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Abstract
New experimental data on the thermal conductivity of 1,1,1,3,3-pentafluoropropane (R245fa) are reported that cover a wide range of liquid conditions. These new experimental data were made with a transient hot-wire apparatus and cover the liquid phase over a temperature range of (173 to 344) K and a pressure range of (0.1 to 71) MPa.  The experimental data reported here have an expanded uncertainty (0.95 level of confidence) of less than 1 %.  The measurements are used with selected literature data to develop correlations for the thermal conductivity.  Based on this expanded uncertainty of and comparisons with experimental data, the thermal-conductivity correlation for R245fa is estimated to have a relative expanded uncertainty (0.95 level of confidence) of about 2 % at a 95 % confidence level for the liquid phase at pressures to 70 MPa, and 2 % for the vapor phase.  In addition, we surveyed literature data and developed a correlation for the viscosity of R245fa. The estimated relative expanded uncertainty (0.95 level of confidence) of this correlation is 3 % for the liquid phase at pressures to 40 MPa and 2 % for the vapor phase. 
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Introduction
R245fa (1,1,1,3,3-pentafluoropropane) is a hydrofluorocarbon that is under consideration for use as a working fluid in organic Rankine cycles with low-temperature heat sources.1-4 It also is of interest for use as a blowing agent,5 and in centrifugal chillers.6 It is important to have accurate models for the thermophysical properties of working fluids to efficiently design equipment. Recently, a new equation of state has been developed by Akasaka et al.7 that provides thermodynamic properties for R245fa. It is also necessary to have accurate models for the transport properties thermal conductivity and viscosity. In order to supplement the literature data, we measured the thermal conductivity of R245fa from (173 to 344) K at pressures up to 71 MPa and developed a wide-ranging correlation for the thermal conductivity. We also developed a wide-ranging viscosity surface using literature data. These correlations, along with the equation of state, can be used to provide thermophysical properties over the entire fluid surface of R245fa including the liquid, gas, and supercritical regions.

Experimental Method
	Analysis of the sample of R245fa at NIST by gas chromatography (GC) with mass spectrometry (MS) detection, following the protocols of Bruno and Svoronos8, 9, indicated a purity of 99.6 mol %. This analysis revealed the largest impurity as ethane, with lesser quantities of 2,2-dichloro-1,1,1-trifluoropropane and 1,1,2-trichloro-1,2,2-trifluoropropane. This two-phase sample was filled into the evacuated measurement cell from the liquid phase.	
The measurements of thermal conductivity were obtained with a transient hot-wire instrument that has previously been described in detail. 10 During an experiment, the hot wires functioned as both electrical heat sources and resistance thermometers to measure the temperature rise. The measurement cell, of volume 25 cm3, consisted of a pair of hot wires of differing length operating in a differential arrangement to eliminate errors due to axial conduction. The outer cavity around the hot wires was copper with a diameter of 9 mm.  The transient hot wires were enclosed by a copper pressure vessel that is capable of operation from 30 K to 340 K at pressures to 70 MPa in the liquid, vapor, and supercritical gas phases. Initial cell temperatures, Ti, were determined with a reference platinum resistance thermometer with an expanded uncertainty (0.95 level of confidence) of 0.005 K, and pressures, pe, are determined with a pressure transducer with an expanded uncertainty (0.95 level of confidence) of 7 kPa.  The measurements were made with bare platinum hot wires with a diameter of 12.7 m. All expanded uncertainties in this work are for a coverage factor of k=2, approximately a 95 % confidence interval.
	The basic theory that describes the operation of the transient hot-wire instrument is given by Healy et al.11 The hot-wire cell was designed to approximate a transient line source as closely as possible, and deviations from this model are treated as corrections to the experimental temperature rise.  The ideal temperature rise Tid is given by

		(1)
where q is the power applied per unit length,  is the thermal conductivity of the fluid, t is the elapsed time, a = /(Cp) is the thermal diffusivity of the fluid,  is the density of the fluid, Cp is the isobaric specific heat capacity of the fluid, r0 is the radius of the hot wire, C = 1.781... is the exponential of Euler's constant, Tw is the measured temperature rise of the wire, and Ti are corrections11 to account for deviations from ideal line-source conduction.  During analysis, a line is fit to the linear section, from 0.1 s to 1.0 s, of the Tid versus ln(t) data and the thermal conductivity is obtained from the slope of this line. Both thermal conductivity and thermal diffusivity can be determined with the transient hot-wire technique as shown in eq 1, but only the thermal conductivity results are considered here.  The experiment temperature, Te, associated with the thermal conductivity is the average temperature at the wire’s surface over the period that was fit to obtain the thermal conductivity. 
	
