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Prediction of Metastable States
for Throttling in Pressure Relief
Valves for Sustainable CO, Heat
Pump Technologies

Incorporating carbon dioxide (CO;) refrigerant into the heat pump (HP) technology can
reduce climate change effects due to working fluid loss. However, CO; refrigerants in an HP
system may change from a gaseous state to a liquid or solid “snow” during the throttling and
pressure-reliefvalve processes, which may block downstream flow in pipes and cause unsafe
operation issues. This paper describes a Soave—Redlich—-Kwong (SRK) statistical-
thermodynamics-based model to predict CO; refrigerant metastable state properties
(enthalpy, temperature, and volume) exhibited during throttling through a leakage path or
pressure relief valve in HP technologies. In addition, the simulation can predict changes in
density fluctuations states exhibited during the process that can indicate an impending phase
change and can predict exit state conditions for widely varying supercritical initial
equilibrium states. Results indicate that when a constant enthalpy throttling line passes the

freezing point temperature and approaches the spinodal line, the throttling process can

result in sublimation of solid-state CO, which may cause a blockage. Therefore, this
simulation can be used to explore how changing initial state conditions, CO, pressure
ranges, and thermomechanical characteristics may result in the blockage of the pressure

relief passage and unsafe conditions for users. [DOL: 10.1115/1.4071445]

1 Introduction

Heating and cooling technology in commercial and residential
buildings produces carbon emissions in the U.S. that contribute to
global warming. One solution is the use of electrically powered heat
pumps (HPs) instead of natural-gas-fired traditional heating systems
for buildings. Initial variations of the HP utilize hydrocarbon-based
working fluids, but carbon dioxide (CO,) refrigerants can reduce
climate change effects due to working fluid loss in HPs [1]. These
CO; refrigerants can be utilized in smart energy systems that power
food refrigeration for supermarkets, ice fields, and vehicle air
conditioning [2].

During the throttling and pressure-relief valve processes, CO,
refrigerants in HP systems can change from a gaseous state to a
liquid or solid snow state, which may block downstream flow in
pipes [3]. This type of process may occur during leakage caused by a
system component failure, or due to activation of the pressure relief
system that can occur when the system pressure exceeds the safety
limit for the system. Previous work investigates this blockage
phenomenon and the effects of the blockages on the heat pump
system [4—6]. As CO, HP design evolves to include pressure-relief
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manifold systems in which multiple pipes carry the released flow,
understanding the thermophysics of the throttling process is
important in order to create designs that mitigate the possibility of
blockages. Further, the throttling process can result in metastable
states during throttling, so a model framework to predict metastable
states is needed to accurately predict conditions that result in
production of solid CO, during venting of pressure relief valves for
their safe design. These considerations are especially important in
residential applications where blockages could pose a safety risk.
Dry ice formation also affects carbon dioxide flow within carbon
capture utilization and storage practices. Particularly, carbon
capture utilization and storage technology requires the transporta-
tion of CO, long distances in high-pressure pipelines. Recent work
created valve schemes to more effectively develop reliable safety
relief programs for throttling that increases dry ice formation in the
pipeline at inlet operating conditions of 24.9-27.5 °C and 8 MPa [7].
Zhao et al. identify that high temperatures at the inlet of the pipeline
system combined with multistage choking can help prevent dry ice
formation during throttling and pressure relief with the initial
conditions of 8, 9, and 13 MPa and 40 °C [8]. Additionally, the dry
ice phenomenon within carbon dioxide can occur in oil recovery
practices. Li et al. investigate CO, working substance in tertiary oil
recovery and find idealized operational inlet pressure and temper-
ature metrics for throttling and venting operations to avoid risk like
dry ice within the inlet initial operating conditions of 25-30 MPa and
21.9 °C[9]. While these studies investigate similar dry ice formation
due to drastic depressurization that causes temperature and pressure
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shifts, often the inlet operating conditions of these systems vary from
the ones investigated for HP technology. The range of interest for
this study is high-temperature CO, heat pumps where the high-
pressure side expansion valve has supercritical initial points within
7.37-10 MPa at varying temperatures from 30 to 40 °C.

Multiple thermodynamic metrics can be used to predict the
metastable, homogenous nucleation points in the heat exchanger
throttling trajectory that lead to dry ice formation. The performance
of the working fluid in Rankine cycles can be quantified using a
previously developed Redlich—-Kwong fluid model [10]. Previous
studies locate starting points and determine the output parameter
stability in the heat pump with regard to coefficient of performance
(COP) and efficiency [11,12]. Other studies use the Wilson limit that
combines both nucleation theory and Gyarmathy theory to
determine when condensation may occur [13,14]. From those
studies the supersaturation ratio metric can be used to describe
nucleation growth prediction [15]. As the phenomenon of phase
change in heat pump pipes exhibits the same phenomenon that
occurs in steam turbine condensation, it is possible to glean metrics
from studies conducted for steam turbine condensation [16,17].
Therefore, discoveries in one can impact the other and vice versa in
terms of fault detection, prediction, and prevention.

