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ABSTRACT

Generalized one- and two-time-constant models used to
capture the evolution of the capacity of geothermal heat pumps
at compressor start-up are presented. A one-time-constant
model for the capacity decay at compressor shutdown is also
presented. The determination of these time constants is impor-
tant as longer time constants lead to more degradation of the
heat pump performance in cycling conditions. Various refer-
ence time constants are obtained from a detailed and experi-
mentally validated dynamic model of a geothermal heat pump
in a range of operating conditions in heating or cooling mode.
These dynamic empirical models are efficient and are more
appropriate to whole-building energy simulation than corre-
sponding deterministic models. Itis shown that, contrary to the
impression that may come from the literature, time constants
change according to operating conditions. In particular, if the
runtime decreases, the time constants tend to increase in the
heating mode and to decrease in the cooling mode. They
increase with the inlet water temperature (IWT) and decrease
if the pressures are allowed to equalize at compressor shut-
down. Finally, the time constants tend to increase when the fan
is continuously operating. A time-constant-based heat pump
model is derived and implemented in the dynamic energy simu-
lation software TRNSYS.

INTRODUCTION

Geothermal heat pumps allow for a notable reduction in
building energy consumption. Since ground temperature
remains almost constant yearlong, geothermal heat pumps can
operate all the time providing heat or cold according to
demand, with coefficients of performance in the order of three
to five. Better modeling of such heat pumps leads to energy

Michel Bernier, PhD, PE
Member ASHRAE

simulations that are closer to reality. One area that deserves
attention is the noticeable degradation of heat pump perfor-
mance in cycling conditions due to the gradual evolution of the
capacity at start-up. Depending on operating conditions, the
heat pump can lose up to 20% in capacity (Katipamula and
O’Neal 1991). This phenomenon is due to thermal masses and
refrigerant migrations when heat pumps are switched off and
the resulting gradual evolution of the capacity towards a
steady-state value at compressor start-up. It is thus important
to accurately capture this evolution in the simulation model
and this is the main subject of the present investigation.

Two main approaches are used to evaluate the evolution of
the capacity at start-up: dynamic empirical models, and
dynamic deterministic models. Empirical models are generally
based on a time constant or on other correlations. Deterministic
models are based on the governing equations describing the
physics of the phenomenon being studied. Deterministic
models of heat pumps are relatively complex and time consum-
ing, and are not appropriate for whole-building energy analy-
sis. Thus, empirical models are preferred in this situation.

Regarding dynamic empirical models, the evolution of
the capacity O at compressor start-up has been seen as a first
order function giving:

0= O (1-¢"" M

where O 55 is the value of the capacity at steady-state condi-
tions, ¢ is time, and 7 is the time constant of the system. Various
authors have used this model; for example: Murphy and Gold-
schmidt (1979), Goldschmidt et al. (1980), Katipamula and
O’Neal (1991), and O’Neal and Katipamula (1991). In the
format of Equation 1, Mulroy and Didion (1985) and Votsis et
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al. (1992) proposed a two-time-constant (¢ and #,) model of
the form:

0 = o1 —Ae_t/Tz)(l N Be_ml) @

At compressor shutdown, if the fan is running continu-
ously, there is a residual capacity that can be modeled using an
extinction function (Mulroy and Didion, 1985):

0= 40" 3)

where A is a regression parameter, and t is the shutdown time
constant.

It is not clear from the scarce literature on the subject
whether the time constant of a system is a constant value or
varies depending on the operating conditions. This paper
addresses these questions and proposes values of the time
constants under different operating conditions using a detailed
and experimentally validated dynamic model of a geothermal
heat pump.

BACKGROUND: THE HEAT PUMP MODEL

The modeled water-to-air heat pump has the following
configuration: (i) refrigerant-to-water double tube heat
exchanger with inner convoluted tube and the refrigerant flow-
ing in the annulus, (ii) refrigerant-to-air copper fin and alumin-
ium tube heat exchanger, (iii) hermetic reciprocating
compressor, (iv) thermostatic expansion valve, (v) reversing
valve, and (vii) R-22 as the refrigerant (see Figure 1).

To model the refrigerant-to-air heat exchanger, a distrib-
uted approach was used. The model has been described else-
where (see Ndiaye and Bernier 2010b) and will only be briefly
described here. For the flow of refrigerant in the tubes, the tran-
sient forms of the mass, momentum, and energy conservation
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Low pressure side (evaporator)

Figure 1 Schematic representation of the modeled heat
pump (shown in heating mode).
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equations were derived for both the single-phase and the two-
phase flows. The secondary fluid (air) and the tube walls were
modeled with the energy conservation equations. All the
governing equations were solved numerically using the finite
volume method of Patankar (1980). The two most common
configurations for the tubes (rectangular and staggered) were
considered. The circuits of the heat exchanger were divided into
wall elements. An indexation process that keeps track of the
wall elements and the circuits they belong to was also proposed.
The modeling of the refrigerant-to-water heat exchanger
follows the same principle.