Experimental Results
	The results of the transient measurements of the thermal conductivity of R245fa are tabulated in the Supporting Information. Transient experiments were analyzed over the time range from 0.1 s to 1.0 s. The reproducibility of the thermal conductivity from relative expanded uncertainty of the slope of the corrected transient-temperature-rise data over this time range is given in the tables of transient data in the Supporting Information. This expanded uncertainty (k=2) depends on both temperature-rise noise and systematic curvature and is less than 0.2 % for the transient measurements in the liquid phase. 
	There are two wide-ranging equations of state available for R245fa.7, 12 We selected the most recent one by Akasaka et al. 7 to provide density, the critical point, and the triple point. The Akasaka et al.7 equation provides an improvement over the older Lemmon and Span EOS12 especially for vapor pressures, due to the availability of new data and the use of Gaussian bell-shaped terms to improve the behavior in the critical region. This equation has an expanded uncertainty of 0.1 % for saturated liquid densities, 0.1 % for liquid densities below 70 MPa, 0.2 % for densities at higher pressures, and 0.3 % for vapor densities. It is valid from the triple-point temperature to 440 K with pressures up to 200 MPa. The critical temperature, Tc, the critical density, ρc , and the critical pressure are 427.01 K, 3.875 mol∙ L-1, and 3.651 MPa. The triple-point temperature is 170 K.   
	 	The range of state points covered by the present measurements is shown in Figure 1 relative to the vapor-pressure curve of R245fa, along with other data in the literature. Our measurements comprise 1138 points in the liquid phase at temperatures from (173 to 344) K at pressures up to 71 MPa, that are reported in the Supporting Information. Table 1 summarizes all experimental thermal conductivity measurements that we are aware of, including the experimental method used, sample purity and the author’s estimated relative expanded uncertainty U % (0.95 level of confidence). 
	


Table 1. Thermal conductivity measurements of R245fa
	1st Author
	Year
	Methoda
	Purity,%
	U,%
	No.pts
	T range, K
	p range, MPa

	This work
	2016
	Thw
	99.6
	0.6
	1138
	173.2-343.5
	0.1-70.5

	Wang13
	2006
	Thw
	99.9
	2
	148
	244.4-416.2
	0.0-3.0

	Grebenkov14
	2004
	CCyl
	99.99
	3.5
	308
	284.7-436.7
	0.1-10

	Yata15
	2000
	Thw
	99.9
	1
	16
	253.4-314.9
	0.7-14.7

	Geller16
	1999
	SShw
	na
	1
	50
	234.6-413.6
	0-2.7

	Dohrn17,b
	1999
	Thw
	na
	8
	4
	333.2-382.2
	0.1


a 	CCyl coaxial cylinder; na not available; SShw, steady state hot wire; Thw transient hot wire. bAlso published as Heinemann et al. 18

Thermal Conductivity Correlation
	We represent the thermal conductivity λ of a pure fluid as a sum of three contributions,

 	(2)
where λ0 is the dilute-gas thermal conductivity, which depends only on temperature, ∆λr is the residual thermal conductivity, and ∆λc is the enhancement of the thermal conductivity in the critical region. The critical enhancement can contribute significantly to the thermal conductivity over a fairly wide region; for example, for water19 the critical enhancement contribution to thermal conductivity exceeds 5 % for a region  of reduced density approximately from 0.3 to 1.7 for reduced temperatures from approximately 0.95 to 1.1. Both ∆λr and ∆λc are functions of temperature, T, and density, , with  calculated with an equation of state for each given T and p.  As mentioned above, in this work we use the recent Helmholtz equation of state of Akasaka et al.7 
Dilute-gas thermal conductivity.  We represent the dilute-gas thermal conductivity as a polynomial in reduced temperature,

