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ABSTRACT

This work numerically investigates refrigerant expansion process through an EEV. Due to the multi-phase flow
and complicated geometry inside, it is difficult to build a physical model to predict the refrigerant mass flow rate.
Therefore, Bernoulli equation based polynomial or power-law fit correlation method and machine learning method
(Grey-box Model) are applied to develop empirical EEV models so far. However, in this work, choked flow
phenomenon is considered for proposing EEV’s mass flow rate mapping method in the whole operating range.
Theories of the flashing inception and the evaporation wave through the converging-diverging nozzles are
involved. Moreover, momentum equation is calculated with finite volume method for metastable refrigerant
converging flow. The developed novel method for EEV model is verified with laboratory based EEV’s field
performance data, showing the accuracy is within £10%.

1. INTRODUCTION

In the latest vapor compression air-conditioning systems, electronic expansion valve (EEV) is the most common
refrigerant expansion device due to the advantage of fast system control with high precision. This is why the
global EEV market size is expected to gain growth with a Compound Annual Growth Rate of 9.2% in the forecast
period of 2020 to 2025 according to Fior Markets’ report (2020).

As one of the most important control devices in vapor compression systems, the EEV model is critical not only
for optimizing system control algorithm, but also for enabling automated fault detection and diagnostics. However,
due to the multi-phase expansion process and complicated geometry inside of an EEV, it is difficult to build a
physical model to predict refrigerant flow characteristics. Therefore, Eq. (1) based polynomial or power-law fitted
mass flow coefficient (Cr) correlation method or Artificial Neural Network (ANN) machine learning method is
usually applied to develop empirical EEV models from experimental data.

Meey = CmAeff\/ZpL (Pecona = Peva) 1)

In fact, Eq. (1), derived from Bernoulli equation, was first developed by Wile (1935) for expansion valve
investigation. Afterwards, the power-law fitted correlation method is widely used for EEV mass flow correlation
(Zhang et al., 2006; Park et al., 2007; Xue et al., 2008; Chen et al., 2009). Moreover, Artificial Neural Network
(ANN) machine learning method (Tian et al., 2015; Cao et al., 2016; Wan et al, 2020) also adopted the form of
Eq. (1) to show the dimensionless output as shown by following Eq. (2).

y = Meer @

Desz\/ PL (Pcond - Peva)

However, Eq. (1) has obvious limitation to model two-phase mass flow characteristics because partial vaporization
may take place at downstream of expansion process. Therefore, Roming et al. (1966), Davies and Daniels (1973),
Li (2013), and Knabben et al. (2020) all introduced expansion factor Y and refined the Eq. (1) to Eq. (3) to deal
with two-phase situations more accurately. In fact, the expansion factor Y accounts for the change in density as
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the fluid passes from the valve inlet to the vena contracta and the change in area of vena contracta as pressure
differential varied.

meev = CmAeffY\/Z.DL (Pcond - Peva) (3)

From thermodynamics and fluid flow point of view, all of 3 equations listed above can be considered as highly
simplified Grey-box models, which need part of physiological knowledge and part of refined datasets. This is due
to the determination of Cy, or Y value must rely on thousands of data from experiment or CFD results to ensure
the EEV model’s accuracy. In this way, thermodynamic specialist have to invest much extra labor to collect data
for different EEV products and refrigerant before its engineering application.

Therefore, White-box EEV modelling methodology is necessary to be developed, which can reduce the
engineering work load by focusing on full physiological knowledge of refrigerant’s expansion process. However,
the rapid depressurization inside of EEV makes thermodynamic behaviors quite complex, even the choked flow
phenomenon happens when the pressure difference is big enough along with low subcooled degree.

In order to quantitatively investigate refrigerant’s choked flow characteristics through EEV, Liu et al., (2008)
calculated choking mass flow rate and maximal choking occurrence pressure by combining metastable liquid’s
flashing inception correlation and evaporation wave theory. Abuaf et al., (1983) presented a unified theory of
inception criteria for critical flashing flows with subcooled inlets. They proposed a general correlation for pressure
undershoot at flashing inception, which considered the effect of turbulence intensity in converging flows and
convective depressurization rate based on previous work of Jones (1979) and Alamgir & Lienhard (1979). The
verification of flashing inception correlation gives accurate prediction of the pressure undershoot at inception and
the critical mass flow rates in nozzles. In addition, Simoes-Moreira et al., (2000, 2002, 2003) investigated the
maximal choking occurrence pressure by adopting evaporation wave theory. In fact, evaporation wave is a
discontinuity process, which need to be analyzed by the conservations of mass, momentum, and energy for a
control volume enveloping the evaporation front. However, the choked flow mass flow rate was calculated by
Bernoulli equation, Eg. (1), with empirical mass flow coefficient value of 0.94+0.04, since the refrigerant between
the entrance and the throat is assumed as single liquid.