The compressor is certainly the most complex component
of the heat pump. The objective of the modeling was to deter-
mine the suction and discharge flow rates, the thermodynamic
state of the refrigerant at the discharge side based on knowl-
edge of the suction, and discharge pressures and the thermo-
dynamic state of the refrigerant at the suction side. In the
modelling of the compressor, the shell was treated as a single
lumped element and the discharged refrigerant mass flow rate
was determined using a thermodynamic analysis of the
compression-expansion process (see Ndiaye and Bernier
2010a).

The thermostatic expansion valve (TXV) can be equipped
with a bleed port: a special orifice that allows for the equal-
ization of the pressures at compressor shutdown. As such, and
due to the obviously different characteristics of the flow
through the main valve and through the relatively small
passage of the bleed port, the model of the TXV was separated
in two parts. The overall objective of the modeling was to
determine the refrigerant flow rate through the TXV indepen-
dently of the operation state of the heat pump using inputs such
as the pressures at the inlet and outlet of the valve and the ther-
modynamic state of the refrigerant at the inlet of the valve. The
model of the flow through the main valve consisted of model-
ing the dynamic evolution of the state of the refrigerant
contained in the bulb and adding a semiempirical model of the
refrigerant flow based on an analysis of the dynamics of the
valve itself. The flow through the bleed port was modelled
using a separated flow model to fully address the four possible
flow conditions: (1) inlet liquid, outlet liquid; (2) inlet liquid,
outlet two-phase; (3) inlet two-phase, outlet two-phase; and
(4) inlet vapour, outlet vapour (see Ndiaye and Bernier 2009).

Additionally, the effects of the reversing valve and of the
plenum enclosing the fan were modelled. The model of the
heat pump fully accounted for both the on and off operations
of the compressor and of the fan.

The global model is the combination of the individual
models of the components of the heat pump: the two heat
exchangers, the compressor, the expansion valve, the revers-
ing valve, and the fan. A tube is placed at the entrance and exit
of each heat exchanger. The bulb of the expansion valve is
placed on the tube at the exit of the evaporator.

A commercial heat pump unit with a 3 ton (=10.6 kW)
nominal capacity was used to experimentally validate the
global numerical model. The heat pump was instrumented

321



Table 1. Cases Studied for the Experimental Validation of the Heat Pump Model
Code Mode With or Without Bleed Port Fan Operation at Compressor Shutdown
HTSBFR Heating Without Running
HTSBFS Heating Without Stopped
HTABFR Heating With Running
HTABFS Heating With Stopped
CLSBFR Cooling Without Running
CLSBFS Cooling Without Stopped
CLABFR Cooling With Running
CLABEFS Cooling With Stopped

with various devices allowing the measurements of: the
temperatures and pressures of the refrigerant at the inlet and
outlet of the four major components of the heat pump (the two
heat exchangers, the compressor and the expansion valve), the
amount of power used by the compressor and the fan, the flow
rates of the air and of the water, the inlet and outlet tempera-
tures of the air and of the water, and the inlet and outlet humid-
ity ratios of the air. To reproduce various conditions of
operation of the heat pump, eight validation cases were
considered while setting cycle duration to 20 min (10 in the on-
cycle, 10 in the off-cycle). The eight cases, which will be
referred to in the next sections of this paper, correspond to the
following combinations: (i) heating (HT) or cooling (CL)
mode, (ii) with bleed port (AB) or without bleed port (SB) in
the expansion valve, and (iii) fan running (FR) or stopped (FS)
at compressor shutdown. The coding for these eight cases is
shown in Table 1.

The experiments took place in an environmental chamber
to control the air conditions. The experimental data were vali-
dated using the principle of energy conservation applied to the
steady-state parts of the data. First, it was confirmed that in
each heat exchanger, in both heating and cooling modes, the
energy lost or gained by the refrigerant was equal to the energy
gained or lost by the secondary fluid (air or water). Then, it
was confirmed that the energy lost by the refrigerant at the
condenser is the sum of the energy it received at the evaporator
and the energy it gained at the compressor.

The results of the validation exercise of the heat pump
model were satisfactory. As an illustration, Figure 2 presents
a comparison between the model predictions and the measured
outlet air temperature for the HTSBFR case (heating mode,
without bleed port, with fan running continuously). In this
figure, Ten is the inlet air temperature and Tex is the outlet air
temperature. It can be seen that the simulated outlet air temper-
ature falls within the uncertainty bands of the experimental
results. More information on the heat pump model is given in
Ndiaye and Bernier (2012a). This model will now be used to
derive time constants.
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Figure 2 Comparison between the model and experiments:
variation of the outlet air temperature.

TIME CONSTANT MODELS ASSESSMENT

START-UP

Various time-constant models have been introduced
above in Equations 1 and 2. In Equation 2 1, and 1, are called
“time constants.” However, they are not really time constants
per the usual meaning of this term but rather simple regression
coefficients much like 4 and B in the same equation. However,
for clarity and for comparison purposes, they will be referred
to as “time constants” in this text. Consequently, the model in
Equation 2 is called a “two-time-constant model.”

