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Abstract—In this paper, we calculate Joule—Thomson, the enthalpy changes relative to the pressure and devi-
ation functions at low pressure for refrigerant fluids in order to evaluate the performance of their correlation
function. The studied refrigerants are R11, R123, R124, R134a, R143a, R152a, R141b, R142b, R227ea, and
R236ea. The studied corresponding state principle is the one suggested by Meng et al. In addition, to compare
with the data obtained by others, Boyle temperature, Boyle volume, and maximum inversion temperature
were also calculated using the correlation. The obtained results show that the correlation equation presented
has a good ability to predict the thermophysical properties of materials and their deviation from the ideal state

over a wide range of temperatures.
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INTRODUCTION

Refrigeration is a process of cooling or freezing a
substance to a temperature lower than that of its sur-
roundings and maintaining the substance in a cold
state. Refrigeration can be accomplished by arranging
heat transfer from a warm body through processes
such as convection or thermal conduction. Refrigerant
is a material used in the refrigeration process so that it
vaporizes and cools as it passes through the throttling
valve. The two main uses of refrigerants are refrigera-
tors/freezers and air conditioners. Refrigerants must
have suitable thermodynamic properties, and must be
non-corrosive to mechanical components, non-toxic
and non-flammable. In particular, refrigerants should
not deplete the ozone layer and change the climate.
For these reasons, some refrigerants that were previ-
ously widely used are now very limited in use such as
chlorofluorocarbons (CFCs).

Given the importance of refrigerants, much
research has been done to determine the physico-
chemical properties and their effects on the environ-
ment so far [1—6]. Over the past three decades, various
studies have been conducted on substances that can be
used as refrigerants while not destroying the ozone
layer. The result of this research has been the introduc-
tion of refrigerants as a replacement for previous ones.
Nowadays, lots of research are in the field of electro-
caloric and elastocaloric refrigeration. Many of these
technologies show the potential for progress in energy

efficiency, compression, noise levels and environmen-
tal impacts [7].

In this paper, we calculate Joule—Thomson, the
enthalpy changes relative to the pressure and deviation
functions at low pressure for refrigerants fluids using
their virial coefficients based on corresponding state
principle.

Virial Coefficients

One of the important tools for the correlation and
prediction of the thermodynamic properties of gases,
liquids, and even solids over a wide range of tempera-
tures and pressures is equation of state (EOS). Since
they are a powerful tool for determining the data
required, many publications deal with their develop-
ment or improvement [§—10]. One of the oldest mod-
els for calculating the thermophysical properties of
fluids is the virial equation of state (VEOS), which
provides the required information with relatively good
accuracy

Z=1+) Bp"" (1)
or "~
Z=1+) B/P",
B = B,/RT, (2)

B = (B, - B))/R'T,
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where Zis the compressibility factor (Z = pV,,/RT),

p is the density (p =1/V,,), and B, is nth virial coeffi-
cient. It is clear that when the pressure or density
becomes zero, the compressibility factor will be one,
and this is the ideal gas equation, Z = 1. Therefore, the
virial equation shows the deviation from the ideal
state. What is fundamentally important about VEOS is
that it has a strong theoretical basis in statistical
mechanics. In fact, The virial coefficients are related
to intermolecular interactions by exact statistical-
mechanical formulae. In this respect, nth virial coeffi-
cient are related to molecular interactions in clusters of
n molecules. For example, the second coefficient indi-
cates the interaction between the pair of molecules
and, as the same way, the third coefficient to the inter-
action of the three molecules in the cluster, and so on.
Thus, the virial coefficients are the connection bridge
between microscopic and macroscopic properties and
show the non-ideal behavior of real fluids [11]. From
this view point, by accurately identifying the virial
coefficients and how they depend on temperature and
using VEOS, it can be easily to calculate the thermo-
dynamic properties of fluids.

