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A REDUCED VOLUMETRIC EXPANSION FACTOR PLOT

by R. C. Hendricks

National Aeronautics and Space Administration
Lewis Research Center

. k	 Cleveland, Ohio 44135

ABSTRACT

A reduced volumetric expansion factor plot has been constructed for
simple fluids which is suitable for engineering computations in heat trans -
fer.	 Volumetric expansion factors have been found useful in correlating
heat transfer data over a wide range of operating conditions including liq-
uids, gases and the near critical region.

Go	 INTRODUCTION

w	 The volumetric expansion coefficient (a In V/3T)p 	 has been found use-
ful in heat transfer analyses.	 Yaskin et. al.	 (ref. 1) demonstrated its
usefulness in grouping helium heat transfer data in the near thermodynamic
critical region. 	 Hendricks (ref. 2) demonstrated the usefulness of the
energy expansion coefficients (3 In V/6H)p	 in qualitatively grouping heat
transfer data for fluids nitrogen and oxygen in the near thermodynamic
critical region; however, quantitative agreement has not yet been achieved.
Hendricks et. al. (ref. 3) qualitatively demonstrated the relations between
density fluctuations, volumetric expansion coefficient, and turbulent energy
and momentum fluxes.	 The energy expansion coefficient was used in qualita-
tively grouping gaseous and fluid heat transfer data of several investiga-
tors.	 These data sets for helium, hydrogen, air, nitrogen, carbon dioxide
and water cover a large range of experimental conditions.

_	 In the absence of a computer program such as (GASP/WASP) (refs. 4 and
5) these expansion coefficients are quite difficult to calculate and con-
sequently, of little aid to the practicing engineer. 	 The purpose of this
paper is to present a single graph which will enable the engineer to deter-
mine the volumetric expansion coefficient for a large class of fluids over
an extensive temperature-pressure .regime.

NORMALIZING PARAMETER

' In previous works, on the Joule-Thomson coefficient (ref. 6) the prin-
ciple of corresponding states was applied and found useful in both qualita-
tively and quantitatively grouping data sets for not only fluids of simple
molecular structure but for fluids with more complex structure and quantum

F effects. CCC
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Following similar reasoning, the principle of corresponding states
has been applied to the volumetric expansion factor (a In V/3T)p.	 The re-
duced volumetric expansion factor can be written

r
pR-

where

p* _ (ZcTcc )
-1

c = 1, for nonquantum fluids and	 PR < 1

PC
	-

^ c = c	 c, for quantum fluids, PR 2 1Irc	 = 1 +	
30ZP c,neon c

and plotted as a function of reduced temperature,

T
TR =	 - ^PcT

C

^Dc = 0, for nonquantum fluids and for quantum fluids when 	 PR < 1-

(PC ° 5 t c (1.02 - ^ c ) (PR - 1); 1 < PR < 10

(PC = 5.4 t c (1.02 - t c)9 PR > 10

The parameters	 Tc	 and	 *c	 were determined empirically to account for
quantum fluid behavior.

.' To within engineering requirements, it will be shown that the volumet-
ric expansion factor for simple fluids map onto a single reduced volumetric
expansion factor-reduced temperature chart with reduced pressure as a param-
eter.	 ,

The peak value ofpR	 is anticipated to correspond to	 TR	 or the re-
duced pseduo-critical temperature..

RESUITS AND 'DISCUSSION

Figure 1(a), called the background curves or background, illustrates the

"r variation of reduced volumetric expansion 'factor as a function of reduced
" temperature for selected isobars where fluid nitrogen serves as a basis.2

lcp - Cv = TVp2 /K, where	 K	 is the isothermal compressibility
K	 In V/aP)T (fig. 1(b)).	 It should be noted that similar reduced
isothermal compressibility factor plots can be established as presented
herein for	 pg.

2To-map a function	 f	 whose range	 c	 to	 -, f-1 should be used, but
-' one looses perspective of large and small-see figures 1(c) and (d) - so we

t use	 FY
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One must note that	 PR = 51.2 is beyond the range of the curve fit,
however it is instructive to illustrate the extrapolated behavior.	 The
saturation locus serves as a guide to the behavior of	 OR	 in the two phase
region where it may be assumed that

pR2	 = xpR	+ (1 - x) pR
Z^	 v

.' where	 x	 is the volume fraction andpRv	and	 pRZ	 are the vapor and liq-

bid values, respectively. 	 Figure 1 will be used as a standard for sub-
sequent comparisons to other fluids and will be superimposed as background
on subsequent figures. 	 One will note that the value of 	 OR	 corresponding
to the critical point does not calculate properly and is not expected to

I be valid as

4(4 Limit	 pR —
f

PVT " critical

A further characteristic of these plots is that the peak or maximum
value of	 OR	 along a given isobar corresponds to the transposed critical
temperature.	 The transposed critical temperature is also where the specific
heat (Cp) attains a maximum.

k COMPARISON TO OTHER NONQUANTUM FLUIDS

^. Methane:	 Figure 2 illustrates a very good agreement between the
points and the background curves - from figure 1.(a) - with the exception of

4 one point, the critical point where agreement is not expected to be good
as explained previously.

