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Adjustable throat-area expansion valves (ATAEVs), including thermostatic and electric expan-
sion valves, are used commonly in air-conditioning equipment and lead to improved system per-
formance as compared to the use of fixed-orifice expansion devices. Hawever, ATAEV modeling
literature is limited. Typically, an ATAEV is modeled by specifying the superheat entering the
compressor or by empirically correlating experimental data. In order to model system behavior
more accurately and effectively over a wide range of conditions, more accurate ATAEV models
are necessary and a more general modeling methodology is desired. This paper presents a gen-
eral model format that utilizes manufacturers’ rating data. Model structures for three types of
valve geometries are derived. Two model formats and corresponding parameter estimation pro-
cedures using manufacturer performance rating data are considered. The proposed method is
validated using experimental data and compared with results from the literature. Both the
experimental validation and the theoretical analysis demonstrate that the proposed method is
more accurate and more generic than other methods presented in the literature.

INTRODUCTION

Expansion devices reduce the pressure and regulate the refrigerant flow to the low-side evap-
orator within a vapor-compression system. A model of the expansion device is essential for sim-
ulating the whole system and can be used as a virtual sensor to estimate its upstream pressure as
part of an automated diagnostic system (Li and Braun 2004).

There are two kinds of expansion devices used in vapor-compression systems: fixed-area and
adjustable throat-area devices. The drawback associated with fixed-area devices is their limited
ability to efficiently regulate refrigerant flow in response to changes in system operating condi-
tions, as they are sized based on one set of conditions. Adjustable throat-area expansion valves
(ATAEVs) provide a better solution to regulating refrigerant flow into a direct expansion type
evaporator using feedback control. A thermostatic expansion valve (TXV) and an electric expan-
sion valve (EXV) are two types of ATAEVs. A TXV is a completely mechanical device that uses
a single variable proportional feedback control scheme to maintain a nearly constant superheat at
the evaporator outlet. The fundamental principle of an EXV is the same as that of a TXV except
that it uses electronic actuation and sensor information along with a digital feedback controller
and can theoretically operate with a smaller degree of superheat than a TXV. There is a lot of lit-
erature for modeling and experimental investigations of fixed-orifice devices, but although TXVs
and EXVs are used more and more widely, there is very little literature related to modeling their
behaviors. In some simulation models for unitary heat pumps, such as PUREZ (Rice and Jackson
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1994), models for TXVs and EXVs are simplified by explicitly fixing a constant superheat or
implicitly specifying superheat trends. Browne and Bansal (1998) describe a modeling method
using the difference between the superheat in the evaporator and the reference superheat temper-
ature to modify the fixed-orifice model. Harms (2002) showed that constant superheat was a poor
assumption and correlated TXV performance using experimental data. Among the limited litera-
ture, none discuss fundamentally whether the flow is choked or not. In the limited literature, the
following format for an ATAEV model has been generally adopted:

m = Cn'Ach(Pup_Pdawn) “)

where C,; is the discharge coefficient, 4 is the throat area, p is density, P, is the upstream pres-
sure, and Py, ., is the downstream pressure. The above equation is the same as that for an orifice
except that 4 is a variable. With this model, mass flow rate is a strong function of pressure drop
AP = P, — Py, and variable restriction area 4 but a very weak function of upstream refriger-
ant subcooling, T .

This paper employs the model form of Equation 1. It is important to note that this approach
contains the implicit assumption that the flow is not choked. This may not always be the case. In
early work on this topic, Benjamin and Miller (1941) conducted experiments of sharp-edged ori-
fices of L/D=0.28 ~ | with saturated water at various upstream pressures and found that orifices
having L/D < 1 did not choke the flow at normal operating conditions. On the other hand, some
researchers (Chisholm 1967; Krakow and Lin 1988) observed that the mass flow rate of a refrig-
erant through an orifice in a heat pump was primarily dependent on the upstream conditions
rather than on the pressure drop across the valve, which indicates that the flow could be choked.
Recent findings by some researchers (Kim et al. 2002; Bullard 2007) observed that the exit
plane pressure was likely closer to the flashing pressure, which indicates that even if the flow is
choked the above model format can be used. Although this paper includes validation of the for-
mat of Equation 1 for a few cases, it is advisable to evaluate its applicability for each application
where the model might be employed. This is possible using manufacturers’ data and following
the procedures illustrated in this paper.