This work, standing on the shoulders of above research work, aims to propose a EEV’s mass flow rate mapping
method by introducing a choked and non-choked mass flow rate profile. The well-studied theory of flashing
inception and evaporation wave are involved for the calculation of profile’s choked flow criteria. Moreover, the
highlight is usage of momentum equation instead of Bernoulli equation for mass flow rate calculation in the
converging flow section, and the momentum equation is numerically calculated with finite volume method. With
this method, the EEV mass flow rate map of the whole engineering operation range of vapor compression air-
conditioning systems can be easily generated by varying upstream refrigerant conditions and EEV openness.

2. MODELING METHODOLOGY

Fig.1 shows the EEV’s choked and non-choked mass flow rate profile, from which it can be observed that non-
choked mass flow rate increases with lower downstream pressure and choked mass flow rate remains constant.
Therefore, in this section different EEV modeling methodology will be introduced to choked flow and non-choked
flow conditions.

0.05 - -
« 004 | |
L2 : 5
Y 003 ; : non-phase
o phase changed :changed flow
g choked flow : flow
= 002 :
2 |
= 001 non-chok:edﬂo

0 L L L - L L i L

-:30 -20 10 O 10 20 30 40 50 60
Evaporatinng temperature, °C
Figure 1: EEV’s choked and non-choked mass flow rate profile

19t International Refrigeration and Air Conditioning Conference at Purdue, July 10 - 14, 2022



2383, Page 3

Fig.2 shows geometry and components inside of a typical EEV. In the scope of this study, EEV’s complex 3-D
geometry is simplified tol-D variable area capillary analogy for the purpose of theoretical analysis. In addition,
following assumptions are necessary to simplify problems for different models in the expansion process.

« Expansion process is assumed to be adiabatic;

« Flashing inception point is located at the throat;

« Flashing process is regarded as evaporation wave;

« Refrigerant immediately downstream the evaporation wave is in homogenous and thermal equilibrium.

m /\ metastable liquid

/ \
Uneedfe % |_\
" | b " N, >
head ?ﬁ"”j' liquid ———f—f\%’/ﬁf 2-phase B— S
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Figure 2: Geometry and refrigerant expansion process inside of EEV

2.1 Choked flow condition

The most important calculation criteria for choked flow condition is the choking mass flow rate and maximal
choking occurrence pressure. As illustrated from P-log v diagram in Fig.3, in choked flow process, subcooled
refrigerant (0) firstly depressurizes below to saturation pressure P, of the inlet temperature at converging section
of EEV. This results in a metastable liquid state of refrigerant (0—1) and make flashing inception occurs close to
the throat (1) of EEV. Afterwards, explosive evaporation phenomenon, taking the shape of a cone (2), happens at
exit of converging section of EEV undergoing a sudden phase transition (1—2), which is called evaporation wave.
If EEV exit pressure is lower than the maximal choking occurrence pressure, this two-phase refrigerant flow
continues expanding to supersonic (2—3). Afterwards, the supersonic flow undergoes a shock wave (3—4)
accompanied with an abrupt pressure rise to match the EEV exit pressure. However, the shock wave will approach
to the evaporation wave with increment of the EEV exit pressure, and it will disappear if the EEV exit pressure is
equal to the maximal choking occurrence pressure. At this condition, one can calculate the choking mass flow rate
and maximal choking occurrence pressure, because the upstream of shock wave is just overlapped with
downstream of the evaporation wave and the velocity is sonic.

5000
= EEV inlet condition (0)
) [ # Downstream of metastable liquid (1)
4000 ol m Downstream of evaporation wave (2)/(3)
© ® EEV outlet condition (4)
£ 3000
@
7
g 2000
o .
-
1000 ROV
0 X;aog\__‘><>=\(‘).‘2\~-3f%p§‘~- R
0.0005 0.005 0.05 05

Specific volume, m3/kg
Figure 3: R410A expansion stages under choked flow condition in P-log v diagram

Stage (0—1)
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Abuaf et al., (1983) updated the dimensionless pressure undershoot at flashing inception by considering the effect
of turbulence intensity in converging flows instead of straight pipes flow. Their model yielded following
dimensionless pressure undershoot at flashing inception APy; from subcooled inlet conditions to metastable state.