Itis possible to train fault detection diagnostic programs to predict
sublimation based on thermodynamic phenomena and robust
numerical modeling. Fault detection diagnostic programs are often
controlled by thermodynamic models and metrices, like the ones
described above, or data-driven models. In more complex models,
artificial intelligence models can be implemented to make the
system maintain a suitable COP [18]. In past papers, small data
synthetic sampling has been used as a fault detection method in
heating ventilation and air conditioning (HVAC) and heat pump
systems [19]. Previous studies use training data and artificial
intelligence to detect which type of gradual fault is occurring in a
heat pump [20]. These fault detection practices can lead to overall
improvements of the heat pump system for better efficiency during
emergency pressure relief situations.

Several upgrades can be made to the heat pump to improve the
system in nonideal operating conditions. Researchers are expanding
the field of air source heat pumps operating in cold climates to
address challenges in low maximum COP, heating capacity, and
variable year-round reliability [21]. Yang et al. [22] evaluate CO, air
source heat pump technologies in cold regions utilizing energetic
and exergetic analysis. They establish the effects of obtainable
component efficiency on system heat capacity and COP. Zheng et al.
determine optimal pressure and temperatures to increase the COP of
the combined system compared to the original system [23]. They in
turn use multifactor coupling to demonstrate operating conditions of
temperature of water and ambient temperature, heating capacity,
and discharge pressure that are ideal for the system.

Other studies add in new components to heat pump systems to
determine the effect on COP of the system in relation to temperature
and pressure. Cui et al. [24] develop a control strategy to control a
water assisted subcooler in a heat pump and investigate the results on
mechanical behavior metrics. The changes in their experimentation
on the heat pump demonstrate an increase in COP and heating
capacity of the system. Another study analyzes transcritical CO,
heat pumps combined with an auxiliary CO, system and determines
optimal pressures and temperatures to increase the COP of the
combined system compared to the original system [25]. Liu et al.
[26] aim to draw connections of final conditions such as discharge
pressure and outlet temperature comparing the overall performance
of CO, single stage heat pump system to vapor injection pump
system. The study determines vapor injection heat pump systems
have higher heating capacity in low temperatures than the single
stage heat pump.

From these studies, it is evident that when investigating the cold
climate region, comparable studies set the ambient temperature in a
range of —15°C to 5 °C and the discharge pressure ranges 8.9 MPa
to 10.6 MPa. Figure 1 depicts a typical, ideal heat pump cycle in a
cold climate, where the desirable temperature inside is 25 °C and the
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Fig.1 Mollier diagram with typical heat pump refrigeration cycle
(adapted from NIST data and data in the ASHRAE Handbook of
Fundamentals, 2021)

ambient temperature is 0 °C. The refrigerant temperature drop in the
heat exchanger heavily impacts the heat provided to the residential
building. If this process is not ideal, there is a possibility for
refrigerant leaks from the temperature differential. Similarly, the
state points in the highlighted region in Fig. 1 are representative of
starting points in the throttling valve and can drastically change the
possibility for metastable states to occur.

Given the recent studies of CO, heat pumps and their potential use
in building HVAC systems, Fig. 1 shows an idealized supercritical
CO; heat pump cycle that is typical for a building HVAC application
that would pump heat from air outside at a design point of —10°C
and deliver it to inside at a design point of 25 °C. This indicates that a
throttling process from the high-pressure side of the system resulting
from actuating a pressure relief valve or due to a leak would result in
throttling from an initial state point roughly in the region between
points 3 and 4 on the thermodynamic cycle in Fig. 1 to the
surrounding atmospheric pressure conditions. In the study summar-
ized here, we specifically considered throttling process from initial
state points, the range indicated in the region between points 3 and 4
on the thermodynamic cycle in Fig. 1, to explore how the initial
conditions in this plausible range would affect whether a condensed
liquid or solid phase forms during the throttling process. Although
this formation is clearly true from indicators in flow features of the
leakage pathway or the relief valve system geometry and flow
conditions, the objective of this study is to explore how the
metastable state thermodynamics can affect the sequence of states
encountered during throttling and the probability of a condense
phase forming during the process. A model analysis framework was
developed in this study that facilitates computation of the changes in
state that occur in the CO, as its pressure drops in the throttling
process, allowing for the possibility that metastable states exist
during the process. Predicting the thermophysical properties at each
metastable state along the throttling trajectory of this process helps
to analyze the nonequilibrium thermodynamics of the system.
Completing this analysis can facilitate the better investigation of
emerging working fluids in systems like heat pumps, data centers,
refrigerants cooling supermarkets, carbon capture and storage, and
oil recovery. The details of the model are described in Sec. 2.