APPROACH

In this section, the general model format is validated using manufacturers’ data, mathematical
expressions are derived that relate throttle area to valve position and valve position to superheat,
and procedures are presented for estimating model parameters from manufacturers’ rating data.

Model Format Validation Using Manufacturers® Rating Data

The validity of the model format in Equation 1 can be checked indirectly by analyzing manu-
facturers’ rating data. Equation | can be rearranged as

Cph = iy or )

JP(Pup'Pdawn) -

According to ANSI/ASHRAE Standard 17, Method of Testing Capacity of Thermostatic Refrig-
erant Expansion Valves (ASHRAE 1998a) and ARI Standard 750, Thermostatic Refrigerant
Expansion Valves (ARI 2001), throat area A is nearly fixed by fixing the opening superheat
when generating the manufacturers’ rating data for a TXV. For an EXV, the throat area A is
exactly fixed at the rating value. So CyA, ;.. for a TXV should be relatively constant if the flow
is not choked and that for an EXV should be constant.
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Figure | shows that Cpd ;.4 for a 3.5-ton EXV is pretty constant (mean: 2.574 mm?, standard
variation: 0.004 mm?) over the whole set of rating conditions (evaporator temperature: —40°C ~
5°C, pressure drop: 3 ~ 17 bar).

Figure 2 shows that for a 5-ton TXV, C4,.q has an abrupt change from an air-conditioning
application (evaporator temperature: -5°C ~ 5°C) to a refrigeration application (evaporator tem-
perature: ~15°C). In spite of the abrupt change, its overall variation is still small (mean:
3.484 mm?, standard variation: 0.102 mm?). However, the variation is very small within each
application range. For air-conditioning applications, the mean is 3.554 mm? and standard varia-
tion is 0.007 mm?2. For refrigeration applications, the mean is 3.345 mm? and standard variation
is 0.004 mm?2. Similar results can be obtained through checking more manufacturers’ rating
data. Therefore, the ATAEV model format in Equation 2 is accurate at the rating conditions and
the flow does not appear to be choked.

Figure 1. CyA, g values for an EXV at manufacturers’ rating conditions.

Figure 2. CyA g4 values for a TXV at manufacturers’ rating conditions.
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The abrupt change in Cyd,,q for the TXV can be explained by the saturation pressure-
temperature (P-T) curve for the thermostatic charge fluid. Figure 3 shows that the P-T curve
becomes flatter at lower temperatures. As a result, a given opening superheat results in less pres-
sure difference across the valve diaphragm at lower evaporating temperatures, causing a reduc-
tion in valve opening area. For example, the pressure difference caused by 5°C of opening
superheat at an evaporating temperature of 5°C is 0.969 bars, which is far larger than 0,584 bars
at an evaporating temperature of ~15 °C. Fortunately, this would not cause any problem in mod-
eling because 1) the P-T curve is pretty linear if it is divided into three sections—AB, BC, and
CD; 2) for a given application, the TXV will work in one of the three sections and the TXV used
in packaged air conditioning falls into section CD; and 3) the nonlinearity can be eliminated or
overcome using liquid cross charges. For liquid-cross-charged TXVs operating within their
intended range of evaporating temperatures, the TXV working fluid is chosen so that the open-
ing force is nearly proportional to the opening superheat (ASHRAE 1998h),

In summary, from manufacturers’ standard rating data, the flow across a TXV or EXV is
either not choked or, as observed by Kim et al, (2002) and Bullard (2007), the exit plane pres-
sure was closer to the flashing pressure. In either case, the model format of Equation 1 is valid.
To specify a TXV or EXV model, the key point is to find an expression for variable throat area,
A, in terms of superheat and then specify the constant C,; using manufacturers’ rating data.