Virial coefficients can be obtained using both
experimental and theoretical methods [11-23].
Experimental methods consist of PV'T measurements,
speed of sound measurements, Joule—Thomson mea-
surements, refractive index and relative permittivity
measurements and vapor pressure and enthalpy of
vaporization measurements. Theoretical approaches
usually consist of using equations of state and interac-
tion potential functions.

Most of the research on virial coefficients is related
to the second and third coefficients, and attempts are
made to obtain a general correlation relationship for
many molecules. In 1957, for the second virial coeffi-
cients of nonpolar gases, Pitzer and Curl [24] pre-
sented a successful correlation. Then this correlation
has been modified by O’Connell and Prausnitz [25],
Tsonopoulos [26, 27], Tarakad and Danner [28],
Orbey [29], Weber [30], and Hayden and O’Connell
[22] using refitting the coefficients of the Pitzer—Curl
correlation, added polar and hydrogen bonding terms,
applied new parameters, and so on.

For the third virial coefficients, in 1951, Rowlinson
[31] calculated the third virial coefficients of polar
molecules from the Stockmayer potential. In 1983,
Orbey and Vera [32] provided an effective correlation
for nonpolar gases. Van Nhu et al. [33] gave a correla-
tion which was linked to the second virial coefficients
with additional knowledge of the virial coefficients of
hard convex body molecule. Weber [30] presented a
successful correlation for polar haloalkanes adapting
the model of Van Nhu et al. [33].

Among the substances whose virial coefficients
have been studied so far, the virial coefficients of
refrigerants have also been investigated due to their
widespread industrial use [26, 27, 30, 32, 34—43]. In
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this research, we use the Meng’s correlation for the
second virial coefficient of fluids [44]. Meng devel-
oped the well-known Tsonopoulos correlation [26, 27]
for second virial coefficients based on the correspond-
ing-states principle for nonpolar gases, polar haloal-
kanes and other nonhydrogen bonding polar gases.
The correlated and developed equation as follows

B, = % = 1O+ af (T + fOT),
(0) 0.330 0.1385 0.0121
O =0.1445- ~0.1385_0.01
A
~ 0.0(;08607’ 3
a _ 0.331 0.423 0.008
7 =0.0637 4+ 230 - 0185 0,
2 _ a
f - F:

in which 7, (=T/T,) is the reduced temperature, P,

and 7, are the critical pressure and critical temperature
respectively, o is the acentric factor and a is proposed
to be function of the reduced dipole moment \,.
Table 1 gives their critical properties and other param-
eters of studied refrigerants.

Joule—Thomson and Deviation Functions

In thermodynamics, the Joule—Thomson (J—T)
effect is related to temperature change of a fluid when
that fluid is forced to pass through a valve or porous
plug so that heat is not exchanged with the environ-
ment. The J—T effect is of considerable importance in
refrigeration and gas liquefaction processes. In this

regard, the J—T coefficient (l,) is defined as follows

_(oT ) 4

Wyt (8 7, 4)
This coefficient can be positive, negative or zero. In
the range where the J—T coefficient is positive, the
fluid cools by decreasing the fluid pressure. And if it is
negative, as the pressure decreases, the temperature of
the fluid increases. For refrigeration to occur, the
thermodynamic state of the fluid must be in the area
bounded by the inversion curve or the location of

points where the J—T coefficient is zero (U, = 0). The
inversion curve is plotted at 7—P coordinates and is
specific to each refrigerant. The range of this curve is
from the minimum inversion temperature (7,,,) for
saturated state on the vapor pressure line to the maxi-
mum inversion temperature (7;,,) for the ideal gas
limit at zero density and pressure. Based on thermody-
namic relations, we have

a—H) )

_ _L(
Wyt C,.\op
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Table 1. Critical properties and other parameters of refrigerants [44, 45]