2 Materials and Methods

2.1 Statistical Thermodynamic Model. In this study, to
predict equilibrium and metastable properties for CO,, we used
the Soave—Redlich—-Kwong (SRK) fluid property model [27]. This
was chosen because the SRK fluid property model is relatively
simple to use for this type of analysis and has been demonstrated to
match near saturation properties reasonably well for a wide variety
of fluids, including CO,. A preliminary study using a simpler
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Redlich—-Kwong fluid model indicated that the SRK model was a
better fit to real fluid properties near saturation. Many comparisons
for suitable equation of state (EOS) have been developed to
determine best practices when investigating CO,. Log et al. utilize
Wagner and Gerg-2008 EOS is also being used to describe CO,
depressurization [28]. Peng—Robison EOS and experimental data
from CO2PipeHaz Project are used to model CO; in high-pressure
pipelines [29]. Other studies use SRK EOS variants to estimate
thermodynamic properties of CO, in the supercritical region [30].
Our study chooses to use the modified Soave—Redlich—-Kwong
model with adjustable constants to analyze CO; throttling for its
accuracy in modeling simple nonspherical molecular structures in
metastable regions. Optimal choice of the fluid property model is not
just a matter of the level of agreement with equilibrium saturation
properties. A key motivation for our use of the SRK fluid property
relation is that it has been shown [31] that SRK property relations
can be integrated across the metastable and interspinodal conditions
in the interfacial region between liquid and vapor bulk phases to
achieve a prediction of fluid surface tension. Since it requires
accurate prediction of the metastable state variations to achieve
accurate surface tension values by this method, the good agreement
of the surface tension predictions with accepted values suggests that
the SRK property model can provide an appropriately accurate
prediction of the metastable states of interest in this study.

Figures 2(a) and 2(b) illustrate the fit of SRK model predictions to
recommended values of saturation pressure and surface tension for
CO, tabulated in the ASHRAE Handbook of Fundamentals as a
function of temperature [32]. In Fig. 2(a), the SRK fluid model was
used in capillary theory calculations to predict surface tension at an
acentric factor value typical of CO; [31]. The good agreement with
recommended surface tension values is particularly significant to
this study. The capillarity theory calculations to determine surface
tension integrate properties across the liquid—vapor interface, which
spans the metastable and intrinsically unstable regions for the fluid.
The fact that the mean absolute deviation of the model-predicted
surface tension values from corresponding accepted values for CO,
suggests that the SRK model representation of properties in those
regimes is appropriate for CO;. Since in this study we want to predict
metastable state properties and the limits of intrinsic stability, this
suggests that the SRK model is an appropriate choice for this study.
Also, the close agreement between SRK model predictions and
recommended vapor pressure data is also a desired feature for our
model. Therefore, we selected the SRK fluid property model for this
study based on this assessment of its capability to provide a high-
fidelity prediction of metastable states that can arise in the throttling
process. The objective of this study is to demonstrate the use of an
equation of state for assessing regime transitions and focus on ranges
of conditions where HP supercritical cycles are likely to occur. The
value of the paper is evaluating and analyzing the framework, and
over time one can expect increasingly better EOS models to be
developed, and those EOS can be implemented into the framework
presented in this paper.

Consistent with the earlier model development by, for example,
Wemboff [31], to implement the use of the Soave—Redlich—-Kwong
fluid property model to predict equilibrium and metastable proper-
ties for CO,, the following form of the partition function relation was
adopted:

InQ=N+—In

3N <2anBT(V — Nbgrg)?/ 3)

2 N2/3,2/3
T Nasrgosrg , [V + NbSRK)
NIn| — 1
* n(asgr) * bsrxkpT n( Vv W

This equation form was chosen with a suitable choice of the function
asrk (T) standard relations obtained from statistical thermody-
namics (see Ref. [33])

B 0lnQ
P= kBT( BTG )T,N 2)
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0lnQ
or

H= kBTZ( ) + PV 3)
TN

lead to the Soave—Redlich—-Kwong equation of state and an enthalpy
relation for a Soave—Redlich-Kwong fluid. So that the equation of
state form matches the Soave [27] modification of the
Redlich—-Kwong equation of state, the relation for oy, is taken to be

Olsrk = [1 +fsrk<1 - T%)} (4a)
fue = 0.480 4 1.574w — 0.1760° (4b)

Since this study specifically focused on CO,, the value of the
acentric factor o was taken to be 0.239 which is in the recommended
range for CO; [34]. This results in a value of 0.846 for fsrxk.

Using the relations above and the InQ equation (1) to evaluate the
derivatives, relations for the equation of state and enthalpy were
derived and converted to dimensionless forms in terms of reduced
properties normalized with critical values

P, = P/Pcs T, = T/TL" Vr = \3/1/(,, Pr = f)/p( (5a)

hy = h/(NksT,) (5h)
(a) 10
Q
Q
d
1 ~
Ow
13
PC (K BTL/PL‘ )
0.1 7
B @ ASHRAE recommended values for CO2 [25]
SRK caplilarity predicted variation for
CO2 (w=0.239)
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Fig. 2 Comparison of surface tension (a) and saturation vapor
pressure and (b) variations for CO, predicted using the
Soave—-Redlich—-Kwong fluid model with corresponding values
for CO, tabulated in the ASHRAE Fundamentals handbook 2021
[25]
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Here, the circumflex accent denotes molar properties (e.g., v is molar
specific volume (m>/kmol) and p is molar density (kmol/m?)). The
resulting equations are