Generally speaking, the throat area, A, is a function of valve position, which is determined by
the control strategy used by the valve. Because TXVs and EXVs use different control strategies,
the first step is to derive 4 in terms of valve position and then develop expressions for valve
position in terms of superheat.

Derivation of Throat-Area Expression

As shown in Figure 4, there are three kinds of valves used in TXVs and EXVs. Among them,
types I and Il are used widely and their geometric model is the same.

Pegt [bar]

Figure 3. Pressure-temperature saturation curve for R-22,
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Figure 5a illustrates a TXV valve at an operating point for a type I or Il valve. For this geom-
etry, the throat area at a certain valve position, A, is

A= :’;m: Pl 3)
where d = 2tan0(H - h) and ran0 = _JI—L.SO
= il -l 4B
d = 255(H~h) = D\ "ﬂ) ‘ 4)

These equations can be combined to give

A= %(u: o1 %? +(;—’1)]J - gu"[_’_' lfﬂ]zj - 5%1)2[2—“:-:,] (5)

The throat area, A, is a second-order function of valve position /, which is plotted in Figure Sc.

R

Type Type Il Type Il

i i

Figure 4. Three types of valve geometry.

4
A
Type Il
Typel & 11 L.
Fosse = P + Al P = B + Al H
(a) Geometric model of (b) Geometric model of a (c) Relationship between valve
types 1 & 11 valves type 111 valve position and throat arca

Figure 5. Geometric models and throat-area curves for different valve types.




586 HVAC&R RESEARCH

Figure 5b depicts the geometric model for valve type III. An expression for throat area in
terms of valve position is

A = =Dh . (6)

It can be seen that the throat area, 4, is a linear function of the valve position, 4. It is plotted in
Figure 5c.

Valve Position Expression
The valve position for an EXV can be calculated easily from the control signal,

h = fueyy) ™

where u,,,; is determined by the control algorithm and can be a function of various thermody-
namic parameters.

For a TXV, valve position is a function of superheat. As illustrated in Figures 5a and 5b, the
pressure of the thermostatic element, P, is applied to the top of a diaphragm and acts to open
the valve; the evaporator temperature, P, is applied under the diaphragm and acts in a closing
direction; Py, is caused by the initial spring deformation, which is preset by an initial static
superheat setting and acts to close the valve; APypring is the pressure caused by extra spring
deformation other than the initial static superheat setting and acts to close the valve. So, the
time-varying pressure difference between Py and P, acts to open the valve. Assume that the P-T
curve is linear in the range of operation, and then the pressure difference across the diaphragm
(Popen) is a linear function of opening superheat, Tsh,opening:

Pupnn - Pb"Pc =k Tsk,npemrmg ’ (8)

and according to Hooke's Law, the total spring force, P, is proportional to the total spring
deformation,

Pdrm- i Pmmc' ¥ A‘Prpn'ng s kI{xslauc +h) . )

At any constant operating condition, the forces exerted on the valve are balanced:

kT = ky(x

1% sh, aperating

+h) (10)

static

Rearranging Equation 10 gives an expression for valve position:

k
e | = ==
h = ks Tn.. operating ™ *static = ‘“Trh. operating ™ Fstattc = kT.vIr, operating erh. Static (n
=K Tsh. operating ~ ‘Tsﬁ, slam_-) - kT_\'k. apening

As shown in Figure 6a, the valve position is a linear function of opening superheat.

