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Abstract- A Hydro-Fluoro-Olefin (HFO) cis-1,1,1,4,4,4-hexafluoro-2-butene  (R-1336mzz(Z)) is
considered as a potential replacement of Hydrofluorocarbons (HFCs) due to environmental concern over
global warming. In this work, the extended corresponding states (ECS) models coupled with
density-independent shape factors (empirical shape factors) or density-dependent shape factors (exact
shape factors) are individually applied to predict the thermal conductivity of R-1336mzz(Z). These models
use 1,1,1,2-Tetrafluoroethane (R-134a) as a reference fluid. Empirical shape factors are obtained from the
vapor pressures and saturated liquid densities of R-1336mzz(Z) and R-134a. Exact shape factors are
calculated from equations of state for these refrigerants. Predctied values with the ECS models are
compared with experimental data, and the prediction capability of each model is discussed. In addition,
thermal conductivity shape factor is introduced to improve the prediction capability. With these additional
shape factors, the ECS models represent the experimental data of the thermal conductivity of R-1336mzz(Z)
within #2%.
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1. INTRODUCTION

Hydrofluorocarbons (HFCs) are commonly used a
refrigerant in refrigeration and air-conditioning system.
In the Kigali Amendment of the Montreal Protocol [1],
all nations in the world committed to significantly reduce
the consumption and production of HFCs as they have
high Global Warming Potential (GWP). Several
alternatives are searched to replace the HFCs in the
refrigeration system. A Hydro-Fluoro-Olefin (HFO)
cis-1,1,1,4,4,4-hexafluoro-2-butene (R-1336mzz(2)) is
considered as a potential working fluid for various
applications including air conditioning chillers [2], high
temperature heat pumps [3], and Organic Rankine Cycles
(ORC) [4] because of its very low GWP, nonflammability,
thermal stability, low toxicity and attractive
thermodynamic properties. The ozone depletion
potential (ODP) of R-1336mzz(Z) is zero, and the GWP
is 2 [5], the atmospheric lifetime is approximately 22
days [6] and it is a non-flammable and low toxic
refrigerant [6].

Prediction of the thermal conductivity of
R-1336mzz(Z) is a very important to implement it in
practical system. Alam et al. [7] measured the thermal

conductivity of this fluid by using Transient Hot Wire
method and provided simplified correlations for
saturated liquid and vapor. In this work, the thermal
conductivity of R-1336mzz(Z) is predicted using a
well-known extended corresponding states (ECS) model
and compared with experimental values.

2. PREDICTION OF THE THERMAL
CONDUCTIVITY
The thermal conductivity A [W m-1 K-1] of
R-1336mzz(Z) is expressed as a sum of four
contributions as follows:

Mp,T)=A"M)+ A [+ (0, T)+ A4 (p,T) (1)

where A™ is the internal contribution, A" is the dilute-gas
thermal conductivity depending only on temperature, A\,
is the residual thermal conductivity, and A). is the
enhancement of the thermal conductivity in the critical
region.

The internal contribution and dilute-gas thermal
conductivity, which are the function of only temperature,
are calculated from the equations (2) and (3) respectively.
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where c; is the ideal-gas isobaric heat capacity [J mol™
K™, R is the universal gas constant [8.314472 J mol™
K™, and f;, is a factor that accounts for the energy

conversion between internal and translational modes. A
value of f;, is setto 1.32 according to the formulation

by Huber et al. [8]. 77* is the dilute-gas viscosity and
calculated by the Chapman and Enskog theory.

The last two contributions are the functions of
temperature and density. The residual thermal

conductivity AA, is calculated from the ECS model.

The critical enhancement A/, is calculated from the

simplified crossover model developed by Olchowy and
Sengers [9].

The concept of ECS model is based on the
corresponding states principle between a fluid of interest
and a reference fluid. It was originally proposed by
Leland and Chappelear [10], and after that several
modifications have been made to apply this model to
various fluids. NIST (National Institute of Standards and
Technology, USA) has been extensively used the model
for the calculations of transport properties [8,11,12] and
these calculations are currently available on their
property calculation software REFPROP 9.1 [13].
Akasaka [14] used this model for prediction of the
viscosity of 2,3,3,3-tetrafluoropropene (R1234yf). Islam
et al. [15] also used this method for prediction of the
viscosity and thermal conductivity of
1,3,3,3-tetrafluoropropene (R1234ze(2)). Similar
procedures are applied in this work to predict the thermal
conductivity of R1336mzz(Z). The temperature and
density of R1336mzz(Z) (T and p) are linked with
conformal values of the reference fluid R134a (T and pg)
according to the relations given below:

T
To = T ®)
po = ph (6)

where f and h are equivalent substance reducing ratios.
They are defined as

TC
h=222 41, p) ®)

c
The parameters 6 and ¢ are called the shape factors. The

subscript c indicates critical parameters given in Table 1.