3 Tr‘ Ay Usrk
v, — b, v.(v, +by)

5 v,
ho=(2+—")T,
(2 * vy — b,.)
vy + br d‘“srk br“srk
—4. 1 =T, stk
93398{n( - )(oc T > ) HJ )

Here, o« (7) is a function only of reduced temperature 7, and a,
and b, are fixed numerical constants: a, = 3.84732, b, = 0.25992
(also noted in Table 1). Since Eq. (7) indicates that &, = f(T},v,),
basic calculus dictates that

Oh, Oh,
dh, = dr, dv, 8
<8Tr)v,v * (OVF)T,. " ©

and differentiating the 4, equation above yields

oh, B § . vy
ar.), \2 vi—b,

—4.93398 In (ﬂ) d <ock —T d“““)

Vy

4.93398 [ dotg
o () ®
(8hr) o IR i
aVr T, Vr — br (V,- - b,)
dog
—4.93398 (fxsrk ~T, drf)
Tl 1 4. Ol
o 3 7} N 93398b o; X (10)
(v +b,) v, (v, +b,)

For constant enthalpy throttling, in Eq. (8), we set dh, =0 and can
use the right size of each of the relations (9) and (10) to evaluate the
partial derivatives. The result can be expressed as

Oh,
o).
Oh,
ar,. ),
Likewise, since Eq. (6) indicates that P, = f(v,, T, ), basic calculus

dictates that
OP, oP,
dP, = dv, drT, 12
’ (avr)f,, V’+(8Tr)v,. ’ (12

and differentiating the equation of state yields

dT, = — dv, (11

(6P ) B 3T, (13)
" - sl 2 r r
v )1 (vr—b,.)erauk(v +l2))
(v,z_ + v,.b,.)
P, 3 aydog/dT,
S R - 14
<8T,A>v’_ ve —b,  v.(v, +b) (14)

Substituting the right side of Eq. (11) into Eq. (12) to eliminate d7,
and rearranging yields
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5;; =hbnT) = (ap,n) [(ah,l/av,.)ﬁ (ap,.) (4>
o), " |@n e, |\or,),
Combining Egs. (11) and (15) to obtain
(dT,/dP,) = (dT,/dv,) (dv,/dP,)
yields
~ {(Gh,. /(9v,A)T/:|
Z%‘_ =hnT) = (O[O, (16)

(50, - (G

Vr

)

Note that Egs. (15) and (16) form a system of coupled nonlinear
ordinary differential equations that can be solved here with
boundary conditions of initial values of v, = v,y and T, = T} at
an initial reduced pressure P,. Note that the right sides of Egs. (15)
and (16) are functions of v, and 7 that are dictated by Egs. (9), (10),
(13), and (14). This system of ordinary differential equations
(ODEs) can be solved by a variety of computational schemes. Here,
to simulate an adiabatic isenthalpic throttling process, we used a
standard fourth-order Runge—Kutta method to compute state
variables v, and T, as P, was decreased by successive small steps,
simulating the depressurization during the throttling process. At
each state determined in this way, we also computed other
thermodynamic parameters from the SRK model equations to
facilitate whether the state is likely to be in thermodynamic
equilibrium or in a metastable state, and how close the state is to
the limit of intrinsic stability. For each new T, value computed in the
stepwise depressurization simulation executed using the
Runge—Kutta scheme, the equilibrium saturation pressure
P, su(T)), the compressibility (9P, /a"r)r,’ and the spinodal
pressure for reduced temperature 7, were determined from the
SRK property model. Determining the thermophysical properties at
varying metastable states helped to analyze the nonequilibrium
thermodynamics of this process.

For saturated vapor and liquid at equilibrium, the chemical
potential of the two phases must be the same. A relation for the
chemical potential p (per molecule) was derived using the
thermodynamic relation linking chemical potential to

pw=—kgT(OInQ/ON)y 1 (17)

Evaluating the partial derivative by differentiating the InQ equation
and nondimensionalizing yields a relation for the reduced chemical
potential y, as a function of reduced temperature and reduced
specific volume. For a specified temperature, evaluating the right
side of the equation first for vapor (v,,) and then for the liquid (v,;)
and subtracting them leads to the following relation for the
difference in chemical potential between the phases (Ag,,):

Vi — b 1 1
A, = —T,1 v r Tb _
oty r n(w _ b,) + 1 Dgric Voo — by vy —b,

Ay Uk In VI‘I(VI'V + br) ayOlsrk 1 1
3br Vrv(vrl + br) 3 Vi + br Vi + br

(18)
Table 1 Constant variables (o is specific to CO3)
Constant Value
a, 3.84732
b, 0.25992
o} 0.239
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For the new reduced temperature determined after a step in the
Runge—Kutta scheme, the corresponding reduced saturation pres-
sure at that temperature was determined using the following iterative
scheme:

(i) The pressure after the most recent integration step was used
as a first guess for P, gu.

(ii) For specified T, and guessed P, = P, , the equation of state
(Eq. (6)) is a third-order polynomial. Its three roots were
determined using a root solver. v,; was set to the smallest
root, and v,, was set to the largest root.