Overall Mass Flow Rate Model for a TXV

For an EXV, an overall mass flow rate model can be obtained by substituting the throat area
into Equation 1 and coupling the valve position to a specific feedback controller algorithm. An
overall mass flow rate model for a TXV can be obtained by substituting the expressions for
throat area and valve position into the general model equation,




Vorume 14, NumBer 4, JuLy 2008 587

For type 1 and 11 valves, this leads to:

l[_f.'-'zr'_l[2 % J_]) - TI:_Dsz-\Ju upemug(z i erh_};{rcn.‘ng)

AT RT3 H
2 5 (12)
E& kTﬂL apening (7 . ka.‘;,upenr’ng = ’[_D' T.lh. opening 2 Tjh_ﬂpe"["g
4 kT;.‘:,mru. opening Tx.ﬁ,mui_oprm'ng 4 Tsh. max, opening Tnb, max, opening
£ 1 T,
h=CuM p(Pup_Pdun-n] B Cdﬁi) . sh, opening {2_ - sh, opening ) ’p[Pnp’Pd«m-n]
sh, max, opening sh, max, opening (13)
T, ’ i e 2
. C,_,,[Z sh, opening _(T sh,apening ) ] NP"P = -
sh, max, opening sh, max, opening
2
where Cpp (= (‘dﬂ ) is a constant for type I and II valves.
For type III valves:
A = nDkT, (14)

xh, opening

M= Cy ,JP( 'Pup = Pdunw) = Cd"D"‘ Txh.uprnlngd p(Pup =P aown? (15)
N Cn:Tm. nprmnx\,'p(f’up i Pdnwn)

where Cyy; (= CynDk) is a constant for type I11 valve.
Figure 6b shows refrigerant mass flow rate versus superheat for a fixed pressure drop. It can

be seen that:

1. The mass flow rate for type I and Il valves is higher than that for type IIl valves with the
same operating range and at the same superheat, except when the valves are fully open or

¥
| Typel&Il
E 3
h 2 kY
= | Typelll
!
Tshmmmn:'.
+ T }4—7’ - *Ta T, T
shstatic [ shopening B Lo e Tdmmu'. uperheat T,
= g ™" — T .'—bl
(a) Valve position curve (b) Valve mass flow rate curve at fixed pressure drop

Figure 6. Valve position and mass flow rate curves.
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closed. Therefore, for valves with the same operating range, type I and 11 valves require
smaller superheat to get the same capacity as type I1I valves,

2. The mass flow for type I1I valves increases linearly with superheat until the maximum open-
ing superheat is reached, whereas the mass flow rate for type I and I1 valves increases nonlin-
early and the rate of increase approaches zero when the valve is fully open. When the valve is
fully open, the mass flow is larger than that at the rating condition and so is the capacity. The
additional capacity beyond the rating condition is termed reserve capacity. Since the rate of
increase in mass flow rate decreases with opening, type I valves require more superheat
than type I and II valves to achieve the same reserve capacity. In other words, type I and II
valves would be expected to have smaller reserve capacity (around 10%) than type I1I valves
(up to 40%) in order to avoid abnormally high superheat at a high-capacity operation. How-
ever, an advantage of type I and II valves is a reduction in TXV cycling (“hunting”) caused
by the TXV alternately overfeeding and underfeeding the evaporator.

Model Parameter Estimation Methods

Since the overall mass flow rate model for EXVs is explicit, all the parameters are available.
For TXVs, from the above analysis it can be seen that the mass flow rate for type I and I TXVs
is a nonlinear function of superheat while that of type III is a linear function of superheat. How-
ever, in most of the existing literature, it is assumed that the mass flow rate for any TXV is a lin-
ear function of superheat. So, in order to simplify the parameter estimation, a globally linear
assumption can be adopted (no approximation for type I TXV). Alternatively, the nonlinear
model can be employed with a more complicated method for estimating parameters with addi-
tional assumptions, Both approaches are considered in this section.