Table 1. Critical parameters and acentric factors of
R134a and R1336mzz(Z)

Properties R134a* | R1336mzz(2)
Molecular Weight (g.mol-1) | 102.03 164.056
Critical temperature (K) 374.21 444.42**
Critical pressure (MPa) 4.0593 2.901**
Critical Density (mol.dm-3) 5.0171 2.934**
Acentric factor 0.32684 0.3853**

*All properties of R134a listed here come from REFPROP
[13]
** Akasaka and Lemmon [16]

2.1 Empirical Shape Factor

Empirical shape factors are density independent
parameters derived from properties at the saturation state.
The equivalent substance reducing ratios, f and h, are
obtained by solving the Egs. (9) and (10) [11].

Psat (T ) — Posat (TTJ% (9)
pS’at[Tj
p*“(T)=Tf (10)

where P® and P, are the vapor pressures of
R1336mzz(Z) and R134a, respectively, and o™ and p,™
are the saturated liquid densities of R1336mzz(Z) and
R134a, respectively. For correlations for the shape
factors in Eqgs. (7) and (8), this work uses following
equations:

O(T)=1+(w— o Nky +ky INT, +Kk3T,) (11)
#(T)= ZZC"’ [L+(@—ap Xl +1,In T, +15T, )] (12)

where T, is the reduced temperature (T, =T/T; ), wis the

acentric factor, Z. is the critical compressibility factor.
Subscript 0 denotes the values for reference fluid R134a.

First f and h are obtained from Egs. (9) and Eq. (10).
The vapor pressures and saturated liquid densties of
R134a (P, and ™) are calculated from the equation
of state by Tillner-Roth and Baehr [17], and those of
R1336mzzze(Z) (P* and p™) are calculated from the
equation of state by Akasaka and Lemmon [16].
Subsequently, 8 and ¢ are calculated from Eqgs.(7) and (8).
Calculated values of 6 and ¢ are graphically shown in Fig
1. Finally, coefficients ki, kp, ks, 13, I, and I3 are
determined by fitting these 6 and ¢ values to the
equations given by Egs. (11) and (12). Final values of the
coefficients are given in Table 2.

© ICMERE2017




2.2 Exact Shape Factor

Exact shape factors are density dependent
parameters calculated from equations of state for fluid of
interest and reference fluid. Conformal temperature and
density are defined by equating the reduced Helmholtz
energies and compressibility factors of both fluids. These
equalities are expressed by Egs. (13) and (14).

a' (T, p) = ap(To, po) (13)
Z(Tap):ZoO—o:Po)_ (14)
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Fig. 1: Variation in empirical shape factors with reduced
temperature

Table 2. Coefficients K; and I; in Egs. (11) and (12)

where Ay are the residual thermal conductivity of the

reference fluid R134a. They are calculated from the
correlations developed by Perkins et al.[18].

2.2 Modification of the ECS model

The procedure presented above is completely
predictive, and no experimental data thermal
conductivity is used. McLinden et al. [12] showed that if
an ECS model has additional parameters to slightly
adjust the conformal density of a reference fluid, the
prediction capabilities of the ECS model is signigicantly
improved. In this work, such parameter is called a
“thermal conductivity shape factor” for the thermal
conductivity. The thermal conductivity shape factors £,
modify conformal densities of a reference fluid as
follows:

£0,imp =PB1po (17)
Generally, B; is given by the simple polynomial
b
n P
By= ¥ d| - (18)
b=0 Pe

Experimental thermal conductivity data are used in
this work to determine f3,. Table 3 shows final values of
the cofficients for R1336mzz(Z).

Table 3. Thermal conductivity shape factor

Solving of the simultaneous equations given by Eqgs.
(13) and (14) requires accurate equations of state over the
entire fluid region. This work uses the equation of state
by Akasaka and Lemmon [16] for o, and Z, and employs

the equation by Tillner-Roth and Baehr [17] for ¢ and

Z,. The Newton-Rapson method is used as the root
finding algorithm.