(iii) T, and the computed v,; and v,, from step (ii) were
substituted into the right side of Eq. (18). If the right size
of Eq. (18) was not sufficiently close to zero, the guessed
value of P, ;o was corrected, and step (ii) was repeated. If the
absolute value of the right side of Eq. (18) was sufficiently
small (< 10_8), then the computed value of P, ;o was taken to
be the SRK prediction of P, g (7).

The compressibility (OP,/dv,); , at the new reduced temperature
and reduced specific volume for the throttling process, was
computed using Eq. (13), evaluating the right side by substituting
the new T, and v, computed by the Runge—Kutta scheme for the just-
completed integration step.

The spinodal pressure condition at each 7, was determined by
finding the root spinodal specific volume value that makes
(OP,/0v,); =0 at the local reduced temperature 7. The left side
of Eq. (13) is set to zero, T, on the right side of this equation is set to
the recently determined 7, value, and the resulting right-side relation
is solved to find its v, root that corresponds to the spinodal condition.
The spinodal pressure is then computed from the equation of state
(Eq. (6)) using the spinodal root solution for v, and the temperature
T'. As the state changes during depressurization, the proximity to the
spinodal condition is indicated by how close (OP,/0v;); is to zero,
and how close the pressure at that step is to the computed spinodal
pressure.

2.2 Throttling Algorithm. The overall throttling process
computation scheme was comprised of the following algorithm
steps:

(1) The initial starting values of v, = v,9 and T, = T, are set,
and the corresponding P, = P,y is computed from the
equation of state (6). The pressure integration step for the
Runge—Kutta scheme is set to AP,.. The Runge—Kutta scheme
used here is the well-known fourth-order scheme described
by Jaluria [35]. The pressure step size AP, was varied from
—0.01 to —0.001, and our results indicated that the computed
state parameter changed by a negligible amount when AP,
was reduced from —0.005 to —0.001. We therefore adopted
AP, =—0.001 for all our subsequent computations.

(2) Forv, and T, at the beginning of the pressure step at reduced
pressure P,, the P, and h, derivatives, as needed for the
Runge—Kutta scheme, were computed using Egs. (9), (10),
(13), and (14), and those results were used to compute
dv,/dP, and dT, /dP, at P, using Egs. (15) and (16).

(3) Then, the first derivative relations for dv,/dP, and dT,/dP,
from step (ii) were used in the fourth order Runge—Kutta
method to predict v, and T, at P, + AP,.

(4) For the computed value of (), , »p at the next P, location in
the integration, the saturation pressure P, g (7)) at reduced
temperature (7,)p ,op Was computed using the iterative
scheme with steps (i)—(iii) described in Sec. 2.1.

(5) For the com.pute.d valpes of (.T,.) paap and (v), ., at .the
next P, location in the integration, Eq. (13) was solved (using
a root solver) to compute Vygpin for (7) p,1ap that makes
(OP,/0v,)r =0. Then, when setting T, = (T,)p ,p and
(vr = () AP the equation of state (6) is used to calculate

the reduce pressure at the spinodal condition P, gpiy,.
(6) If the exit pressure P, ¢« has been reached or exceeded, quit
the computation. If P, < P, i, loop back to step (2).

Journal of Heat and Mass Transfer

This algorithm was implemented in a MATLAB program. A value of
—0.001 for AP, was found to produce predictions that did not change
significantly if AP was reduced further, and the results were
concluded to be step size independent. Although we acknowledge
that throttling flows can be significantly affected by flow features of
the leakage pathway or the relief valve system geometry and flow
conditions, the objective of this study is to explore how the
metastable state thermodynamics affects the sequence of states
encountered during throttling and the probability of a condense
phase during the process. Our results and their relevance to these
issues are discussed in Sec. 3.

3 Model Prediction Results

3.1 Prediction of Spinodal Limits That May Affect
Throttling. To explore the throttling process behavior at typical
high-pressure side (for an electronic expansion valve) starting points
for CO; in a heat pump, we used the throttling model analysis
described above to compute the throttling process behavior for
supercritical state points like the six example points indicated by
orange circular symbols in Fig. 3. For the CO, HP, the pressure from
the heat pump compressor needs to be high enough so the
supercritical heat rejection process refrigerant temperature is above
ambient temperature for the room (25 °C); the ideal working fluid
temperature for this heat rejection process would then be 30°C or
above to drive the heat flow into the room. Additionally, the
evaporator temperature should be at —10 °C to help to demonstrate
pulling heat out of the air in cold climates. Based on the
thermodynamic cycle demonstrated from these requirements, a
suitable range to pull the six points from are around the 30 °C to
36 °C point, at reduced temperatures 7, = (0.98, 1.01, 1.04, 1.045,
1.06, 1.19) for the supercritical pressure of P =9 MPa (P,=1.22).
Conditions for these starting points are indicated in Fig. 3 and
Table 2. For adiabatic throttling, the process line should be vertical
on the Mollier diagram, and the vertical lines for some of the starting
points indicate the path of the process on this diagram. For the left-
most four supercritical starting points, we found that as the pressure
in throttling fluid dropped, it eventually reached a point where
throttling fluid pressure matches the spinodal pressure for the system
temperature. This implies that that state point is on the spinodal
curve. As illustrated in Fig. 3, for some starting points to the right of
the critical point, the constant enthalpy line crossed the spinodal
curve twice. And, as expected, for initial state points like point 7 that
is far to the right of the critical point, throttling results in states with
progressively lower pressure that are all in the superheated vapor
range.
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Fig. 3 Throttling from select initial supercritical states and
determination of points on the SRK spinodal curve
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Table 2 Initial state reduced properties at P, =1.22