APy, = 2EFL = Max {0 1-27 [”’ ] [AF‘ }
P

APRiop Ajn

(4)
where APg; is the flashing inception pressure undershoot
APp; = Ps — Pp; (4-1)

APy, is the static flashing inception pressure undershoot, which is based on Alamgir & Lienhard;s (1979) semi-
empirical model

0_1.5 Tr13.73 1 + 14508

KT,  (1--
v (4-2)

APg;, = 0.253

here X is the decompression rate, which only considers the convective decompression rate due to steady flow

_ Gc3hoke d [ll’l(A)]

- 2
p 4z (4-2-1)

can be set to

—2
Since the turbulence effects is small in many converging flows, the value of turbulent intensity

0.072, which is reasonable for the fully developed flow in a straight pipe preceding the nozzle accordlng to Jones’
(1979) work.

Fi is flashing index, which is the inverse value of cavitation index
2
pLu

Fi=
2APFio (4-3)

At last, the exponent index in Eq. 4 is defined as follows

Zh > 1/6
, (4-6)
14, 28 < 1/6

In Eq. 4-2-1, Gchoke is the choking mass flux, and it is an unknown value together with Pg;(P;). Therefore, one
more equation is necessary to solve system of equations. The momentum equation for fluid flow, which relate the
fluid velocity and pressure as shown in Eq. 5, can be applied.

dpu; a(pul-uj) apr OTU
ot 9z oz g TP
z; Z; z; (5)

If integrating Eq. 5 at a given control volume and applying Gauss theorem by neglecting the gravitational force,
Eqg. 5-1 can be obtained.

nl-dA+f TwdA
Q 20

0
— | pwdV +f puudA = —J- pn;dA + Pf
at Jo 20 20 a

(1)
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Then the pressure distribution, Eq. 5-2, along the control volume can be obtained by assuming steady state and 1-
D model. The friction coefficient f is calculated by the Blasius profile based correlation for fully developed
turbulent flow.

fp, 1w’ m
1 A; A; A; A; Jts j+s 1
— J J+1 2 T+l 2 2 /73
SR A VO e B e W b WP SR R
Itz Itz Itz It Itz (5_2)

At last, the mass conservation is used for the mass flow rate calculation.
GFi = Gchoke = mchoke/AFizpjuj = pj+1uj+1 (6)

Stage (1-2)

With the value of pressure and mass flow rate at flashing inception point (statel), the two-phase mixture (state2)
properties can be calculated by 1-D evaporation wave jump equations. Since the evaporation wave is a
discontinuity process, the Rayleigh equation and the Rankine-Hugoniot equation are yielded by combing
conservations of mass, momentum, and energy for a control volume enveloping the evaporation front.

Rayleigh equation can be yielded by combing conservations of mass and momentum.

2 _ _ (PZ _Pl)
GZ (Uz_v1) (7)

where

— mchoke
27 2mR?
(7-1)
Simoes-Moreira (2002) approximated the cone of evaporation wave as a hemisphere and defined its equivalent
radius as

Ry = MenokeV2/2muy) (7-2)

For a choking condition at a given upstream state, refrigerant velocity at downstream of evaporation wave is sonic,
which yield Chapman-Jouguet point. Simoes-Moreira (2003) proved that the Chapman-Jouguet point is a
condition of maximum superficial mass flow rate, whose mathematical statement is given by dG? = 0. Therefore,
Eq. 8 is obtained through applying the condition of maximum to Rayleigh equation.

dv, 1 dP,

dT,  GZdT, ®)

Meanwhile, the Rankine-Hugoniot equation can be yielded by combing conservations of mass, momentum and
energy.

(hz_h1): (Pz_Pl)

2 ©)

The downstream specific volume is given by mixing rule using void fraction v, = (1 — a,)v;, + a,vy,. Since
the downstream two-phase mixture is homogeneous and in thermal equilibrium, one can obtain the downstream
void fraction by combining Rankine-Hugoniot equation, resulting in

19t International Refrigeration and Air Conditioning Conference at Purdue, July 10 - 14, 2022



2383, Page 6

_ 2(hy — hy2) + (W2 + v) (P, — Py)
2(hyy — hyz) — (vyz — v12) (P, — Py) (10)

a;

At last, Zivi (1964) or Premoli’s (1971) void fraction model can be used to calculate value of downstream vapor
quality.