2.3 Residual components of the thermal
conductivity

The residual components of the thermal
conductivity in Eq (1) are calculated from the following
equations:

AX (T, p) =A% (Mo, £o)F (T, p) (15)

Y2
Fu(T.p) = fmh_m(%j (16)

i k; I Coefficients Thermal Conductivity Shape
1 247.4643 -897.9464 do 0.88003
2 195.1071 -571.375 d; 0.04187
3 -236.4821 8335
3. RESULTS AND DISCUSSION

Thermal conductivities of R-1336mzz(Z) are
calculated by density dependent exact shape factor and
density independent empirical shape factor of ECS
model individually and calculated values are compared
with  the experimental thermal conductivities
measurement of Alam et al. [7]. For liquid, Alam et al.[7]
measured thermal conductivities from temperature 314 K
to 435 K and for pressure range from 0.5 MPa to 4 MPa.
The corresponding values for vapor are from 321 K to
496 K & 0.1 MPa to 2 MPa. Calculated thermal
conductivities of liquid at 2 MPa are compared with
measured data to show the effect of various ECS models
and shown in Fig. 2. Without thermal conductivity shape
factor, calculated value is slight lower than the
experimental value. However, ECS models predict the
measured value significantly with the inclusion of the
thermal conductivity shape. Calculated thermal
conductivities of vapour at 0.1 Mpa are also compared
with experimental thermal conductivities and shown in
Fig. 3. Prediction of the two ECS models are similar as
the contribution of residual component of thermal
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conductivity is very low compare to the others
contribution in vapour phase.

Fig. 4 shows the percentage deviation in thermal
conductivity data between measured and predicted
values by ECS method at liquid phase over the range of
temperature 314 K to 435 K. The percent deviation of
experimental fitted data with ECS model is better than
+2% with both exact and empirical shape factors. The
deviations between the exact and empirical shape factors
are small at lower temperature but significant change
noticed at higher temperature. Therefore, it can be
concluded that ECS model with exact shape factor is
better than that with empirical especially at high
temperature. The percentage deviation of experimental
data of thermal conductivity at vapour phase against ECS
model with exact shape factor has shown in Fig. 5. The
temperature range for vapor phase is 321 K to 495 K.
ECS model can predict most of the measured value
within +2%.
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Fig. 2. Comparison of calculated and experimental
thermal conductivities of liquid phase at 2 MPa.
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Fig. 3. Comparison of calculated and experimental
thermal conductivities of vapor phase at 0.1 MPa.
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Fig. 4: Percentage deviations in the experimental liquid
thermal conductivity data by Alam et al. [7] from
calculated values with the ECS models.
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Fig. 5: Percentage deviations in the experimental vapour
thermal conductivity data by Alam et al. [7] from
calculated values with the ECS models.

4. CONCLUSION

ECS models were applied to model the thermal
conductivity of R-1336mzz(Z). R134a is used as a
reference fluid. Empirical shape factors were correlated
from the vapor pressures and satured liquid densities of
R-1336mzz(Z) and R134a. Exact shape factors were
determined by solving equations for the comformal
condition of both fluids. Comparisons with the
experimental data showed that prediction capabilities of
both ECS models are similar, and that if the thermal
conductivity shape factors is introduced, the capabilities
are significantly improved. In this case, typical
deviations in the experimental data were +2%.

5. REFERENCES

[1] Decision XXVIII/1 Further Amendment of the
Montreal Protocol. Advance copy available
at:http://conf.montreal-protocol.org/meeting/mop/m
op-28/final-report/English/MOP28-Decl.pdf

K. Kontomaris, 2012. Low GWP fluids for cooling,
heating and power generation. Refrigerants Review.
Round 2, Dubai, UAE, Sep. 23-25, 2012

© ICMERE2017

(2]



[3] B. V. Datla, J. Brasz,. Organic Rankine Cycle
System Analysis for Low GWP Working Fluids,
International Refrigeration and Air Conditioning
Conference at Purdue, July 16-19, 1-7, 2012.

[4] F. Moles, J. Navarro-Esbri, B. Peris, A.
Mota-Babiloni,  A. Barragan-Cervera, K.
Kontomaris, “Low GWP alternatives to HFC-245fa
in Organic Rankine Cycles for recovery of low
temperature heat: HCFO-1233zd-E and
HFO-1336mzz-Z”. Appl. Therm. Eng. 71 (1),
204-212, 2014.