Globally Linear Model. Under the globally linear assumption, the general TXV model is

m = Cffnear( Tsh. operating~ " sh, s!m‘fc)dp(‘Pup = Pdawn) * (16)

where Cjj,,,, is a constant. Rearranging Equation 16 gives

T L . an

Clinear( Tsk, operating ~ L sh, :lanc) e —————
n‘p(Pup =Pgown)

The parameters of this TXV model can be determined using the following procedure:

—

. According to manufacturers’ rating data,
C.fmenr( T.vh. rating ~ Tx.k.unﬂr) - leneurT:h. rating, opening ~ CONSTANT , (18)

where 7y varing opening 18 fixed by the TXV manufacturer and should be readily available,
Although the TXV manufacturer presets the Ty i as well, the manufacturer of an air-
conditioning system would adjust it slightly in order to match the rated capacity.

2. If T, ruring,opening 18 available from the manufacturer, go to step 3. If not, estimate an initial
value according to ARI (2001) and ASHRAE (1998a) standards and manufacturing tradition
(see Table 1).

CONSTANT

Tlh. rating, opening

4. Determine T pp If the number of rotations adjusted by the system manufacturer is
recorded, it could be easy to calculate the actual static superheat. If not, it could be estimated
from the manufacturer settings and refined by experimental data.

3. Determine Cy;,.,, =
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Table 1. TXV Rating Settings

Soiifce Txh.mﬂ-g apening T,* rating Tm, Reserve
“«c °c = Capacity
ARI Standard 750 (ARI 2001) 4 >1
ASHRAE Standard 17 (ASHRAE 1998a) 3 3
ASHRAE Handbook (ASHRAE 1998b) 2~4 0.1~04
Manufacturer A (recommend) 22~33 33~56
Manufacturer B (recommend) 44~67
Recommended Initial Guess Jord 3, d4or5 0.1

5. Determine T mux, opening USing the manufacturers’ tradition of reserving capacity, Cap pugepyer
to set the upper boundary of (T, rusing — T, sraric)-

T:h. rating, opening

T

sh, max, apening

~l- Caprnrrvt (Ig)

Nonlinear Model. The nonlinear model format 1s

T

2
ﬁ‘ 3
-(7 shyopening ) ) '_——_P(Pup = (20)

sh, max, opening

TM, opening

# = Cooninearl,
monitenr Tﬁ h, max, opening

where C,,,/inear 18 @ constant, Rearranging Equation 20 gives:

2 Ton opening TTsk‘ngrnlng A _ L 20

sh, max, opening "p(P"F - Pdown}

The parameters of the nonlinear TXV model can be determined using the following pro-
cedure:

= nnn.fmmr(
TJ.’r. max, opening

1. According to manufacturers’ rating data,

Cratisahd e catn.speveg [T""‘ "‘"'59"’”"'"13)2) = CONSTANT . (22)
Trﬁ, max, opening Tsh, max, opening

2. According to manufacturers’ tradition of reserving capacity,

T ratin Lit] T, rati "

(2 sh, rating, openi E,( ;-k, ating ope Jng)?z 1 ~CaPryyerve (23)
sh, max, opening sh, max, opening
CONSTANT
& WALV 24
= Cnonlinear T= Caprz‘"rv’ ( )
and solving the equation,

Tj F i I

Th. ating, opening _ s C"P,-“,_-n.r . (25)

sh, max, opening

3. Determine Ty ciaric A0 Tgj raring opening @ described in the global linear model section.
4. Determine T v gpening and set the upper boundary for (T raring — Teh, staic)-
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CASE STUDY

Data for a 5-ton rooftop air conditioner collected by Harms (2002) were used to validate the
TXV model. The rooftop air conditioner used R-22 as a refrigerant and a type I TXV as an
expansion device. As shown in Table 2, the testing was conducted under four sets of operating
conditions. For each set of conditions, seven test points were collected (except that there was
only one valid test point for the HT test condition). Each point represents a specific refrigerant
charge level. Due to significant variations in charge levels, the valve inlet subcooling varied
from 0.62°C to 14.40°C.