	(3)
with coefficients Ak, where T is the temperature and Tc is the critical temperature.  
Residual thermal conductivity. We used a polynomial in temperature and density to represent the residual contribution to the thermal conductivity,

	(4)
with coefficients Bi,j, where ρ is the density and ρc is the critical density. This form has been shown to accurately represent other fluorinated refrigerants such as R134a20 and R125.21
Critical Enhancement. Olchowy and Sengers22 developed a complex, theoretically based model for the critical enhancement of thermal conductivity. We use a simplified version of their crossover model,23

,	         (5)
where the heat capacity at constant pressure, Cp(T,ρ), is obtained from the equation of state, kB is Boltzmann’s constant, R0 = 1.02 is a universal constant,24 and the viscosity, η(T,ρ), is obtained from a correlation developed in this work described later in this manuscript. 
The crossover functions Ω and Ω0 are determined by 

 	(6)

                                                          (7)
The heat capacity at constant volume, CV(T, ρ), is obtained from the equation of state, and the correlation length ξ is given by

, 	(8)
where the critical amplitudes Γ and ξ0 are system-dependent and are determined by the asymptotic behavior of the equation of state in the critical region. The partial derivative ∂ρ/∂p|T is evaluated with the equation of state at the system temperature T and at a reference temperature, TR. For the reference temperature, we select a value where the critical enhancement is assumed to be negligible: TR = 1.5Tc. The exponents γ = 1.239 and ν = 0.63 are universal constants.23 We have chosen to use values of the critical amplitudes using the generalized method of Perkins et al. 25 Γ = 0.060 and ξ0 = 2.0410‑10 m. The only parameter left to be determined is the cutoff wave number qd (or, alternatively, its inverse, qd-1). This parameter can be obtained by regression of data in the critical region; since we do not have data in this region we use a value of qd-1 of 0.626 nm that was obtained from the generalized method of Perkins et al.25
Thermal Conductivity Correlation Results
Since we did not make any measurements in the gas phase, and there have been no additional gas-phase measurements since the work of Wang et al.,13  we selected the dilute- gas correlation proposed by Wang et al.13 and report their coefficients in Table 2. The equation was based on the measurements of Wang et al.13 made with a transient double hot-wire apparatus, and has an estimated expanded uncertainty of 2 %. 
	Table 1 summarizes all data for the thermal conductivity. We chose to fit only the most accurate data to determine the coefficients for eq 4 and use the other measurements for comparison purposes only. We feel our own extensive measurements in the liquid phase are the most reliable and comprehensive data in the liquid region, and they form the basis of the data set we used to regress coefficients for eq 3. To supplement our own data, we also used the data of Wang et al.13 These measurements cover the saturated liquid region and the vapor phase at pressures up to saturation over the temperature range (243 to 413) K and were made with transient double hot-wire apparatus with an estimated expanded uncertainty of 2  %. We used the fitting program ODRPACK26 to fit the experimental data and present the resulting coefficients in Table 2. Table 3 summarizes comparisons of all experimental data with the correlation. We define the percent deviation as PCTDEV = 100*(λexp−λfit)/λfit, where λexp is the experimental value of the thermal conductivity and λfit is the value calculated from the correlation. Thus, the average absolute percent deviation (AAD) is found with the expression AAD = (∑│PCTDEV│)/n, where the summation is over all n points, and the bias percent is found with the expression BIAS = (∑PCTDEV)/n. Figure 2 shows the deviations of experimental data from the correlation as a function of temperature, while Figures 3 and 4 present the deviations as a function of pressure and density, respectively. Our own data and the data of Wang et al.13 are represented to within 2 % at a 95 % confidence level over the temperature range from near the triple point to 416 K at pressures up to 70 MPa. The uncertainties in the critical region are larger; within 0.5 K of the critical point the expanded uncertainty is estimated to be 10 % rising to 30 % within 0.1 K of the critical temperature. The equation extrapolates in a physically reasonable manner, and can be used over the full range of the equation of state of Akasaka et al.7, from the triple point to 440 K and pressures up to 200 MPa. At pressures above the range of data, from 70 MPa to 200 MPa, the expanded uncertainty is larger; we estimate ~10 %.