1
X2 = —T-azprl (11)
1+=%2PL2
az pyS

Egs. (8) and (11) along with an saturated thermodynamic property, form a system of non-linear equations that can
be solved by iteration method to obtain the downstream pressure P, for the given upstream flashing inception
point.

Stage (2/3—4)

From the downstream of evaporation wave, the sonic refrigerant flow undergoes a shock wave accompanied with
an abrupt pressure rise to match the EEV exit pressure. Wang et al. (2010) first presented a thorough review of
pressure recovery model for two-phase flow across sudden expansion, and explained how the homogeneous
pressure recovery model, Eq.12, was obtained from the mass and momentum balances. They also proposed
modified homogeneous pressure recovery model by taking account the influence of Bond number, Weber number,
Froude number, liquid Reynolds number and vapor quality in to the original homogeneous model.

Ay Ay 122 (1—2x3)
APhomogeneous = GZ2 A_ (1 - _) [_ t+—
4

AL Ly, Pr2 (12)

The proposed modified homogeneous model for abrupt pressure rise AP,_, takes the form as

AP;_4 = APhomogeneous X (1 +Qq — Q) X (1 +03) (13)
where
Q, = (%B:’Zf X (%)0'3 x o (13-1)
Q, = 0.2 x (%)O'4 (13-2)
Q5 = 0.4 X (:—12)0'3 03 x e _04x (Zﬁ)o'2 (13-3)

Here, the Bond number (Bo = ApgD? /o) represents the balance of buoyancy force and surface tension force, the
Weber number (We = G2D/ap,,) is the ratio between the mixture inertia and liquid surface tension, the Froude
number (Fr = G?/pigD) is the ratio between the mixture inertia and the buoyancy force. Meanwhile, the liquid
Reynolds number (Re,, = GD/u,,) is used as a significant parameter for the two-phase frictional pressure drop
correlation.

With the calculated abrupt pressure rise value, the maximal choking occurrence pressure P,. can be obtained by
Eq. 14 as

Poe = P, + AP, _, (14)

2.2 Non-choked flow condition
Non-choked flow refers to the condition that the EEV exit pressure is smaller than the maximal choking
occurrence pressure P,.. The non-choked flow can be separated to phase changed flow and non-phase changed
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flow depends on whether the EEV exit pressure is smaller than saturation pressure P, or not. In both flow
conditions, pressure undershoot equation, Eq.4, and momentum equation, Eq.5, can be used to calculate the mass
flow rate.

When the refrigerant flow through EEV is phase changed flow (P, <P,,;:<P;), the EEV outlet condition is two
phase flow. To solve the flashing flow equation systems, the flashing inception point is still assumed to occur at
the throat, and a new flashing inception pressure Pg; ., have to be defined. Since the non-choked mass flow rate
increases with EEV exit pressure, Pr; ., Can be defined by relations of P, P,., P,y and Pg;. In this work, a
linear change law was applied, and Eq. 15 is derived for Pg; ., Calculation.

Ps_Pexit =PS_PFi,new
Ps_Poc PS_PFi

(15)

In the same way, Pr; ney i defined to P,,;., when the refrigerant flow through EEV is non-phase changed flow
(Poyic = P;), because the EEV outlet condition is single phase flow. Then the flashing flow equation systems,
including the momentum equation, can be used to calculate the mass flow rate.

According to the discussion above, the EEV mass flow rate modeling methodology for choked flow and non-
choked flow is introduced. If numerically solving mathematical equations listed above together with specific
refrigerant’s properties, one can easily map the mass flow rate at any given inlet conditions and openness of an
EEV product.

3. MODEL VERIFICATION

As commonly known, EEV’s orifice diameter is fixed by manufacture, and the openness can be changed through
movement of EEV’s needle which is driven by a step motor. Therefore, a special step pulse can yield an effective
diameter for corresponding flow area. Meanwhile, the physical shape of EEV’s needle determines the flow
characteristics of the EEV. Fig. 4 graphically shows the physical shape of EEV’s needle which can be classified
into liner, equal percentage and quick opening type.