It can be remarked that the one-time-constant model is a
specific case of the two-time-constant model with B=0. It can
also be noted that the value of the capacity at start-up (z=0) is:

Q, = Og(1-4)(1+B) “

Consequently, if the initial value of the capacity is null, as
in the cases studied in this paper, 4 = 1. It was also noted from
our validation exercise of the heat pump model (results are
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Figure 3 General format of the variation of the capacity at
compressor start-up.

presented in Figure 4) that the capacity does not always begin
rising immediately after the start of the compressor. This is due
to the thermal inertia in the air plenum and to a compressor
delay of about 15 to 20 s after start-up in cases where the fan
is stopped in the off-cycle. Accounting for these two observa-
tions, the model becomes:

fort>s
(3

with = 0 at compressor start-up, and ¢, is the time required for
the capacity to begin to increase (Figure 3). Setting B =0 in
Equation 5 leads to the one-time-constant model.

The application of the one- and two-time-constant models
to the six base cases (HTSBFR, HTSBFS, HTABFR,
HTABFS, CLSBFR, and CLSBFS) allows to assess their
performance as shown in Figure 4. The real capacities come
from the simulations with the heat pump model.

This figure shows, as evidenced by the R? of the regres-
sions, that the two-time-constant model is the most appropri-
ate to represent the evolution of the capacity at compressor
start-up. However, the one-time-constant model is simpler and
is more prone to generalizations, and thus to comparisons.

Q. _ Q [1 B e—(t—ts)/TlJ[l . Be—(t—ts)/tz:l
SS

Shutdown

The following one-time-constant extinction function
allows modelling of the residual capacity at compressor
shudown:

0 = (DOe P+ 0, ©)

where =0 at the exact time when the compressor shuts down,
D and Q R are regression parameters and 14 is the time
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constant. The presence of D allows to account for the cases
where the compressor stops before the full capacity QSS is
reached. The parameter O, allows accounting for the power
used by the fan when it is in a continuous operation mode.

Results given by Equation 6 are compared to the heat
pump model in Figure 5 where it is shown that the evolution
of the capacity at compressor shutdown is well modeled. The
dip seen at around ¢ = 300 s in Figure 5 is due to a leak in the
reversing valve (see Ndiaye 2007). In cases where the fan is off
at compressor shutdown (HTSBFS, HTABFS, and CLSBES),
there is also a residual capacity up to about 100 s due mainly
to fan delay and inertia.

RESULTS AND DISCUSSIONS

The objective of this section is to obtain the time constants
for combinations of the most often encountered operating
conditions and see how they vary with operating conditions.
The water flow rate is set to 9 gpm (0.568 kg/s) and the airflow
rate to 1200 cfim (0.566 m?/s). Inlet air temperature and humid-
ity ratio are set based on the standard CAN/CSA-C13256-1-01
“Water-Source Heat Pumps — Testing and Rating for Perfor-
mance” (CAN/CSA 2001): 20°C (68°F) and 0.0086 kg, e/
KZryair (0-0086 1D,/ byryqir) respectively in heating mode,
and 27°C (80.6°F) and 0.01045 kg aer/KE gryair (0-01045 Iby e/
1bgryair) respectively in cooling mode. The following combina-
tions are studied:

e Mode: heating/cooling (two modalities: HT/CL)

e Bleed port: with/without for heating mode, with for
cooling mode (AB/SB)

e Fan operation at compressor shutdown: on/off (two
modalities: FR/FS)

e Inlet water temperature (IWT): 5°C (41°F) (code A)/
15°C (59°F) (code B) in heating mode; 10°C (50°F)
(code A)/20°C (68°F) (code B) in cooling mode (two
modalities)

The cycle durations given in Table 2 are considered.

The total number of cases studied is 84, i.e., 14 subcases
for each of the 6 base cases (HTSBFR, HTSBFS, HTABES,
HTABFR, CLSBFR, and CLSBFS). The subcases of
HTSBEFR are listed in Table 3 as an example of the coding
used. For each subcase, the coding is made of the name of the
base case, the code for the IWT (4 or B), the runtime (min), and
the off-cycle time (min), in this order. The heat pump that
served to validate the model is used.

Tables 4 to 9 present the regression parameters for each of
the 84 studied cases. Exponential growth and exponential
decay types regression models are used. In the specific case of
the cooling mode, time constants are needed for the sensible
capacity as well as for the total capacity. Thus, the evolution
of the latent capacity, which is the difference between the total
capacity and the sensible capacity, may also be known.

For explanations on heat pump behavior when submitted
to various operating conditions, refer to Ndiaye and Bernier
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Figure 4 Modeling the variation of the capacity at compressor start-up.

(2012Db). Here, the focus is on the impact of this behavior on
the start-up and shutdown time constants.

Start-up Time Constant(s)

The one-time-constant model is the most often used in
modeling the start-up capacity evolution. In consulting the
literature, the major impression is that the time constant t has
a constant value for a given machine. However, it may be seen
from Tables 4 to 9 that t varies according to the operating
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conditions. In the cases presented, the time constant varies
from 0.1 s (meaning in that case that the full capacity is reached
almost immediately after start-up) to 27.1 s. The time constant
at start-up is the time it takes after the capacity begins to
increase (i.e., from the time #,) for it to reach 63.2% of its full-
value O g (steady-state value at the given operating condi-
tions). As the first-order response is an increasing function, if
the time constant is higher, then it takes more time for the
capacity to get close to its full value.
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It is interesting to see how the time constant varies
depending on the operating conditions of the heat pump.
Using the one-time-constant model, it can be seen that ©
varies depending on: (1) runtime; (2) off-cycle time; (3) IWT;
(4) operating mode of the fan at compressor shutdown; and
(5) presence or not of a bleed port.