Table 2.  Coefficients and parameters for eqs 3, 4.

	
[bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK1][bookmark: OLE_LINK2]Coefficients Ak / (W·m-1K-1) for eq 3
A0 = -0.014 364 4      	A1 = 0.038 726 22        

Coefficients Bij / (W·m-1K-1) for eq 4
	i
	j
	Bij

	1
	1
	-0.120 505 ×10-1    

	1
	2
	0.937 193 ×10-2

	2
	1
	0.652 392 ×10-1

	2
	2
	-0.397 844 ×10-1

	3
	1
	-0.501 653 ×10-1

	3
	2
	0.355 883 ×10-1

	4
	1
	0.176 338 ×10-1

	4
	2
	-0.141 777 ×10-1

	5
	1
	-0.219 652 ×10-2

	5
	2
	0.230 154 ×10-2


 
Additional parameters
Tc = 427.01 K              ρc=519.435 768 kg∙m-3  M=134.047 94 g∙mol-1

	






Table 3. Evaluation of the R245fa thermal conductivity correlation.

	1st 
Author
	Year
Publ.
	AAD
(%)
	BIAS
(%)

	This work
	2016
	0.47
	0.02

	Wang13
	2006
	0.69
	 0.01

	Grebenkov14
	2004
	5.79
	-5.64

	Yata15
	2000
	3.14
	3.14

	Geller16 
	1999
	6.75
	-0.99

	Dohrn17
	1999
	3.69
	3.69

	
	
	
	



Computer-Program Verification
	Table 4 is provided to assist the user in computer-program verification. The thermal conductivity calculations are based on the tabulated temperatures and densities. The point at 430 K and 530 kg∙m-3 illustrates the magnitude of the critical enhancement term.

Table 4. Sample points for computer verification of the thermal conductivity correlating equations.
	T 
(K)
	ρ 
(kg∙m−3)
	λ 
(mW∙m-1∙K-1)

	250.0
	0.0
	8.309

	250.0
	1500.0
	111.40

	430.0
	0.0
	24.63

	430.0
	530.0
	66.75a

	430.0
	530.0
	36.73b


a Computed with critical enhancement from eqs 5-8 with a viscosity value of 30.632 μPa∙s obtained from the correlation presented in this work. b Computed with critical enhancement set to zero.



Viscosity Correlation
	To complement the wide-ranging correlation for the thermal conductivity, we developed a wide-ranging correlation for the viscosity of R245fa. We were unable to locate a wide-ranging correlation in the literature, and it is useful to have correlations available for both transport properties. In addition, the viscosity is used in the critical enhancement model of Olchowy and Sengers,23 used above in the correlation of the thermal conductivity. The goal is to provide a wide-ranging correlation for the viscosity of R245fa that is valid over gas, liquid, and supercritical states, and that incorporates densities provided by the equation of state of Akasaka et al.7 
	Similar to eq 2 for thermal conductivity, we express the  viscosity η as the sum of four independent contributions, 27 as


	,	(9)

where ρ is the molar density,  T  is the absolute temperature, and the first term, η0(Τ) = η(0,Τ), is the contribution to the viscosity in the dilute-gas limit. The linear-in-density term, η1(Τ) ρ, known as the initial density dependence term, can be separately calculated with the Rainwater-Friend theory.28-30  Unlike thermal conductivity, the critical enhancement term, Δηc(ρ,Τ) for viscosity is restricted to a very small region very close to the critical point, and will be set to zero here. Finally, the term Δη(ρ,T), the residual term, represents the contribution of all other effects to the viscosity of the fluid at elevated densities including many-body collisions, molecular-velocity correlations, and collisional transfer. 
	Table 5 summarizes, to the best of our knowledge, the experimental measurements of the viscosity of R245fa. The data are somewhat limited but do cover a range of liquid and gas phases. The distribution of the experimental data and the phase boundary in the T,p plane are shown in Figure 5. 