Refrigerant Formula T.,K P., atm p., mol/L N Q) W, a
R11 CFCl, 471.110 43.50001 | 4.032963 5 0.18875 3.97 0.00614
R123 CHCI,CF; 456.831 36.1390 3.596418 8 0.28192 31.84 —0.00091
R124 CHCIFCF; 395.425 | 35.76901 | 4.103316 8 0.28810 49.36 —0.00069
R134a CF;CFH, 374.210 40.0620 5.017053 8 0.32684 121.17 —0.00740
R143a CF;CH; 345.857 | 37.1180 5.128450 8 0.2615 169.91 —0.01703
R152a CHF,CH; 386.411 44.5769 5.571450 8 0.27521 152.76 —0.01661
R141b CFCI,CH; 477.5 41.5690 3.921 8 0.22 77.50 —0.00132
R142b CCIF,CH; 410.26 40.020 4.438 8 0.232 109.29 —0.00452
R227ea | CF;CHFCF; 375.95 29.598 3.41 11 0.354 43.85 0.00245
R236ea | CF;CHFCHF, 412.44 34.5619 3.70302 11 0.3794 25.90 —0.00078

in which Cp, ,, is heat capacity. As told before, thermo-
dynamic properties of fluids can be easily calculated
from a knowledge of the virial coefficients. In this
sense, it can be shown that

+ + +
(a—H) = _RT?|4B_dC p dD p2 | ()
oP/r drT dT dT
According to Egs. (5) and (6), the Joule—Thomson
coefficient can be obtained by virial coefficients
_RT? (dB+
Wt =

Cp,\dT dT

At last, Joule—Thomson coefficient can be shown as
the expansion by pressure in which expansion coeffi-
cients depend on virial coefficients as follows

Wyr = LZ‘,Anpn =

+ +
+4C pdD P2+...j. (7)
dT

CP,m n=0 CP,m
dB
=T%= - B, 8
A a7 (8)
| = l(ﬂ_ 23@) +L(B2 -0).
R\dT dT/ RT

At zero pressure, we have

0 o _ AT _ 1 (dB(T)
A () =45 = ngm(T - B(T)), ©)

. 0 . . .
in where [;; is Joule—Thomson coefficient at zero

0 . . . .

pressure. Cp , is the isobaric heat capacity of a mole-
cule at zero pressure, or in other words, at ideal condi-
tions. In this condition, we know

Crmw=Cpn+R, (10)
cﬁﬁm is the isochoric heat capacity of a molecule at
ideal conditions. Based on statistical thermodynamics
and in a useful approximation, isochoric heat capacity
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includes the contributions of translational, rotational,
and vibrational motions to the heat capacity as follows

(1)

Given the principle of equipartition of energy, each
degree of freedom will contribute R7' /2 to the energy
and R/2 to the isochoric heat capacity at ideal condi-
tions. This principle is exact for translational and rota-
tional motions, then

Cg,m,trans = %R

0 0 0 0
CV,m = CV,m,trans + CV,m,vib + CV,m,rot‘

(3 degrees of freedom

for all molecules),

3
Cg,m,rot = ER

(12)
(3 degrees of freedom

for non-linear molecules).

For vibrational motions of non-linear molecules, we
have

3N-6
Coio = D, Chmvin; (BN —6) degrees
Jj=1
of freedom for non-linear molecules),

2 8,/

Cl(}mvibj = R[%j eef!
m,vib, T) ' 1
in which N is number of atoms in molecule and
0,; = hv,/k that s called the vibrational characteristic
temperature of vibrational mode j. It can be shown
that vibrational isochoric heat capacity of mode j
(Cy miv,;) in temperature range of 250 to 600 K for the
studied refrigerants in this work, which includes dif-
ferent types of bonds such as C—Cl and C—F, is almost
between 0.05R to R. In this case, to simplify the calcu-
lations and in a suitable approximation, value of
Cy miv,; €an be considered (1/2)R for all vibrational
modes.