6 Real capacity ]
| ——— Predicted (R*=0,0984)

Capacity (kW)

— Real capacity
——— Predicted (R’=0,9979)

Capacity (kW)

i L i

200 300 400 500 600
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Figure 5 Modeling the variation of the capacity at
compressor shutdown.

Observing Tables 4 and 5 (Heating mode/Without bleed
port cases), the value of t; (average: 23.9 ) at 5°C (41°F) IWT
(IWT) and 5 min runtime is slightly inferior to t; (average:
24.4 s) at 15°C (59°F) IWT and the same runtime, which indi-
cates that there is less performance degradation at lower IWT
(for a 5 min runtime). As can be seen in the cases of a 10 min
runtime/5 min off-cycle time, shorter off-cycle time leads to
more performance degradation at start-up (however, that does
not happen for the cases with bleed port). With off-cycle times
sufficiently long (10 min or more), T, becomes independent of
the off-cycle time. Also, with a 10 min runtime, t; at a 5°C
(41°F) IWT is inferior to t; at 15°C (59°F) IWT, indicating
that T, increases with the IWT.

A similar analysis of the remaining results in Tables 4 to
9 leads to the following conclusions.

Variation of the time constant with respect to runtime.
In heating mode, for the cases without bleed port (subcases
HTSBFR and HTSBFS) the time constant decreases when the
runtime increases.

In the cooling mode, it is noted that the time constant
increases with the runtime, except for the case where (1) the
fan is not in continuous mode and (2) IWT is 20°C (68°F).

Variation of the time constant with respect to off-cycle
time. In the heating mode, when the off-cycle time increases,
the time constant increases if the runtime is 5 min, but
decreases if the runtime is 10 min.

In the cooling mode, the influence of the off-cycle time on
the time constant is rather negligible.

Variation of the time constant with respect to IWT. In
the heating mode, as well as in the cooling mode, the time
constant increases with the IWT.

Variation of the time constant with respect to fan
mode at compressor shutdown. In the heating mode, as well
as in the cooling mode, the time constant decreases if the fan
is off at compressor shutdown (subcases HTSBFS, HTABFS,
and CLSBFS).

Variation of the time constant with respect to the pres-
ence or not of a bleed port. The time constant decreases when
a bleed port is present compared to when there is none, except
if the runtime and off-cycle time are both superior to 5 min.

Table 2. Runtimes and Off-Cycle Times Combinations Studied
Runtime (Off-Cycle Time), Cycle Duration, Cycling Rate, Percent On-time,

min. min Number of Cycles Per Hour %

5(10) 15 4 33

5(15) 20 3 25

5(20) 25 24 20

10 (5) 15 4 67
10 (10) 20 50
10 (15) 25 2.4 40
10 (20) 30 2 33

ASHRAE Transactions
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Table 3. Subcases of Case HTSBFR Studied
Code IWT, Runtime, Off-Cycle Time,

°C (°F) min min
HTSBFR-A-5-10 5341 5 10
HTSBFR-A-5-15 5(41) 5 15
HTSBFR-A-5-20 5(41) 5 20
HTSBFR-A-10-5 5(41) 10 5
HTSBFR-A-10-10 5(@41) 10 10
HTSBFR-A-10-15 5341 10 15
HTSBFR-A-10-20 5(41) 10 20
HTSBFR-B-5-10 150 (59) 5 10
HTSBFR-B-5-15 15 (59) 5 15
HTSBFR-B-5-20 15 (59) 5 20
HTSBFR-B-10-5 15 (59) 10 5
HTSBFR-B-10-10 15 (59) 10 10
HTSBFR-B-10-15 15 (59) 10 15
HTSBFR-B-10-20 15 (59) 10 20

Table 4. Time Constants at Start-up and at Shutdown for the Subcases of Case HTSBFR

326

Two-Times-t(;;ZtI;:tI;n ¢ Model One-'I‘Sifzzf—(l;fnstant Shutdown
Code Model
t;’ B T; ’ Ts2 ’ t: 1:sl Ts3 ’ kW (Qkﬁ’tu/h)
HTSBFR-A-5-10 0.0 1.52 60.6 49.5 0.0 235 27.4 0.34 (1.16)
HTSBFR-A-5-15 0.0 1.50 61.3 50.2 0.0 24.0 274 0.34 (1.16)
HTSBFR-A-5-20 0.0 1.60 64.9 515 0.0 242 27.4 0.34 (1.16)
HTSBFR-A-10-5 0.6 1.08 36.4 30.1 0.0 20.4 28.2 0.26 (0.89)
HTSBFR-A-10-10 0.9 1.61 474 36.9 0.7 18.6 27.8 0.28 (0.96)
HTSBFR-A-10-15 0.9 1.70 49.3 37.6 0.7 18.6 277 0.30 (1.02)
HTSBFR-A-10-20 0.5 1.67 48.1 36.4 0.1 18.9 27.6 0.32 (1.09)
HTSBFR-B-5-10 0.2 1.34 56.2 472 0.0 24.2 27.5 0.32 (1.09)
HTSBFR-B-5-15 0.4 1.47 60.6 49.5 0.2 244 27.5 0.33 (1.12)
HTSBFR-B-5-20 0.3 1.49 61.7 49.8 0.2 24.6 27.4 0.34 (1.16)
HTSBFR-B-10-5 0.3 0.58 312 255 0.0 24.8 27.7 0.30 (1.02)
HTSBFR-B-10-10 0.6 1.15 41.7 35.1 0.0 21.7 27.8 0.28 (0.96)
HTSBFR-B-10-15 0.6 1.29 44.6 36.1 0.0 21.8 27.6 0.30 (1.02)
HTSBFR-B-10-20 0.6 1.34 454 36.1 0.0 21.7 275 0.31 (1.06)
ASHRAE Transactions