Table 5. Viscosity measurements of R245fa
	1st Author
	Year
	Methoda
	Purity,%
	Unc.,%
	No. pts
	T range, K
	p range, MPa

	Meng31
	2011
	VBW
	99.9
	2.8
	107
	263-373
	1-40

	Wang32
	2010
	OD
	99.95
	2.0
	47
	300-397
	0.1-1.6

	Geller16
	1999
	Cap
	nab
	1.2
	35
	233-413
	0.06-2.83

	Laesecke33
	1998
	Cap
	97
	3.4
	65
	250-315
	0.01-0.27


a 	Cap, Capillary;  OD, Oscillating Disk; VBW, Vibrating Wire. b na, not available.


The first viscosity measurements on R245fa were made in 1998 by Laesecke and Hafer33 with a sealed gravitational capillary viscometer, calibrated with toluene. Their measurements were for the saturated liquid over the temperature range (250 to 283) K and have an estimated expanded uncertainty of 3.4 %. The next measurements were made by Geller et al.16 with a capillary tube method and cover the saturated liquid and vapor, as well as single phase vapor at temperatures from (233 to 413) K. The authors estimated expanded uncertainty is 1.2 %.  Wang et al.32 used an oscillating disc viscometer calibrated with nitrogen to make vapor phase measurements with an estimated expanded uncertainty of 2 %. The final set of measurements were made by Meng et al.31 in the liquid phase from (263 to 373) K at pressures up to 40 MPa in a vibrating wire viscometer calibrated with toluene, with an estimated expanded uncertainty of 2.8 %.
	
	The dilute-gas limit and the initial-density dependence terms 
	As was done for the thermal conductivity, we use theory to guide the development of the contributions in eq 9 when possible. The dilute-gas limit viscosity, η0(Τ) in μPa∙s, can be analyzed independently of all other contributions in eq 9. According to the kinetic theory, the viscosity of a pure polyatomic gas may be related to an effective collision cross section, which contains all the dynamic and statistical information about the binary collision. For practical purposes, this relation is formally identical to that of monatomic gases and can be written as:34


	,	(10)


where,  = S(2000)/(πσ2fη) is a reduced effective cross section, M is the molar mass in g∙mol-1, σ  is the length scaling parameter in nm, and  fη is a dimensionless higher-order correction factor according to Chapman and Cowling.35 In the above equation, S(2000) is a generalized cross section, often expressed in the functional form


	,	(11)

	,	(12)
                   
where, T* is the reduced temperature, ε/kB is an energy scaling parameter in K, and kB is Boltzmann’s constant. 
	Vogel et al.36 have shown that fluids exhibit the same general behavior of the initial density dependence of viscosity, which can also be expressed by means of the second viscosity virial coefficient Bη(T) as


	.	(13)


The second viscosity virial coefficient can be obtained according to the theory of Rainwater and Friend28, 29 as a function of a reduced second viscosity virial coefficient, , as


	,	(14)
where34

	.	(15)

In the above equations, NA is Avogadro’s constant. The coefficients bi  from Ref. 34  are given in Table 6.
	Eqs 10-15 present an evaluation procedure for the correlation of the dilute-gas limit viscosity, η0(Τ) and the initial density dependence term, η1(Τ).  If sufficient data are available, one can obtain the parameters ε/kB, σ, and αi from fitting experimental data. We used the lowest density data for each temperature from Wang et al.32 and the low density points from Geller et al.16 to obtain the parameters in Table 6. 