(13)
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Due to above mentioned issues, it can be told that
each degree of freedom of translational, rotational and
vibrational motions will contribute R/2 to the isocho-
ric heat capacity of molecule at ideal conditions. Then

0 . . . .
Cp,, in a useful approximation is

(14)

where ¢ is the number of degrees of freedom of a mol-
ecule. Each atom has three degrees of freedom and
therefore, a molecule with N atoms has 3N degrees of
freedom. So

Cppn=Cpn+R= (1 +§)R,

(15)

At last, given Egs. (9) and (15), zero pressure J—T
coefficient can be written as follows

WO (T) = ® ;N) R(ng(TT) - B,
2

cy, = (1 +%N)R.

(16)

Joule—Thomson coefficient of ideal gas is zero,
because there is no interaction between their mole-
cules. However, Egs. (9) and (16) show that J—T coef-
ficient of real gas is not zero in the limit of zero pres-

sure. In this regard, zero pressure J—T coefficient (;.L‘J)T)
can be used as a measure of the deviation from the
ideal state due to the interactions related to the pair of
molecules. These deviations can provide useful infor-
mation about the nature of intermolecular forces.

Given Egs. (5) and (8), the slope of the enthalpy
changes relative to the pressure can be calculated

o1 )
H) _ i Ch == AP
(aP . WytCpm nZ(; by (17)
(A + AP+ .....)
and at zero pressure,
H 0
(%—P)T = Ch, = A, (18)

0

where (%—H) is the enthalpy changes relative to the
T

pressure at ideal conditions. Also, as mentioned before
in the inversion curve, maximum inversion tempera-

ture (7,,,,) corresponds to the ideal gas limit at zero

density and pressure, then u?T(Tm )=0or

Ay(Tax) = 0. (19)
As told before, the virial coefficients are the connec-
tion bridge between microscopic and macroscopic
properties and show the non-ideal behavior of real flu-
ids. Therefore, having virial coefficients, non-ideality
measurement can be calculated using deviation func-
tions in different pressures and temperatures. Based on
the thermodynamic relations for deviation function of
enthalpy, we have

ax
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P

i _ V) _
HYT, P)- H, (T, P) = ! [T(aT)P Vm}dP. (20)

Deviation functions, the same as Joule—Thomson
coefficient, can be written as the expansion by pres-
sure in which expansion coefficients depend on virial
coefficients as follows,

H,T,P)-H,(T,P)=Y bP"
n=1

dB
b = = T2=-B, 21
1 = Ay AT (21)
b, =l,41 =L(£_23@)+L(32_C).
2 2R\dT dT/ RT

It is clear that deviation functions are equal to zero
when P =0 and of course, at low pressure, second
terms onwards can be ignored in the expansion.

In our work, we calculate Joule—Thomson and
deviation function of enthalpy at low pressure for
refrigerant fluids using their virial coefficients based
on corresponding state principle.

RESULTS AND DISCUSSION

In this paper, we chose 10 refrigerants R11, R123,
R124, R134a, R143a, R152a, R141b, R142b, R227¢a,
and R236ea in order to determine their Joule—
Thomson and deviation functions in low pressure.
Figures 1—4 show the calculated zero pressure Joule—
Thomson coefficient of some refrigerants versus tem-
perature using the corresponding state principle. The
obtained results are compared with experimental data
from NIST [45]. As seen, with decreasing tempera-
ture, especially temperatures below the critical tem-

perature, M?T increases sharply, and with increasing
temperature, this coefficient goes to zero. This fluid
behavior is, both qualitatively and quantitatively, pre-
dicted very well by the correlated equation in wide
range of temperature. However, at low temperatures,
especially in the ambient temperature range, devia-
tions from experimental data can be seen. This devia-
tion is more pronounced in the case of R11. It seems
that the greater deviation in R11 is probably due to the
fact that, firstly the correlation equation obtained for
this material is not accurate enough at low tempera-
tures. Second, the approximation used for vibrational

isochoric heat capacity of mode j, Cy ,, i ; = (1/2)R,
does not seem appropriate for this material at low tem-
peratures.