Oxygen:	 Figure 3 illustrates the behavior ofp R	which is not as
h good-as for methane, but still it is quite reasonable. 	 Note in particulart

that the extrapolations are very good considering the extent that the pres-
sure is extrapolated beyond data.

Argon:	 Figure 4 when compared to.figure 3 illustrates that 	 OR	 for
argon and oxygen behave in a very similar way and furthermore are in good
agreement with the background - figure l(a).

- f Fluorine:	 The points representing	 OR	 for fluorine fall somewhat
off the background curves, but only a small amount more than for oxygen
and argon.	 In general the agreement is good as can be seen from figure 5.

Carbon Monoxide: 	 Here the agreement with the background is quite
` good except at the highest pressure where substantial deviations are noted,

see figure 66	 Even though the corresponding states equation representing
carbon-monoxide has nitrogen as the base fluid (but not the base fluid used

a toyestablish the background curves) the carbon-monoxide accuracy and range
are limited.	 The background is preferred at higher pressures.

Carbon Dioxide:	 As carbon-dioxide does not behave as a corresponding
states fluid, only moderate agreement should be anticipated.. 	 As illustrated

F"
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in figure 7, even though the deviations are quite noticable when compared
to the background, the background values still give an adequate representa-
tion for the usual heat transfer and fluid flow analyses. A line plot with-
out the background (i.e., fig. 1(a)) for carbon-dioxide may be necessary for
some analyses and as such is given as figure 8.

Water: For such a complex molecule, the agreement with the background
is quite reasonable as illustrated in figure 9. The values at pressures,
PR > 6 are far beyond the capability of the water program and even though
agreement is reasonable, the values can not be relied upon. If no other
values are available, the background curve can serve as a first order esti-
mate for OR - More refinement willhave to come from the individual curve
fit for water, given as figure 10, and in particular p* may require the
effects of dipole moments.

COMPARISON TO QUANTUM FLUIDS

Neon, hydrogen, and helium are quantum fluids and as such, the normal-
izing parameters are more complex. It is however, quite informative to
first look at the departures from the background (fig. 1(a)) with (' G = *c = 1
(i.e., as if they possessed no quantum behavior).

Neon: With Te = *c = 1, Lhe agreement between the points and the
background of figure 11 is quite good. Only a little gain is made using
the pseudo parameters Tc and ?P

c
 of equations (1) and (2), however,

being that neon is a quantum fluid the pesudo parameters should probably
be used. The set of points are now corrected for quantum fluid effects
and superimposed on the background as figure 12.

Hydrogen: The departures of OR for p-hydrogen from the background
are quite significant at elevated pressures and lower temperatures, see
figure 13. Applying the quantum corrections of equations (1) and (2) to
each point and superimposing the points on the background results in sat-
isfactory agreement for the most part, as shown in figure 14, but certainly
not as good as for nonquantum fluids.

Helium: The values for 
OR 

for helium at T  < 1 requires a better
PVT-surface representation than available in GASP (ref. 4), such as (ref. 7).

With ^o
c = *c = 1, there is little agreement between the OR results and

the background, see figure 15. Applying equations (1) and (2) to the points
which are superimposed on the background shows that the agreement is better,
figure 16, but not as good as expected.

Line graphs of hydrogen and helium with 9)c = *c 1 are given as fig-
ures 17 and 18 to illustrate that even without the empirical quantum fluid
correction, the reduced plots are still quite useful.

SUMMARY

j

	

	
A reduced volumetric expansion chart has been produced for simple

fluids which is suitable for engineering computations in heat transfer and
fluid flow. The normalizing parameter 0* (ZcTc)- 1 does not adequately

•	 t`^sw:s- _....,
	 - ,fie.	 ^	 -	
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reduce the volumetric expansion factor for polar molecules or quantum
fluids', ,̂,and should be modified to include such effects or individual charts

iused; '-' the absence of data	 can be used, for the first order calcula-
tions

SYMBOLS

Cp2pv ,	 specific heat

P pressure

T temperature

T* pseudo critical temperature associated with the peak specific heat

V specific volume

Z compressibility

volumetric expansion factor normalizing parameter, (ZCTC*C)-1

t,c ^)C/Pc,neon;	 ^'c,neon = 0.483 g/cm3

'Pe see equation (2)

-4'r c see equation (1)

Subscripts:

C critical

i. liquid

R reduced by the critical constant

v vapor

2cp two-phase region
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