	The residual term
		As stated earlier, the residual viscosity term Δη(ρ,T), represents the contribution of all other effects to the viscosity of the fluid at elevated densities, including many-body collisions, molecular-velocity correlations, and collisional transfer. Because there is little theoretical guidance concerning this term, its evaluation is based entirely on experimentally obtained data. 
	We used symbolic regression software37 to fit the experimental data to determine the function and coefficients to represent the residual viscosity. This approach has been used successfully to correlate the viscosity surface of hydrogen,38 benzene,39 toluene,40 hexane,41 and heptane.42 We restrict the operators to the set (+,,*,/) and the operands (constant, Tr, ρr ), with Tr = T/Tc and ρr = ρ/ρc . In addition, we use the same form suggested from the hard-sphere model employed by Assael et al.,43 Δη(ρr,Tr)=(ρr2/3Tr1/2)F(ρr,Tr), where the symbolic regression method was used to determine the functional form for F(ρr,Tr). The dilute-gas limit and the initial density dependence terms were calculated for each experimental point (employing eqs 10-15) and subtracted from the experimental viscosity to obtain the residual term. The density values were obtained from the equation of state of Akasaka et al.7 A very simple expression was found:


			(16)
Coefficients ci are given in Table 6.
	

Table 6.  Coefficients and parameters for eqs 11,15, and 16.
	
Scaling parameters
ε/kB = 258.15 Κ        	σ = 0.588 nm

Coefficients αi for eq 11
α0 = 0.250 746      	α1 = −0.603 100        α2 = 0.271 008

Coefficients34 bi for eq 15
b0 = −19.572 881	b1 = 219.739.99	b2 = −1015.322 6
b3 =  2471.012 5	b4 = −3375.171 7	b5 = 2491.659 7 
b6 = −787.260 86	b7 = 14.085 455	b8 = −0.346 641 58 

Coefficients ci for eq 16
c0 =  0.835 029 35       c1 = 10.245 205        c2 =0.000 233 562 06

Additional parameters
Tc = 427.01 K              ρc=519.435 768 kg∙m-3  M=134.047 94 g∙mol-1




Viscosity Correlation Results

Table 7 summarizes comparisons of the experimental data with the correlation. We define the percent deviation as PCTDEV = 100*(ηexp−ηfit)/ηfit, where ηexp is the experimental value of the viscosity and ηfit is the value calculated from the correlation. The average absolute percent deviation of the fit is 0.92, and its bias is 0.26. Figure 6 shows a comparison of the very low-density viscosity data (up to 30 kg∙m-3) with the values computed with viscosity correlation model. The agreement is within the experimental expanded uncertainty of the data, and we estimate the expanded uncertainty of the low-density gas phase to be 2 %.  Figure 7 shows the percentage deviations of all viscosity data from the correlation, as a function of temperature, while Figs. 8 and 9 show the same deviations but as a function of the pressure and the density. Comparisons with the data of Meng et al.,31 that extend to 40 MPa in the liquid phase, show that the correlation represents the data to within its level of expanded uncertainty, 2.8 %. The saturated liquid data of Laesecke and Hafer33 are consistent with the data of Meng et al.31 and all points of Laesecke and Hafer33 are represented well within the authors’ estimated expanded uncertainty of 3.4 %. Based on comparisons with the available experimental data, we conservatively estimate the expanded uncertainty of the correlation at a 95 % confidence level to be 3 % for the liquid phase at pressures up to 40 MPa. The data of Geller et al.16 have larger deviations and do not agree with Meng et al.31 and Laesecke and Hafer33 to within their estimated expanded uncertainty levels; this was also reported by Meng et al.31 The data of Wang et al.,32 all in the gas phase, are represented to within 2 %, the level of expanded uncertainty of the data. Again, the deviations with the gas-phase data of Geller et al.16 are larger. Although the available experimental data only cover a limited temperature range, (233 to 413) K, and pressures only to 40 MPa, the correlation extrapolates smoothly and in a physically reasonable manner. The correlation behaves in physically reasonable manner over the full range of the equation of state of Akasaka et al.7, from the triple point to 440 K and pressures up to 200 MPa; however uncertainties will be larger especially as the triple point is approached and at high pressures. In the absence of experimental data, it is difficult to estimate the expanded uncertainty in the extrapolation region to high pressures, especially at low temperature (below 250 K) due to the very rapid increase in viscosity in this region; the expanded uncertainty may reach 50 % at 200 MPa.