Table 5. Time Constants at Start-up and at Shutdown for the Subcases of Case HTSBFS

Two-TimeS-t(:;ztr;:tI:lnt Model One-'l"si:ﬁz(l}lfnstant Shutdown
Cods Model
A T A - .
HTSBFS-A-5-10 152 2.47 46.3 334 15.7 11.1 19.2 0(0)
HTSBFS-A-5-15 15.2 247 46.3 33.4 15.7 11.1 19.3 0(0)
HTSBFS-A-5-20 15.2 2.46 46.9 33.8 15.7 114 19.3 0(0)
HTSBFS-A-10-5 152 2.48 42.0 31.2 15.7 9.8 19.0 0
HTSBFS-A-10-10 15.3 2.75 44.2 314 15.8 9.3 19.2 0(0)
HTSBFS-A-10-15 153 2.86 45.2 313 15.8 9.2 19.2 0(0)
HTSBFS-A-10-20 152 2.86 45.0 31.2 15.8 9.2 19.3 0(0)
HTSBFS-B-5-10 152 2.24 43.1 324 15.6 114 19.2 0(0)
HTSBFS-B-5-15 152 2.27 43.8 32.6 15.6 11.5 19.2 0@
HTSBFS-B-5-20 152 2.28 44.2 32.7 15.6 11.6 19.3 0(0)
HTSBFS-B-10-5 15.1 2.07 40.2 31.8 155 11.2 19.0 0(0)
HTSBFS-B-10-10 15.2 2.32 41.7 315 15.6 10.4 19.2 0(0)
HTSBFS-B-10-15 152 2.44 43.1 31.5 15.6 10.3 19.2 0 (0)
HTSBFS-B-10-20 15.1 2.54 442 31.5 15.6 10.3 19.2 0(0)

Summary for the start-up condition. Generally, the
time constant increases with the IWT and decreases if the fan
is off at compressor shutdown and if a bleed port is present.
With increasing runtime, the time constant decreases in the
heating mode, but increases in the cooling mode. With increas-
ing off-cycle time, the time constant increases if the runtime
decreases.

Shutdown Time Constant

As shown in Tables 4 to 7, the value of 15 in heating mode
appears to be relatively independent of the IWT, the runtime, and
the off-cycle time. In the HTSBFR case, 15 is around 27.6 s and
0 g is around 0.31 kW (1.06 kBtu/h); in the HTSBFS case,

’ R = 0 and T3 is around 19.2 s; in the HTABFR case, 13 is
around 27.4 s and 5 is around 0.29 kW (0.99 kBtu/h); finally, in
the HTABFS case, Q,, = 0 and 13 is around 19.9 s. Analyzing
these values, it appears that HTSBFR = HTABFR, and HTSBFS
= HTABFS, both in terms of the time constant t; and fan power
in continuous fan mode, signaling that the presence or absence
of a bleed port has no impact on the evolution of the residual
capacity in the off-cycle.

Still in heating mode, when the fan is remaining on, 15 is
about 27 s, which is higher than t; in cases when the fan is
stopped at compressor shutdown (about 19s). More residual
capacity is recovered if the fan is left running at compressor
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shutdown. Residual capacity recovery in the FS cases follows
fan flow decay.

In the cooling mode, as seen in Table 8, fan heat (O r)
translates into negative cooling capacity at compressor shut-
down. As seen in Table 8, at compressor shutdown for the
CLSBFR case, 13 increases when IWT increases from 10°C
(50°F) to 20°C (68°F) IWT, indicating a proportionally higher
residual capacity recovery with lower IWT. The same holds
for the CLSBFS case. Furthermore in this latter case, the aver-
age t3 values are lower than in the CLSBFR case because the
only recoverable capacity is that associated with fan delay and
inertia.

TRNSYS MODEL

Time constant models can be used to predict the dynamic
evolution of the capacities of heat pumps at start-up and at shut-
down in real cases, with no need to know the full characteristics
of the heat pump. In this section, a simplified dynamic model
of a heat pump for inclusion into the simulation program
TRNSYS (SEL 2006) is presented. This simplified model
(called TYPE 801 in TRNSYS) combines the time constants
developed here with the steady-state values (efficiencies,
capacities, compressor power uses) found in the manufac-
turer’s performance data. The two-time-constant model is used
in this simplified model for the start-up conditions.