T, v,
Point 1 0.98 0.5683
Point 2 1.01 0.6927
Point 3 1.04 1.1230
Point 4 1.045 1.2020
Point 5 1.06 1.3880
Point 6 1.190 2.2350

By running throttling calculations for multiple starting points, we
were able to establish the curve consisting of the locus of points in
the two spinodal curves that converge to the critical point. The
resulting predictions of the spinodal curves on the Mollier diagram
for CO,; are shown in Fig. 4.

3.2 Wilson Line Conditions. The Wilson line defines the onset
of liquid condensation in a throttled vapor flow as a consequence of
density-fluctuation-driven nucleation in a metastable supersaturated
vapor flow [36,37]. In a very recent study, Petruccelli et al. [38]
plotted experimental data obtained by Bier et al. [12] for the Wilson
line conditions in a throttled CO, flow in terms of reduced pressure
and temperature. The Bier CO, data are plotted in this form in Fig. 5.
Plotted in this form, the data are consistent with the idealization that
the measured Wilson line pressures for CO, are close to halfway
between the saturation line and the spinodal. Based on this
idealization, the Wilson line for CO, was added to the Mollier
diagram to obtain the version shown in Fig. 6. Note that the addition
of the Wilson line reflects the fact that the strongly increasing
density fluctuations predicted to occur as the state gets closer to the
spinodal line increase the probability that nucleation of an
embryonic phase will initiate transition from a metastable fluid to
a combination of saturated liquid and vapor phases.

3.3 Starting Point Regimes That Give Rise to Different
Condensed Phase Nucleation Behavior. Figure 6 provides a
framework for predicting how throttling supercritical CO, will react
to decreasing pressure in the throttling process for starting points
near P, = 1.22 in the supercritical region. To the left of the critical
point, for 0.98 < T, < 1.02, throttling depressurizes supercritical
fluid, which causes a shift to a superheated liquid that becomes
increasingly superheated as the pressure drops. As it gets close to the
spinodal curve, nucleation of bubbles is expected to be initiated,
transforming it to a mixture of saturated liquid and vapor. If the fluid
depressurizes to atmospheric pressure, its temperature will drop
below the triple point temperature, and solidification is likely.

For starting points near P, = 1.22 and 1.02 <T, < 1.05, depressu-
rizing supercritical fluid will cause the state point to shift vertically

20 g C
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Fig. 4 CO, spinode curves predicted by SRK model analysis of
throttling from multiple initial supercritical states
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down along a constant enthalpy line, causing it to enter the region
between the spinodal curves which lacks intrinsic stability. In doing
so, density fluctuations are expected to cause it to almost
immediately transition to a mixture of saturated liquid and vapor.
Again, if the fluid continues to depressurize to atmospheric pressure,
its temperature will drop below the triple point temperature, and
some solidification is likely.

For starting points near P, = 1.22 and 1.05 <T, < 1.08, depressu-
rizing supercritical fluid will move the state point down into the
metastable supersaturated vapor region. If it penetrates to the left of
the Wilson lime limit, larger density fluctuations near the spinodal
line may drive nucleation to initiate formations of liquid droplets. If
the throttling pressure variation stays to the right of the Wilson
curve, density fluctuations may be small enough to avoid formation
of liquid droplets via nucleation.

On the far right of the heat rejection process for the heat pump
cycle, at starting points near P,=1.22 and 1.08 <T,<1.19,
depressurizing supercritical fluid will move the state point down a
constant enthalpy line that is entirely to the right of the saturated
vapor line. As aresult, supercritical fluid is depressurized to a single-
phase, lower density gas.

3.4 Predicted Throttling Pressure Variations for Example
Starting Points. As noted above, the rightmost example starting
point in Fig. 4 ((T,,P,) = (1.19, 1.22)), a constant enthalpy
throttling process will simply depressurize the supercritical fluid

0.8
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saturated vapor line

O CO, Wilson line measured
data of Bier, et al.

0.75 0.8 0.85 0.9 T 0.95 1
r

Fig.5 CO, Wilson line measured data of Bier et al. [12] plotted in
terms of reduced temperature and pressure
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to a superheated gas, without getting near the saturated vapor line.
Starting points in this range are therefore predicted to not result in
nucleation and growth of a condensed (liquid or solid) phase as it
depressurizes. However, for the other example starting points, the
model analysis predicts that the formation of a condensed phase
during the constant enthalpy depressurization is likely, but it
depends on the proximity of the throttling-process state points to the
spinodal curves.