Table 7. Evaluation of the R245fa viscosity correlation.
	1st 
Author
	Year
Publ.
	AAD
(%)
	BIAS
(%)

	Meng31
	2011
	0.45
	-0.11

	Wang32
	2010
	0.72
	-0.31

	Geller16
	1999
	3.43
	 3.24

	Laesecke33
	1998
	0.63
	-0.18

	All data 
	
	0.92
	0.26




Computer-Program Verification
	Table 8 is provided to assist the user in computer-program verification. The viscosity calculations are based on the tabulated temperatures and densities. 

Table 8. Sample points for computer verification of the viscosity correlating equations.
	T 
(K)
	ρ 
(kg∙m−3)
	η 
(μPa∙s)

	250.0
	0.0
	8.6291

	250.0
	1500.0
	1085.562

	430.0
	0.0
	14.630

	430.0
	530.0
	30.632




Conclusions
We present new experimental data on the liquid-phase thermal conductivity of 1,1,1,3,3-pentafluoropropane (R245fa) that cover a wide range of liquid conditions over a temperature range of (173 to 344) K and a pressure range of (0.1 to 71) MPa.  The experimental data have an expanded uncertainty of less than 1 %.  The measurements are used with selected literature data to develop correlations for the thermal conductivity.  Based on the expanded uncertainty of and comparisons with experimental data, the thermal-conductivity correlation for R245fa is estimated to have a relative expanded uncertainty of about 2 % at a 95 % confidence level for the liquid phase at pressures to 70 MPa, and 2 % for the vapor phase.  In addition, we surveyed literature data and developed a correlation for the viscosity of R245fa. The estimated expanded uncertainty of this correlation is 3 % for the liquid phase at pressures to 40 MPa and 2 % for the vapor phase. Both correlations may be used over the temperature range from the triple point to 440 K and at pressures to 200 MPa but the expanded uncertainty in the region where experimental data are unavailable is larger.
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[image: ]Figure 1. Distribution of experimental thermal conductivity data for R245fa in the T,p plane. Data sets are designated: , Wang et al. 13; , Grebenkov et al. 14; , Yata et al. 15; , Geller et al. 16; , Dohrn17 ( Heinemann et al. 18); , present work; , critical point; and the dashed line showing the saturation boundary.
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Figure 2. Deviations of thermal conductivity data from the present correlation for all data, as a function of temperature. Data sets are designated: , Wang et al. 13; , Grebenkov et al. 14; , Yata et al. 15; , Geller et al. 16; , Dohrn17 ( Heinemann et al. 18); and , present work. 
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Figure 3. Deviations of thermal conductivity data from the present correlation for all data, as a function of pressure. Data sets are designated: , Wang et al. 13; , Grebenkov et al. 14; , Yata et al. 15; , Geller et al. 16; , Dohrn17 ( Heinemann et al. 18); and , present work.
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Figure 4. Deviations of thermal conductivity data from the present correlation for all data, as a function of density. Data sets are designated: , Wang et al. 13; , Grebenkov et al. 14; , Yata et al. 15; , Geller et al. 16; , Dohrn17 ( Heinemann et al. 18); and , present work.
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[bookmark: _GoBack]Figure 5. Distribution of experimental viscosity data for R245fa in the T,p plane. Data sets are designated: , Laesecke and Hafer33; , Geller et al. 16; , Wang et al32; , Meng et al.31; ; critical point; and the dashed line showing the saturation boundary.
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Figure 6. Deviations of the viscosity data from the present correlation in the dilute gas region. Data sets are designated: , Geller et al. 16; and , Wang et al32.
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Figure 7. Deviations of the viscosity data from the present correlation for all data, as a function of temperature. Data sets are designated: , Laesecke and Hafer33; , Geller et al. 16; , Wang et al32; and , Meng et al.31.
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Figure 8. Deviations of the viscosity data from the present correlation for all data, as a function of pressure. Data sets are designated: , Laesecke and Hafer33; , Geller et al. 16; , Wang et al32; and , Meng et al.31.
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Figure 9. Deviations of the viscosity data from the present correlation for all data, as a function of density. Data sets are designated: , Laesecke and Hafer33; , Geller et al. 16; , Wang et al32; and , Meng et al.31.
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