327



Table 6. Time Constants at Start-up and at Shutdown for the Subcases of Case HTABFR

Start-up

Start-up

Two-Time-Constant Model One-Time-Constant odel Shutdown
Code ~
N S S T vabm
HTABFR-A-5-10 1.2 1.53 48.5 38.5 1.0 19.3 275 0.29/0.99
HTABFR-A-5-15 1.2 1.57 49.0 38.5 1.0 19.3 27.4 0.30/1.02
HTABFR-A-5-20 1.2 1.58 49.5 38.8 1.0 19.3 273 0.31/1.06
HTABFR-A-10-5 1.2 1.59 493 39.2 1.0 19.1 28.3 0.21/0.72
HTABFR-A-10-10 1.2 1.58 49.0 38.9 1.0 19.3 27.4 0.29/0.99
HTABFR-A-10-15 1.1 1.67 51.0 39.2 0.9 19.4 212 0.31/1.06
HTABFR-A-10-20 1.1 1.79 53.8 40.0 1.0 194 272 0.31/1.06
HTABFR-B-5-10 0.7 1.00 38.9 333 0.0 21.8 27.5 0.28/0.96
HTABFR-B-5-15 0.7 1.05 39.7 33.6 0.0 21.7 273 0.30/1.02
HTABFR-B-5-20 0.7 1.10 40.5 33.6 0.0 21.8 27.2 0.31/1.06
HTABFR-B-10-5 0.7 1.00 39.2 345 0.0 219 28.0 0.20/0.68
HTABFR-B-10-10 0.6 1.11 41.5 353 0.0 22.0 274 0.28 /0.96
HTABFR-B-10-15 0.6 1.28 45.0 36.5 0.0 22.2 27.2 0.30/1.02
HTABFR-B-10-20 0.5 1.41 48.1 374 0.0 223 272 0.31/1.06
Average Capacities ' st
In this simplified model, the average capacities are used Quy = El ®

between the preceding time and the current time according to
the TRNSYS practice of reporting average values over a given
time step, namely between tq and 1(f — £y = Al).

On-Cycle Average Capacity. With the compressor
running, the variation of the capacity over time is given by
Equation 5. It can be shown that, for #; > ¢ :

1 [ .
Qgg ™
—(t—1,)/ —(t,-t)
:(t—ti)+rl[e( S)Tl—e(' S)Tl}
(t-t)lty -t/ (7
~B’C2|:e —-e J

—(ti_IS)(TLl + Tiz)

’ | 1
(t—1 (— +—)

B‘El’tz =) Ty Ty
(5 =€

Tl +‘Ez

&
Equation 7 and the average capacity during the time step is:

Ift>¢, then 1, = 1, and if ¢ty <t , then ¢; = ¢; in
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Off-Cycle Average Capacity. In the case where the
compressor is not in operation, the variation of the capacity is
captured by using Equation 6.

The average capacity is:

1 ¢t - 1 ¢t . —t/ty .
Qdr = A_tL (DQSSe +QR)dz ©)
0

DQ T /
. SS —ty/1 —t/T :
Op = —3— 3(6 OB e 3)+QR (10)

For more details on the implementation process of the
simplified model into TRNSYS, the reader is referred to
Ndiaye (2007).

Simplified Model lllustration

Two application examples of the simplified model in
TRNSYS are presented. TYPE 801 is submitted to an input
signal (a signal value of 1 means that the heat pump is in oper-
ation during the time step), and the response in terms of total
and sensible capacities is studied. The first example (Figure 6)
is for a heating mode. In the second example (Figure 7), the
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Table 7. Time Constants at Start-up and at Shutdown for the Subcases of Case HTABFS
Two—TimeS-téth):tgnt Model One—TimeS-tCa:)tn:tI;nt Model Shudovn
Code .

t B T T2, tg, T T3, [0 ﬁ

s s s S s s kW (kBtu/h)
HTABFS-A-5-10 203 2.66 373 27.0 20.7 8.2 20.0 0(0)
HTABFS-A-5-15 20.3 2.68 373 27.0 20.7 8.2 20.0 0(0)
HTABFS-A-5-20 203 2.70 37.7 27.0 20.7 8.2 20.0 0(0)
HTABFS-A-10-5 20.3 2.64 373 27.8 20.8 8.0 19.7 0(0)
HTABFS-A-10-10 20.3 2.71 37.6 27.3 20.7 8.0 19.9 0(0)
HTABFS-A-10-15 20.3 2.80 38.6 273 20.7 8.0 20.0 0(0)
HTABFS-A-10-20 20.3 2.88 39.5 274 20.7 8.0 20.0 0(0)
HTABFS-B-5-10 20.2 2.19 34.0 26.4 20.6 9.0 19.9 0(0)
HTABFS-B-5-15 20.2 2.24 34.5 26.4 20.6 9.0 20.0 0(0)
HTABFS-B-5-20 20.2 2.27 34.7 26.4 20.6 9.0 20.0 0(0)
HTABFS-B-10-5 20.2 2.18 34.1 26.9 20.6 9.0 19.6 0(0)
HTABFS-B-10-10 20.2 227 35.0 26.8 20.6 8.9 19.9 0(0)
HTABFS-B-10-15 20.2 2.36 36.0 26.8 20.6 8.9 19.9 0(0)
HTABFS-B-10-20 20.2 2.46 37.2 27.0 20.6 8.9 20.0 0(0)

input signal sets a cooling mode. In both cases, the simulation
time step is 15 s and the duration of the simulation is 1 h.