Figures 5 and 6 show the slope of enthalpy changes
relative to pressure at different temperatures. The
results are compared with experimental data. Experi-
mental data were obtained from information about
J—T coefficient and isochoric heat capacity of refrig-
erants available in NIST [45]. As seen, fluid behavior
is, both qualitatively and quantitatively, predicted very
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Fig. 1. Zero pressure Joule—Thomson coefficient of R11
versus temperature; line—this work; points—experimental
data.
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Fig. 3. Zero pressure Joule—Thomson coefficient of R124
versus temperature; line—this work; points—experimental
data.
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Fig. 5. The slope of enthalpy changes relative to pressure of

R134a versus temperature; line—this work; points—experi-
mental data.
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Fig. 2. Zero pressure Joule—Thomson coefficient of R123
versus temperature; line—this work; points—experimental
data.
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Fig. 4. Zero pressure Joule—Thomson coefficient of R141b
versus temperature; line—this work; points—experimental
data.
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Fig. 6. The slope of enthalpy changes relative to pressure of
R227eaversus temperature; line—this work; points—exper-
imental data.
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Fig. 7. Deviation function of enthalpy for R152a in differ-
ent pressures; lines—this work; points—experimental data.

Table 2. Numerical values of changes iy and (0H/ BP)g of
R227ea with respect to temperature

K Myr (0H /OP)7
exp. calc. exp. calc.

200 10.239 7.008 —10385.9 | —10064.0
210 7.946 5.548 —8367.6 —7966.8
220 6.301 4.506 —6871.0 —6470.6
230 5.095 3.748 —5740.0 | —5383.0
240 4.192 3.182 —4868.7 | —4569.7
250 3.503 2.747 —4187.2 —3945.5
260 2.970 2.406 —3645.4 | —3455.2
270 2.549 2.132 —3208.3 —3061.9
280 2.213 1.908 —2851.8 —2740.5
290 1.940 1.722 —2556.7 | —2473.5
300 1.717 1.565 —2310.0 —2248.6
310 1.531 1.432 —2101.6 —2056.7
320 1.376 1.317 —1923.8 —1891.1
330 1.244 1.216 —1770.7 —1746.9
340 1.131 1.128 —1637.9 —1620.3
350 1.034 1.050 —1521.7 —1508.2
360 0.950 0.981 —1419.3 —1408.4
370 0.876 0.918 —1328.4 —1318.9
380 0.811 0.862 —1247.3 —1238.4
390 0.754 0.811 —1174.6 —1165.5
400 0.703 0.765 —1108.8 —1099.2
410 0.657 0.723 —1049.3 | —1038.7
420 0.616 0.685 —-994.9 —983.4
430 0.579 0.649 —945.4 —932.5
440 0.545 0.617 —899.7 —885.7
450 0.514 0.587 —857.7 —842.4
460 0.486 0.559 —818.7 —802.3
470 0.460 0.533 —782.6 —765.0
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Fig. 8. Deviation function of enthalpy for R142b in differ-
ent pressures; lines—this work; points—experimental data.

well by the correlated equation in wide range of tem-
perature. Table 2 shows numerical values of changes
wyr and (OH /BP)(; of R227ea with respect to tempera-

ture in order to compare better between calculated and
experimental data.

Since the Boyle temperature (7;5) and Boyle vol-

ume (V) was found to be sensitive to equation in use
[46], therefore we determined them using correlation

equation. The Boyle temperature (7y) is the tempera-
ture in which B(7T3) has changed the sign

BT)>0 for T>T;
BT)<0 for T<Tg (22)
B(T)=0 for T=T;.

At this temperature, any gas behaves like an ideal gas.
The Boyle volume (V) can be obtained as follows

=557,

The results are shown in Table 3 and compared with
theoretical results in the literatures [47, 48]. As seen,
our results have a very good agreement with the ones
obtained Estrada-Torres et al. [48] but are in much dif-
ferences with Mamedov’s results [47].