Figures 7 and 8 show the predicted variation of the CO, reduced
pressure as the throttling process proceeds. Temperature steadily
drops as the pressure is lowered, so it is taken as a metric of progress
in the throttling process, and the predicted throttled fluid reduced
pressure and the reduced saturation pressure and spinodal pressure
are plotted at each temperature level as throttling proceeds. Since the
temperature axis increases to the right, the throttling process
trajectory is traced from right to left on the graph which is indicated
by the red arrow.

Figure 7 shows isenthalpic throttling from a starting point in the
supercritical range just to the left of the critical point in Fig. 4. The
line that is labeled initial state in Fig. 7 indicates the sequence of
states predicted by the model for the throttling process from the
starting point in the upper right to subsequent points moving
downward and to the left. As expected, Fig. 7 indicates the fluid
pressure dropping, which brings the state in the metastable
superheated liquid region between the saturation curve and the
spinodal curve. The metastable superheated liquid may nucleate a
vapor phase if the state point comes close enough to the spinodal
point.

The Wilson line mentioned earlier is a transition to onset of
nucleation of a condensed phase observed for throttling starting in
the supercritical region to the right of the critical point. For such
circumstances, supercritical fluid becomes a supersaturated vapor
which may nucleate a liquid CO, phase if it comes close enough to
the spinodal curve (becomes highly supersaturated). An example of
the model prediction of the process line for isenthalpic throttling in
circumstances of this sort is shown in Fig. 8. It is noteworthy that
Fig. 7 is an example of throttling that converts a supercritical fluid to
a dense metastable liquid that becomes less stable as the spinodal is
approached. Statistical thermodynamic analysis indicates that the
level of heterophase density fluctuations will sharply increase as the
spinodal condition is approached [33], and these can give rise to
density fluctuations that may initiate nucleation of a low-density
vapor phase in the metastable liquid. Consistent with the Wilson line
analysis in this regime, we do expect that onset of a vapor phase
nucleation will occur when a state point is near the middle of the
region between the saturation curve and the spinodal. However, this
is not the type of system transition for which the Wilson transition
analysis is typically assumed to apply, and so a Wilson limit line is
not shown for this case. The Wilson limit is typically associated with
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Fig. 7 Pressure trajectory analysis for isenthalpic throttling of
CO, with (T, Pro)=(1.005, 1.22)
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conditions more like those considered in Fig. 8. The starting point in
that case is in the supercritical region to the right of the critical point.
In such cases, the throttling supercritical fluid transitions to
metastable supersaturated vapor, which may give rise to nucleated
droplets or solid phase particulates if it approaches states close to the
spinodal curve and density fluctuations become extreme. Because
the Wilson limit modeling and measurement are relevant to this type
of supersaturated vapor transition, we include a prediction of the
Wilson limit in Fig. 8 based on a fit to data obtained for CO,.

In Fig. 8, the system pressure enters the subcritical region for
T, < 1.0 and follows a path close to, but just below, the spinodal
curve. This implies the metastable fluid system states do not reach
the limit of intrinsic stability, but they are substantially beyond the
Wilson line limit of stability, implying that nucleation will lead to a
transition to a liquid—vapor two phase system. Note in Fig. 8 that
once the system process line intersects the spinodal, we terminate
further computation of the process line because the system will lack
intrinsic stability once it reaches a state on the spinodal curve, and
the validity of the analysis equations used here becomes uncertain
beyond that point.

3.5 Prediction of State Variations for Throttling With Heat
Input or Cooling. In Sec. 2.1, in the derivation of the differential
equations (15) and (16) describing the property changes during
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Fig. 8 Pressure trajectory analysis for isenthalpic throttling of
CO, with (T,, P,)=(1.0475, 1.22). Also shown is the prediction of
the Wilson limit based on a reduced property fit to data for CO..
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Fig.9 Wilsonlimitand pressure trajectory analysis for throttling
with heat input dh,/dP. = —1.08. Otherwise, the starting point
and throttling process are the same as those modeled in Fig. 8 (for
starting point (T;, P,)=(1.0475, 1.22)).
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throttling, the differential change in reduced enthalpy was set to zero
to model a constant enthalpy throttling process. Real relief valve
processes may be close to isenthalpic, or there may be significant
heat input or cooling of the flow during the process. The analysis
framework developed in this study can, in fact, be easily modified to
a form that can analyze throttling processes with heat input or
removal. Retaining the dh, term in Eq. (8) leads to the following
alternate forms of Eqgs. (15) and (16):
(6P,.) dh,
or, ), dp,

@)
d r 8T1 v
& A T,) =
z OP\ _ (9P\ (9h) [ (0h
v, ), or, ), \ov: ) r, ar, ),

(19)
2] |
ar, B dp, v )1
ap, T =1y | (on,
ar, /., ar, /.,
or di, ‘
_\or, ), ap,,
()
or.) .
' (20)