Globally Linear Model
According to the manufacturers’ rating data,

2
Chnrar(r‘b.ralr'ng_ ‘Tsﬁ.sm.fit) = CONSTANT = 3.5576 mm" . (26)

From experimental data set A from Harms (2002) with a nominal charge, it can be estimated
that

Tsn, rating = 8°C . (27)
Assuming T, ———— . ) ot
Tonstatic = Tsh,rating = Tsh, rating, opening = 8—4 = 4°C (28)
and
Chian ™ @ = 0.8894 . (29)

Assuming the reserve capacity is 10%, since most valves are type [ and II,

T, " 4
T ‘ e sh, rating, opening _ 4 = 4.5°C . (30)
&h, max, opening 1 Cﬂp"_w," 0.9

So,

it = Clipgarl Tsh. operating T.th, statie )dp(Pup =Paown)
= 0.8894( Tr-'r. operaiing *4),«1]3(_”"’, 3 Pduwn:’

where the upper boundary of (T rasing — T searic) i set at 4.5°C and the unit for P, and Py,
is Pa.

3n

Table 2. Testing Conditions

Air Entering Air Entering Refrigerant Valve Inlet
Test Outdoor Coil Indoor Coil Charge Level Nymber  Subcooling
Conditions  pry-Bulb,  Dry-Bulb, Wet-Bulb, % Nominal OfPoints  Range,
°C °C °C Charge C
A 35.00 26.67 19.47 86~ 144 7 1.72~14.01
27.78 26.67 19.47 78~ 127 7 0.62~ 9.90
c 27.78 26.67 <13.93 80~ 148 7 1.60~ 14.40

HT 48.89 26.67 19.47 86 1 1.31
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Nonlinear Model

According to the manufacturers’ rating data,

T, . T . 2
C"un“nﬂ"(z ;ﬁ.rur:ny,r;,xrning_( ;‘k. raung,qgrnl_rm)’) = CONSTANT = 3.5576 mm! ) (32)

sh, max, opening sh, max, opening

Assuming reserve capacity of 10%,

CONSTANT _ 3.5576 _

; - 3.9529 33
Cﬂ(?llhll(‘ul" = Caprg-.sfryr 0.9 (- )

and
T.v.‘r rating, opening _ | _ m =1- Jo_l‘ = 0.68 . (34)

Tsk.mar.openrﬂg
ASSLI!I'liI'Ig T:h, rating, opening = 4°C,

T, - 4 .6 35
sh,maxopening m = i ( )

50

T, ; T
4 h,openin, sh, openin
N Cuanﬁm-ar(z e —— [T e LJZ),JP(PW = Pdnwn}

T.df. max, opening sh,max, opening

(36)
T T ng\"
. 3_9529(2@3‘(&%&@5) ]m

where the upper boundary of (T, ruring — Tsh staric) = Tsh,opening 15 s€t at 6°C and the unit for P,
and P,y is Pa.

Results Comparison

Harms (2002) plotted all four sets of data (see Figure 7) and fit the following model by mini-
mizing the least squares error.

~ 0.5
mref - ‘.I(Trh. operating ey Hp(Pqu T Pduu'n )] (3?}
Harms determined ¢; = 0.51 mm?/°C, ¢, = 1.0°C. So,
m = 0.51( Txh.npera!ing— 1) p(Pup =Piown) + (3%)

where the upper boundary of T operaring — | Was set at 8°C.

Figure 8 and Table 3 show results for the globally linear and nonlinear modeling approaches
along with results from a correlation model presented by Harms (2002). The model developed
by Harms used all of the experimental data in Figure 8 to train the model. It is obvious that the
nonlinear model provides better predictions than the globally linear model and shows compara-
ble accuracy to the interpolation performance of Harms’s regression model.
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Figure 7. CyA values for a S-ton RTU TXV as a function of superheat.