W
W
W

¢
i
1l

a. Linear type b. Equal ¢. Quick
percentage type opening type
Figure 4: Physical shape of EEV’s needle

In this work, a quick opening type of EEV needle is used to verify the proposed modeling methodology. Fig.5.
shows graphical representation of effective throat area (4,;) for the refrigerant’s flow path. In fact, the throat
effective area is side surface area of the frustum of a cone, which can be calculate from shortest distance between
needle and orifice (L) at corresponding EEV openness together with orifice diameter (Do f;c.) and angle of needle
(). Here, the needle and orifice distance is the most critical one, and scanning electron microscope (SEM) is used
to measure the value under different EEV openness. Then, the effective throat area is acquired, and it is converted
to effective throat radius, as Eq.16 shows, for the convenient use in the model.

Rinroar = 0.00034463 * In(EEV,,5, ) — 0.00143117 (16)
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#
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Needle and orifice distance
measurement using SEM
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orifice

EEvlnlout ’|
Figure 5: Graphical representation of effective throat area for refrigerant’s flow path

The model verification condition, which includes EEV inlet pressure and temperature, EEV outlet pressure and
EEV openness, is from laboratory tested data. A R410A variable refrigerant flow (VRF) air-conditioning system
is operated under cooling condition for the generation of above data. The VRF system consists of 1 outdoor unit
and 6 indoor units, and pressure sensors and mass flow rate meter is installed for each indoor units. Fig.6. shows
8553 sets of experimental data from 3 different indoor units using the same type of EEV. It can be observed that
system operating condition varies in a certain range, which is good for the model verification under different
conditions.

3500 . 300 0.06 150%
——EEV inlet pressure, kPa Mass flow rate_test, kg/s
——EEV outlet pressure, kPa Mass flow rate_model, ka/s 1 130%
3000 {250 m 005
2 E ‘I‘I()%g
2500 z < | o
o {200 & Lo 0% &
@ y =
~ 2000 o & 1™ g
= 1150 3 S 003 | 1 50% <
wv
@ 1500 | 3 2 {30% ®
& \ y s 110 5§00 % 3
1000 | g s 1 g
500 | 150 001 [f R
O 90% of data area 1 -30%
0 0 0 -50%
0 3000 6000 9000 0 3000 6000 9000
Data number Data number
Figure 6: Experimental data for EEV model verification Figure 7: Verification result of EEV model

As a result of the verification, it can be observed from Fig.7 that the trend of refrigerant flow change is well
simulated. Quantitatively, 90% of the results were accurate within £10%, and the left results with lower accuracy
happen at the moment of sudden change of mass flow rate due to instable refrigeration cycle conditions.

4. CONCLUSION

This work investigates geometry based EEV’s modeling methodology by considering refrigerant’s choked flow
phenomenon. Theories of the flashing inception and the evaporation wave through nozzles are involved in this
methodology. Moreover, the momentum equation is creatively applied to metastable refrigerant flow and
numerically calculated with finite volume method both for choked and non-choked flow conditions. The
developed modeling methodology is verified with laboratory based EEV’s field performance data for R410A,
which shows the accuracy for 90% of test data is within £10%. At last, it can be concluded that, with proposed
methodology, the EEV mass flow rate map for the whole EEV’s engineering operation range can be easily
generated for different types of EEV products and refrigerant.

19t International Refrigeration and Air Conditioning Conference at Purdue, July 10 - 14, 2022



Greek letters

NOMENCLATURE
flow area (m?)
Bond number )
mass flow rate coefficient O]
diameter (m)
friction coefficient O]
inverse of cavitation index O]
Froude number O]
gravitational constant (m/s?)
mass flux (kg/m?/s)
enthalpy (kJ/kg)
Boltzmann constant )
mass flow rate (kg/s)
pressure (Pa)
pressure difference (Pa)
radius (m)
liquid Reynolds number O]
slip ratio O]
Scanning electron microscope )
time (s)
temperature (°C)
critical temperature (K)
reduced temperature (K)
velocity (m/s)
turbulent intensity O]
Weber number O]
quality O]
expansion factor O]
distance (m)
void fraction O]
viscosity (Ns/m?)
density (kg/md)
density difference of liquid&gas (kg/m?3)
surface intension (N/m)
specific volume (m3/kg)

depressurization rate
correlation factors

EEV inlet condition
downstream of metastable liquid
downstream of evaporation wave
downstream of shock wave
EEV outlet condition
condensing

electronic expansion valve
effective

evaporating

inlet

liquid state

vapor state

occurrence of choked flow
saturated

(millionATM/s)
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