[5] F. Moles, J. Navarro-Esbri, B. Peris, A.
Mota-Babiloni, K. Kontomaris, “Thermodynamic
analysis of a combined organic Rankine cycle and
vapor compression cycle system activated with low
temperature heat sources using low GWP fluids”.
Appl. Therm. Eng. 87 (1), 444-453, 2015.

[6] K. Kontomaris, “HFO-1336mzz-Z: high
temperature chemical stability and use as a working
fluid in organic rankine cycles”. in: 15"
International Refrigeration and Air Conditioning
Conference at Purdue. July 14-17, 1-10, 2014.

[71 M. J. Alam, M. A. Islam, K. Kariya, A. Miyara,
“Measurement of thermal conductivity of
cis-1,1,1,4,4,4-hexafluoro-2-butene R-1336mzz(Z))
by the transient hot-wire method”, International
Journal of Refrigeration. Vol 84, pp 220-227, 2017

[8] M. L. Huber, A. Laesecke, R. A. Perkins, “Model
for the viscosity and thermal conductivity of
refrigerants, including a new correlation for the
viscosity of R-134a”. Ind. Eng. Chem. Res. 42 (13),
3163-3178, 2003

[91 G A. Olchowy, J. V. Sengers, “A simplified
representation for the thermal conductivity of fluids
in the critical region”. Int. J. Thermophys. 10 (2),
417-426, 1989.

[10]T. W. Leland, P. S Chappelear, “The Corresponding
States  Principle”. Industrial & Engineering
Chemistry. 60(7): 15-43, 1968.

[11]M. L. Huber, J. F. Ely, “A predictive extended
corresponding states model for pure and mixed
refrigerants including an equation of state for
R134a”. International Journal of Refrigeration.
17(1):18-31, 1994.

[12]M.O. McLinden, S.A. Klein, R.A. Perkins, “An
extended corresponding states model for the thermal
conductivity of refrigerants and refrigerant
mixtures”, Int. J. Refrig. 23, 43-63, 2000.

[13]E.W. Lemmon, H.M. Huber, M.O. McLinden,
REFPROP, NIST Standard Reference Database 23.
Version 9.1, USA, 2013.

[14]R. Akasaka, “An application of the extended
corresponding states model to thermodynamic
property calculations for
trans-1,3,3,3-tetrafluoropropene (HFO-1234ze(E))”,
Int. J. Refrig. 33, 907-914, 2010.

[15]M.A. Islam, K. Kariya, H. Ishida, R. Akasaka, A.
Miyara, “Application of the extended corresponding
states model for prediction of the viscosity and
thermal conductivity of
cis-1,3,3,3-tetrafluoropropene (R1234ze(2))”,
Science and Technology for the Built Environment,

(2016) 1-8.

[16]R. Akasaka, E.W. Lemmon, “A helmholtz energy
equation of state for cis-1,1,
1,4,4,4-hexafluoro-2-butene (R-1336mzz(Z2))”, in:
Proceedings of the 8th Asian Conference on
Refrigeration and Air Conditioning ACRA2016
May 15-17, 2016, Taipei, TAIWAN.

[17]R. Tillner-Roth, H. D. Baehr, “An International
Standard Formulation of the Thermodynamic
Properties of 1,1,1,2-tetrafluoroethane (HFC-134a)
for Temperatures from 170 K to 455 K at Pressures
up to 70 Mpa”. Journal of Physical and Chemical
Reference Data. 23(5): 657-729, 1994.

[18]R. A. Perkins, A. Laesecke, J. Howley, M. L. V.
Ramires, A. N. Gurova, L. Cusco, 2000.
“Experimental Thermal Conductivity Values for the
IUPAC  Round-Robin  Sample of 1,1,1,2-
Tetrafluoroethane (R134a)”, NISTIR 6605, 2000.

© ICMERE2017


http://www.sciencedirect.com/science/journal/13594311/71/1
http://www.tandfonline.com/author/Islam%2C+Mohammad+Ariful
http://www.tandfonline.com/author/Kariya%2C+Keishi
http://www.tandfonline.com/author/Miyara%2C+Akio
http://www.tandfonline.com/author/Islam%2C+Mohammad+Ariful
http://www.tandfonline.com/author/Kariya%2C+Keishi
http://www.tandfonline.com/author/Ishida%2C+Hirotaka
http://www.tandfonline.com/author/Akasaka%2C+Ryo
http://www.tandfonline.com/author/Miyara%2C+Akio
http://www.tandfonline.com/author/Miyara%2C+Akio