120

-
-
o

Predicted mass flow rates (g/s)
3

100

95 100 105 110 115 120
Measured mass flow rate (gis)

Figure 8. Comparison of three models’ predictions.

Table 3. Comparison of Relative Errors for Mass Flow Rate Predictions
Relative Errors Nonlinear Model  Global Linear Model  Harms’s Regression Model

Mean 0.0096 ~0.0043 0.0235
Standard deviation 0.0291 0.0460 0.0352
Maximum 0.06985 0.08822 0.1092
Minimum ~0.02686 ~0.07647 -0.0237

Spread 0.0967 0.1647 0.1329
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Although Harms’s empirical model may be good for interpolation, it can not be expected to
extrapolate well. Mathematically, this model is equivalent to making a locally linear assumption
(see Figure 9). If the experimental data range is limited, parameters ¢ and c; will be unreason-
able. For example, Harms's 5-ton rooftop unit's parameter ¢;, which is supposed to be the static
superheat setting, is equal to 1°C, while the upper boundary of opening superheat is set at 8°C.
According to ARI (2001) and ASHRAE (1998a) standards, static superheat should be far larger
than 1°C, and 8°C for an upper boundary on opening superheat (indicating 50% of reserve
capacity) is too large. For a 7.5-ton rooftop unit considered by Harms, parameter ¢, was corre-
lated to be a negative value, —4.4°C, which is physically impossible.

CONCLUSIONS

The general model format used for adjustable-area expansion devices in the literature was
validated using manufacturers’ data, which demonstrates that the flow through adjustable-area
expansion devices is probably not choked. Expressions for throat areas were derived as a func-
tion of valve position and superheat, which leads to a mass flow rate model. Two model formats
and corresponding parameter estimation procedures using manufacturer performance rating data
were proposed. The model prediction performance was compared with laboratory measurements
and results in the literature. Both the nonlinear and globally linear models can have much better
extrapolation performance than empirical regression models, such as that proposed by Harms
(2002). The nonlinear model provides better predictions over a wide range of operating condi-
tions than the globally linear model and comparable accuracy to the interpolation performance
of the empirical regression model of Harms (2002).

It is important to note that the modeling approach based on Equation | contains the implicit
assumption that the flow is not choked. Although this paper includes validation of the format of
Equation 1 for a few cases, it is advisable to evaluate its applicability for each application where

Mass flow rate

g | 4

P L e '."Tl*-m >
— Ty —>

Figure 9. Illustration of the three modeling methods.
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the model might be employed. This is possible using manufacturers’ data and following the pro-
cedures illustrated in this paper.

NOMENCLATURE
A = throat area Py = pressure of the thermostatic
(] = discharge coefficient element
Cad = product of discharge coeffi- Pose = closing pressure
cient and throat area P = downstream pressure
CoA rored = CyA at rated conditions B, = evaporalor pressure
Citnear = constant for a linear valve P = opening pressure
model Po = saturated pressure
Caonlinear = :-:::m for a nonlinear valve B = pilginalatitic prosiie setilog
P,,p = upsitream pressure
Crn = c:;'lslant for type [ and I CoPresorne = ol e A
valves
Cy = constant for type 11l valve Tep T e,
d = acting valve disc diameter Tsar * /MR fampeianie
D = maximum valve disc diameter Tob et
AP = prosae deop Tshmax.opening = Maximum opening superheat
AP ring = pressure caused by spring Tshopening = opening superheat
deformation Tsh.operating = operating superheat
h = acting valve disc position Tt rating = superheat at a rating condition
H = maximum valve disc position Tshrating.opening = ©OPening superheat at a rating
k = ratio of k; to ky condition
ky = slope of the refrigerant satura- Tihstatic = static superheat
tion P-T curve at a given oper- Ias = upstream refrigerant subcool-
ating point ing
ky = spring Hooke's constant Xstatic = static spring setting
m = mass flow rate p = fluid density
Myop = refrigerant mass flow rate ] = valve disc angle
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