental values.

Heat Pump No. 3

The model was next applied to heat pump No. 3. The compressor shell heat loss factor
for this heat pump could be calculated from experimental data only at 8.3°C (47°F). This
value -- equal to .25 -- was used for other operating conditions; the reversing valve factor
was asstmed to be .25. Tab. 4 presents the model's output for this heat pump. The agree-
ment between the experimental data and the predicted values for all parameters considered
was highly satisfactory.

Heat Pump No. 4

Heat pump No. 4 was also analyzed. The compressor shell heat loss, shown in Fig. 1,
and the average compressor shell heat Toss factor, which is about .15, were used in the
model. The reversing valve factor was assumed to be the same as for the other heat pumps.

This heat pump's flow control device was composed of a thermal expansion valve and a
short capillary tube connected in serfes. The simulation model is net currently capable of
modeling such an uncommon flow control device; therefore, it was bypassed in modeling the
heat pump, and the level of refrigerant subcooling at the condenser exit was used as input.

:éi




Heat pump No. 4's outdoor coil was composed of spine fins, which are reported to have
improved heat transfer characteristics as compared to wavy fins. Since, at present, the
spine fin correlations are not yet included in the mwodel, the air-side heat transfer
coefficient was increased to make the predicted heating capacity at -8.3°C (17.1°F) equal
the experimental heating capacity. This required that the air-side heat transfer coeffi-
cient be increased by 38% compared to the wavy fin. For reference, the wavy fin's air-side
heat tran§{er coefficient {s about 45% higher than that of the flat fin for the same
condition.

The output of the model in terms of heating capacity and COP for heat pump No. 4 is
tabulated in Tab. 5. The agreement between the experimental data and the predicted values
at other outdoor temperatures is highly satisfactory. Reversing valves are reported to have
1eakage as high as 5%, at higher outdcor air temperatures (and resulting higher compressor
discharge pressures). In other words, the experimental heating capacity should have been
higher at higher outdoor temperatures, which would eventually reduce the tabulated dif-
ferences in heating capacities in Tab. 5.

Required Tolerance in Model Predictions

According to the most recently published Air Conditiening and Refrigeration Institute
{ ARI) standard, heating or cooling capacity rating and COP or seasonal energy efficiency
ratio {SEER) should not be less tTan 95% of the values reported by heat pump manufacturers
in accordance with the standard. Furthermore, some error often occurs in experimental
measurements. For example, the experimental measurements of heating capacity and COP for
heat pump No. 1 (see Tab. 2) differ for two measurement techniques (air-side and refri-
geration-side} by as much as 9% for some outdoor air temperatures.

The results presented in Tab. 3 through 5 indicate that the simulation model predic-
tions generally fall within the accepted tolerances of the ARI standards and within the
possible errors existing in the experimental measurements.

SENSITIVITY ANALYSIS OF THE MIDEL

A sensitivity analysis was made using heat pump No. 3 to assess the effect of ﬁossib1e
variations of some of the input parameters on the system's thermal performance. The input
parameters that could not be determined accurately are listed below:

-- compressor shell heat Toss

-- reversing valve factor

-~ Tlevel of superheat at the evaporator exit
-- Tliguid 1ine heat loss

-~ discharge iine heat loss

Tab. 6 presents the varfations in heat pump heating capacity and COP caused by changes
in the value of the compressor shell heat loss factor for rating points at -8.3°C and 8.3°C
(17°F and 47°F} outdoor air temperatures. If the shell heat loss factor varies from .25 to
.15, the heating capacity and COP increase approximately 2.5% at either -8.3°C and 8.3°C
(L7°F or 47°F). Therefore, relatively accurate information on compressor shell heat loss is
necessary for the model,. :

A comparison of the experimental heat pump results and the model for three different
reversing valve factors with a fixed shell heat loss factor of .25 is presented in Tab. 7.
The results indicate that the heating capacity and COP will increase only about .81% if the
reversing valve factor is increased from zero to its maximum likely value of .5. In other
words, the thermal performance predicted by the model is not very sensitive to the reversing
valve factor. Therefore, a reversing valve factor of .25 is recommended as a constant in
the model rather than an input parameter.

The sensitivity analysis indicates that at an outdoor temperature of 8.3°C (47°F), the
heating capacity and COP changes are about .2% and .15%, respectively, if the superheat
Tevel at the evaporator exit varies from -1.7°C to 1.7°C (-3°F to +3°F) witn respect to the
nominal value. In other words, some variations in the level of superheat will not affect
the heating capacity and COP of the heat pump.







When the heat bﬁhb“s:Tiquid-1ineﬂhéat11655?wésﬁtﬁénéédffﬁdﬁfzefdﬂtd;its&caicﬁiated...“
yalue of about 145-175 watts {500-600 ‘Btu/hr), "the “heating capacity ‘changed only...6% and
259 at -8.3°C -and.8.3%C (17°F -and 47°F), respectively. The'correspondingfchanges.in’COP

“were .6% and ..»15% at low and high;QUtdodr?tanperaturgs;*.EQr_thig;reasongethe-liquidJline_; 

: q?j heat 10ss tenn_was_neg1ected in ‘the Simulation'que1;ﬁ*wg"~

Doubling the calculated value of the discharge line heat loss, which is about 175-235 L

‘watts (600-800 Btu/hr), resulted in a decrease in heating capacity;offapproximatelyethezsmne;, 

amount. This is equivalent to a decrease ‘in heating Capacity;of_3%=and-Q%Zat'-8,3°C”and
- 8.3% (17°F and 47°F), respectively. “The COPs are down about2.4% ‘and 1.3% ‘at Tow and -high
“outdoor air temperatures, respectively. - In other words, relatively accurate information on
-~ discharge line heat loss is necessary for ‘the model. I AL INCI B A F B Fh SR S ST T

" ‘CONCLUSION

The heat pump computer simulation model, which is based on the use ‘of ‘compressor performance

% maps, provides a useful and powerful toel for predicting thermal performance . :The “inputs to.
. ithe mode] -are essentially available from heat pump manufacturers, except for the compressor

. shell heat loss factor and discharge 1ine heat loss, which must be determined - for:each heat
pump- R

S Comparison of the simulation resul ts with experimental measurements on three heat pumps
- indicates that the simulation model predictions generally fall within the accepted toler-: .
ances of the ARI standards and within the possible errors existing in the experimental
measurements. et s S S T :

" RECOMMENDATIONS

‘A thorough study of compressor shell heat loss is warranted. The heat loss measurement
could be included in the routine compressor rating test presently conducted by compressor
~manufacturers.

Further investigation into simulating heat pump thermal performance when the refri-
‘gerant in the suction 1ine is in the two-phase region should be conducted. This research
“could be accompiished using more experimental data to quantify the effect of wet suction gas
on compressor performance. Extension of this model to the heat pump's cooling mode and
‘cycling operations, as well as operation in the frost region, is recommended.
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