(23)

Figures 7—10 show the calculated deviation func-
tion of enthalpy for refrigerants versus temperature in
different pressures 0.1, 0.5, and 1.0 atm and the results
have been compared with experimental data from
NIST [45]. As can be seen, there is a very good match
between experimental and theoretical results. In this
regard, average absolute deviation (AAD, %) as
Eq. (20) were computed and the results are presented
in Table 4. As is clear, there is little difference between
theoretical and experimental results, and this shows a
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Fig. 9. Deviation function of enthalpy for R143a in differ-
ent pressures; lines—this work; points—experimental data.

good accuracy of the mentioned correlation in deter-
mining the thermophysical properties that can be cal-
culated through the virial coefficients:

AAD, %
L5 = Hdoy = (= Hodea] 1 2
NP | (I{rlr(lj - Hm)exp ’

in which NP is the number of data points.

As told before, maximum inversion temperature
(T,,.x) corresponds to the ideal gas limit at zero density

and pressure where “'?T(Tmax) =0 or 4)(7,,) =0 in
the inversion curve. This temperature can be calcu-
lated using correlation equation and Table 3 shows the

obtained 7, for above mentioned refrigerants. In this
context, due to the lack of experimental results, it is

not possible to compare the obtained data with the
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Fig. 10. Deviation function of enthalpy for R236ea in dif-
ferent pressures; lines—this work; points—experimental
data.

experimental data. However, due to the good compat-
ibility of J—T coefficient and deviation function
obtained with the experimental data, it seems that the
obtained maximum inversion temperature 7,,,, can be
considered to some extent accurate.

CONCLUSION

In this paper, we calculated Joule—Thomson and
deviation functions in low pressure for refrigerants flu-
ids in order to evaluate the performance of their cor-
relation equation in low pressure and wide range of
temperature. For this purpose, 10 refrigerants of
methane, ethane and propane derivatives were
selected and studied. In addition, to compare with the
data obtained by other authors, Boyle temperature,
Boyle volume and maximum inversion temperature

Table 3. Calculated Boyle temperature (7g), Boyle volume (V3), and maximum inversion temperature (7},,,,) of refrigerants

Ty
Refrigerant Vg Toax
this work [47] [48]

R11 1135.5 959.367 1151.10 162.3083 2185
R123 1052.3 2933.57 1058.40 199.6492 2017
R124 908.5 2495.67 926.63 175.2652 1741
R134a 844.5 2356.15 875.33 151.5997 1614
R143a 805.2 1012.95 828.70 145.8740 1544
R152a 893.7 1012.12 938.69 136.7712 1713
R141b 1133.6 2138.96 1141.20 175.3004 2179
R142b 968.4 1327.26 982.17 157.5616 1860
R227ea 837.5 — 852.28 209.0922 1599
R236ea 908.3 — 923.03 199.5428 1732
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Table 4. Temperature range and AAD, % in deviation function of studied refrigerants

AAD, %
Refrigerant NP T,K
P=0.1 P=0.5 P=1.0
R11 31 300—600 3.65 3.97 4.76
R123 30 310—600 3.94 3.24 3.68
R124 21 270—470 2.83 1.08 0.63
R134a 21 250—450 3.13 1.77 1.57
R143a 38 230—-600 5.75 3.58 3.43
R152a 26 250-500 5.91 5.43 4.87
R141b 20 310—-500 5.50 4.95 4.17
R142b 21 270—470 6.18 4.55 3.30
R227ea 22 260—470 3.38 2.98 3.88
R236ea 23 280—500 5.25 4.47 5.23

were also calculated. A review of the figures, tables and
results shows that the correlation equation presented
has a good ability to predict the thermophysical prop-
erties of materials and their deviation from the ideal
state over a wide range of temperatures.

Of course, for a more accurate conclusion, other
thermodynamic functions that can be calculated using
the virial coefficients. In this regard, the study of
entropy deviation functions, determination of inver-
sion curve in a wide range of temperature and pres-
sure, determination of intermolecular potentials via
inversion method, determination of Joule—Thomson
coefficient in a wide range of temperature and pressure
and etc., will be of importance. In this respect, other
refrigerants and materials should be studied to evalu-
ate correlation equations. The aforementioned studies
will be our future research.
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