As seen in Figure 6, the heat pump heating capacity grad-
ually grows to its steady-state value at start-up, and gradually
decays to zero at compressor shutdown. The same behaviour
is observed in Figure 7 for both the total and the sensible cool-
ing capacities. TYPE 801 is consequently responding as
expected and can be used to accurately predict the perfor-
mance of geothermal heat pumps in transient operating condi-
tions.

CONCLUSION

Simplified general models for the evolution of a heat
pump capacity at start-up and in the shutdown phase are
presented. A two-time-constant model and a one-time-
constant model are proposed for the start-up phase. For the
shutdown phase, a one-time-constant extinction function is
suggested. When tested with data from a validated heat pump
model, the time constant models performed very well in
capturing the evolutions of the capacities at start-up and at
shutdown. The correlation coefficients obtained in these tests
are all superior to 0.9 for the start-up phase and to 0.99 for the
shutdown phase. It was found that for the start-up phase, the
two-time-constant model performs better compared to the
one-time-constant model.

ASHRAE Transactions

Time constants are derived for the start-up and shutdown
phases for a large range of heat pump operating conditions.
For cooling modes, the time constants are determined for
sensible as well as for total capacities. The determined time
constants can be used to model the dynamic evolution of the
capacities of cycling heat pumps at start-up and at shutdown,
in real cases, and with no need to know the full characteristics
of the heat pump. This approach is successfully used in this
paper to build a TRNSYS type.

In consulting the available literature, the major impres-
sion is that the time constant used to model the capacity at
start-up has a constant value for a given heat pump. The results
presented in this paper show that in fact the time constant
varies according to the operating conditions, with values rang-
ing from 0.1 to 27 s. More specifically, it was found that the
time constant generally (1) decreases when the runtime
increases in the heating mode; (2) increases with the runtime
in the cooling mode; (3) decreases for cases where the fan is
off at compressor shutdown compared to cases where it
remains on; (4) increases with the IWT; and (5) decreases for
cases where the expansion valve has a bleed port compared to
cases where there is no bleed port in the expansion valve.
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Table 8. Time Constants at Start-up and at Shutdown for the Subcases of Case CLSBFR