(%) _ (aa) (am) (ah,-)
v ), ot ), \0v /) 1, or,),,

Equations (19) and (20) contain the parameter dh,/dP,. In a
throttling flow through some kind of passage or orifice, over a flow
length dz, friction will result in a pressure gradient dP,/dz, and
dh, /dz over that flow length will be associated with the heat transfer
rate to the flow per unit length ¢’ divided by mass flow rate and
specific heat at constant pressure. Hence, dh, /dP, is a parameter that
specifies the ratio dP, /dz, and dh, /dz = ¢ /mc),

dh./dz ¢ [mc,
dh, |dP, = -
/ dP,jdz _ dP,]dz

Note that setting dh, /dP, to zero reduces Egs. (19) and (20) to Egs. (15)
and (16) used for constant enthalpy throttling. If a value for dh, /dP, is
specified, the throttling algorithm indicated above can be used to predict
state changes for throttling with heat addition or cooling. Because
throttling always lowers pressure (a negative change), it follows that
. . . dh,
heating — increasing 1, — P, <0
h,

o
ap,

cooling — decreasing h, —

To explore the impact of heating, the throttling algorithm
computation was repeated for conditions identical to those
considered for the process analyzed in Fig. 8 except that heating
was added corresponding to dh,/dP, =—1.08. The resulting
throttling process curve is shown in Fig. 9. Comparing Figs. 8 and
9 indicates that the heat input has the effect of moving the throttling
process line downward, in a way that reduces the likelihood that the
states encountered in the process will cross the spinodal line. For
the heating level specified, the heated throttling process line for the

063001-8 / Vol. 148, JUNE 2026

starting point in Fig. 9 enters the metastable range and crosses the
Wilson line but does not cross the spinodal line. The trend suggests
that if the heat rate were increased, the downward shift of the process
line may result in the process not crossing the Wilson line, which
could prevent a condensate phase from nucleating. The trends also
suggest that if the throttling fluid is cooled, the process line would
shift upward, making it more likely to cross the spinodal line, which
would increase the probability that the throttling supercritical fluid
would become unstable and bifurcate into a two-phase liquid and
vapor mixture. The insight into how heating or cooling may affect
throttling processes clearly can be valuable for understanding how
throttling of supercritical CO, can be altered by heat input or cooling
during the process.

4 Conclusion

Although somewhat idealized, the SRK statistical-
thermodynamics-based model analysis of CO, throttling provides
ameans to predict how nonequilibrium thermodynamics affect CO,
refrigerant metastable state properties (enthalpy, temperature, and
volume) exhibited during throttling through a leakage path or
pressure relief valve in heat pump technologies. This provides a
capability to understand and predict the nature of phase change
processes that may occur in this type of throttling process, and how
high-pressure side initial state conditions can affect the state of
discharged CO, released into the surroundings. Our results indicate
that the SRK fluid model is useful for this type of analysis of CO,
because its property predictions near saturation conditions compare
favorably to corresponding ASHRAE published data and throttling
calculations with it are relatively simple to implement. We have
demonstrated that this analysis framework can be used for
isenthalpic throttle expected for adiabatic flows, and it can be
adapted to include effects of heat input or cooling of the flow. While
we specifically used the Soave—Redlich-Kwong fluid property
model for this study because its near saturation property predictions
for CO, agree well with recommended values, other fluid models
such as the Peng—Robinson or Span—Wagner model could be used in
the throttle algorithm described here. This framework could also be
useful as a property subroutine for computational fluid dynamics
type modeling of throttling processes. And it is noteworthy that this
modeling framework can be applied with reasonable accuracy to a
wide variety of working fluids other than CO,, with model constants
adjusted appropriately for the fluid type.

By combining the understanding of the nonequilibrium thermo-
dynamics of CO, during throttling provided by this type of model
with fluid dynamics and heat transfer, one can predict high-pressure
side state conditions (for an electronic expansion valve) that are
more likely to result in ice formations on the macro and microscales.
The results of this type of model prediction can contribute to the
design of next generation CO, heat pump systems for different
applications like heating and cooling residential buildings or carbon
capture and storage by providing a means of predicting the potential for
solid CO, snow formation during accidental leakage or pressure relief
valve operation. The prediction of the throttling model described here
can also help guide experimental studies of throttling that aim to
simulate CO, leakage or pressure relief valve function.
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Nomenclature

a, = nondimensionalized constant
b, = nondimensionalized constant
¢, = specific heat at constant pressure
fsix = SRK model parameter
h = molar specific enthalpy (kJ/kg)
r1 = mass flow rate
N = number of molecules in the system
NA = Avogadro’s number
P = pressure
Pum = atmospheric pressure (MPa)
P, = reduced pressure
P,wr = reduced Wilson’s limit pressure
Q = partition function
¢’ = heat transfer per unit length
T = absolute temperature
T, = reduced temperature
V = system volume
v, = reduced volume
y = gamma constant
0, = molecule rotational temperature
1 = chemical potential
os = molecule symmetry number
o = acentric factor

Subscripts
¢ = critical point constant
[ = liquid
r = reduced property normalized with critical point value
v = vapor
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