Start-up Start-up

Two-Time-Constant Model One-Time-Constant Model Shutdown
Code ;
ts’ 15 b, Ts T T35 Q :
s B s s S S S kW (l&tu/h)
SEN 3.1 1.74 71.5 60.6 32 26.9 454 -0.39 (-1.33)
CLSBFR-A-5-10
TOT 1.9 1.01 413 37.0 1.5 22.0 28.6 —0.31 (-1.06)
SEN 3.1 1.73 71.5 60.2 32 26.9 454 -0.37 (-1.26)
CLSBFR-A-5-15
TOT 1.9 1.00 41.0 37.0 1.5 21.9 28.7 -0.32 (-1.09)
SEN 3.0 1.74 71.5 60.6 32 26.8 45.2 -0.36 (-1.23)
CLSBFR-A-5-20
TOT 1.9 1.00 41.2 37.0 1.5 21.9 28.7 -0.33 (-1.12)
SEN 3.1 1.35 64.9 58.1 3.2 26.9 46.9 —0.48 (-1.64)
CLSBFR-A-10-5
TOT 1.9 .94 394 35.7 1.4 22.3 28.2 -0.24 (-0.82)
SEN 3.1 1.36 65.4 58.5 32 27.0 45.7 -0.39 (-1.33)
CLSBFR-A-10-10
TOT 1.9 .94 395 358 1.4 22.3 28.6 -0.31 -1.06)
SEN 3.1 1.35 64.9 58.5 32 26.9 454 -0.37 (-1.26)
CLSBFR-A-10-15
TOT 1.9 94 394 35.8 1.5 22.3 28.8 -0.32 (-1.09)
SEN 3.1 1.37 65.4 58.5 32 26.9 45.2 -0.36 (-1.23)
CLSBFR-A-10-20
TOT 1.9 0.94 39.5 36.1 1.4 22.2 28.8 -0.33 (-1.12)
SEN 2.9 0.92 36.2 22.9 1.4 26.5 27.0 -0.30 (-1.02)
CLSBFR-B-5-10
TOT 2.5 115 313 17.2 0.6 23.5 20.9 -0.27 (-0.92)
SEN 2.9 0.92 36.2 22.8 1.4 26.6 27.0 —0.30 (-1.02)
CLSBFR-B-5-15
TOT 2.5 1.15 313 17.1 0.6 23.6 21.0 —0.28 (-0.96)
SEN 2.9 0.92 36.2 22.8 1.4 26.6 271 —0.31 (-1.06)
CLSBFR-B-5-20
TOT 2:5 1.15 313 17.1 0.6 23.6 21.0 —-0.29 (-0.99)
SEN 1.9 0.90 36.9 26.1 0.1 26.6 28.6 -0.29 (-0.99)
CLSBFR-B-10-5
TOT 2.1 1.21 322 20.2 0.3 22.0 20.7 -0.23 (-0.78)
SEN 3.1 0.87 35.7 232 1.6 27.0 273 -0.22 (-0.75)
CLSBFR-B-10-10
TOT 2.6 1.09 31.0 17.5 0.8 23.8 20.0 -0.18 (-0.61)
SEN 3.1 0.87 35.6 23.0 1.6 27.1 27.5 -0.24 (-0.82)
CLSBFR-B-10-15
TOT 2.6 1.09 30.9 17.3 0.8 23.9 20.1 —-0.20 (-0.68)
SEN 3.1 0.87 35.6 23.0 1.6 27.1 27.8 -0.25 (-0.85)
CLSBFR-B-10-20
TOT 2.6 1.08 30.9 173 0.8 23.9 20.3 -0.22 (-0.75)
Centre of Natural Resources Canada, and the Quebec-based B = regression parameter
heat pump manufacturer ThermoPlus provided financial and D = regression parameter
logistic supports. CL = cooling
FR = fan running at compressor shutdown
NOMENCLATURE FS = fan stopped at compressor shutdown
A =  regression parameter HT = heating
AB = expansion valve with bleed port IWT = inlet water temperature, °C (°F)
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Table 9. Time Constant at Start-up and at Shutdown for the Subcases of Case CLSBFS
Start-up Start-up
Two-Time-Constant Model One-Time-Constant Model B
Code ;
L T T2 2 Ty T3y Q 5
S B S s S s S kW (k%tu/h)
SEN 15.2 2.24 38.9 21.9 13.7 15.5 26.0 00
CLSBFS-A-5-10
TOT 14.6 3.33 322 15.2 13.5 9.5 16.9 0(0)
SEN 15.2 2.23 38.8 21.9 13.7 15.6 26.0 0(0)
CLSBFS-A-5-15
TOT 14.6 3.32 322 15.1 13.5 9.5 17.0 00
SEN 15.2 2.24 38.9 21.9 13.7 15.5 26.0 0(0)
CLSBFS-A-5-20
TOT 14.6 3.32 322 15.2 13.5 94 17.1 0(@0)
SEN 15.2 2.11 36.6 21.2 13.0 16.9 259 0(0)
CLSBFS-A-10-5
TOT 14.7 3.29 31.5 14.8 12.2 11.6 16.5 0(0)
SEN 15.2 2.12 36.8 21.3 13.1 16.9 26.0 0(0)
CLSBFS-A-10-10
TOT 14.7 3.28 31.5 14.8 12.4 11.4 16.9 00
SEN 15.2 2.14 37.2 21.8 134 16.3 26.0 0(0)
CLSBFS-A-10-15
TOT 14.7 3.30 32.0 15.3 13.1 10.3 17.1 0(0)
SEN 15.2 215 374 21.9 134 16.3 26.0 0(0)
CLSBFS-A-10-20
TOT 14.7 3.29 31.9 15.3 13:2 10.1 17.2 0(0)
SEN 14.8 0.55 235 14.7 13.2 21.1 20.7 0(0)
CLSBFS-B-5-10
TOT 14.7 2.29 20.6 7.4 7.9 214 13.7 0(0)
SEN 14.8 0.56 23.6 14.8 13.2 21.1 20.8 0(0)
CLSBFS-B-5-15
TOT 14.7 2.30 20.6 7.4 7.8 214 13.9 0 (0)
SEN 14.8 0.56 23.6 14.8 13.2 21.2 20.9 0(0)
CLSBFS-B-5-20
TOT 14.7 2.30 20.6 7.4 7.8 215 13.9 0(0)
SEN 15.0 6.23 19.0 5.8 15.0 2.2 21.7 0(0)
CLSBFS-B-10-5
TOT 15.0 12.03 15.1 33 15.0 0.1 14.0 0(0)
SEN 14.6 0.58 22.3 14.2 15.0 17.9 23.7 0(0)
CLSBFS-B-10-10
TOT 14.7 2.34 19.5 7.1 15.0 13.2 15.9 0(0)
SEN 14.6 0.57 22.2 14.0 15.0 18.0 23.7 0(0)
CLSBFS-B-10-15
TOT 14.7 2.37 19.4 6.9 15.0 13.4 16.0 0(0)
SEN 15.0 6.32 19.2 5.8 15.0 22 22.0 0(0)
CLSBFS-B-10-20
TOT 15.0 12.27 15.2 33 15.0 0.1 14.6 0(0)
0 = capacity, W (Btu/h) T = time constant, s
R? = goodness-of-fit of regression .
SB = expansion valve without bleed port Subscripts
t = time,s av = average
i = time index
Greek Letters 0 = initial
A = differential R = residual
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Figure 6 TRNSYS screen capture showing the response of TYPE 801 to a heating input signal.
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Figure 7 TRNSYS screen capture showing the response of TYPE 801 to a cooling input signal.

S capacity growth start time
SS = steady-state
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