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Chapter 1. Executive -Summary

The-thermddynamic properties of propane, propylene, and n-butane and -
of a mixture consisting of 65% (by mole) propane, 25% propylene, and 10%
~n-butane were ca]cu]ated using virial equations of state. The particular
virial equatfoné'chosen for the calculations were those by Benedict-Webb-Rubin
and by Starling. A1l experimental input into these semi—empirical equations
was reevaluated using numerical techniques to achieve the best possible
. accuracy. Starling's equation results in thermodyhamic properties which are
m¢st consistent and compare best with measured ya1ues., It was found that the
.widely used prOpané data by Stearns and George are too inconsistent and too
“inaccurate to be used for mass flow calculations of propane and. propane mix-
tures. This report includes extensive saturation temperature tables for .
' propane, pfopy]ene, n-butane, and a pseudo-fluid consisting of a mixture'of,-
propane, propylene, and n-butane which approximates commercial propane. -While
" the Benedict-Webb-Rubin and the Starling equation were used for the calculation ;
.jOf:the'propertfes of pure propane and the respective results listed in'sepakate
tab]es,'the results given for propy1ene, n-butane, and the hydrocarbohimixture~
- are based on Starling's equation. Thermodynamic data of pure ‘propane in the
-compressed 1iquid region were calculated and are given in extensivé tables. .
Teﬁperatdré-entropy diagrams for propane, propylene, and n-butane based on
Starling's equation of state were constructed. In addition, prediétions.of
pure prppane mass flow rates based upon isentropic, homogeneous equilibrium
flow are given. To demonstrate the importance of accuracy and.consisténcy '
of the thermodynamic data,‘the_mass flow rate prediction calculations were
 'perfohmed twicé, once using the propane data as reported by Stearns and
George, and one using calculated propane properties based on Starling's equation.




Chapter 2. Introduct1on
, The flow of commerical propane through safety valves 1is being stud1ed
‘at the University of Maryland under the sponsorship of the Department of
Transpoktation, The aim of this study is to provide industry and the -
Department of Transportation with accurate va1ve sizing equations or charts.
The program includes interpretation and evaluation of already compTeted full
scale propane flow tests and future active participation of full scale
propane flow tests. . The main thrust of the Sefety Valve Study at the |
University of Mary]and however, is the formulation of valve s1z1ng equations
and their verification.
The flow ‘rate prediction of propane through safety valves is very com-
p1ex because of three fundamentally different reasons:
1. fTwo—phase flow occurs during the discharge of: the propane
' (most of<the,existing fluid flow prediction equations are
- only valid for one-phase flow). :
2. The thermpdynamieidata of commercial propane are at present
'{not known with sufficient accuracy to give reasonably
o accurate flow-rate predictions based on homogenedus flow.
-‘31 ‘The”fldw_path (stream line picture)'throuéh a'safety valve
~ is very complex and its influence on the mass flow rates
“for a given pressure gradient across the va]veAwill vary |
 with the different two-phase flow regimes. | -

" The different two-phase flow regimes which may occur are vapor flow,
mist and'spray~f1ow, bubble and slug f]ow, annular flow, liquid flow, .and
flashing flow. ‘The establishing of the partieular fiow fegime which will
_goVern the maximum possible mass-discharge through the safety valve is
dependent upon the individual accident condition; e.g., the bosition of the
safety valve, the rate of heat input into the tank car, the amount of propane
in.the tank car, etc. . 5

Any mathematical description of flow of real fluid includes the con-
'tinuity equation, the momentum equation, the energy equation, and the equation
of state of the fluid. Without an accurate equation of state, correct modeling
of the f]ow, such as predicting the mass flow rates is not possible. During




the ear]y part of the investigation of propane flow through safety valves a
- lack of accurate and consistent thermodynamic data of propane was found to
ex1st.' This 1ack of data prompted the study which is described in this report




Chapter 3. Thermodynamic Pfoperties of Propane

3.0 Background?and Development of Virial Equations of State

The first systematic investigation of the thermodynamic propefties of
propane is that by Dana et al (6) in 1926. Dana et al (6 ) made vapor pfes-
sure measurements and published pressure-temperature tables for the saturated
1iquid“and'saturated vapor of propane. Since then, a number of researchers.
have made additional contributions in this fie]d. Among them, Sage;'Schaafsma;
éndjLacey (8) and Burgoyne ( 5.) published the pressure-volume-temperature
.re]ationé and thermal properties such as enfha]py and internal energy of pro-
pane. - Beattie, Kay and Kaminsky ( 2)'made additional P-V-T measurements.
Beattie, Poffenberger, and Hadlock (3 ) measured the critical constants
,(T¢ and.PC) of propane. Stearns and George~(10) summarized all of the above
and other available experimental data in 1943. To this date, the thermodynamic '
tables and diagrams by Stearns and George (10) are the most often referenced .-
prdpanéfdata. .This data, however, will lead to large inconsistent fluctuation
1n'cé]cu1ated_mass flow rates as is discussed in Chapter 4. For this reason,
it was necessary to find or develop a more accurate equation of state for -
propane.  Two semi-empirical equations of state for propane were found in the
literature and were further investigated in detail in this study, name]y;-the
.BenedictF-wébb—Rubin_(B-WeR) equation (4) and Starling's (9) equation. v
StarTing's wofk is essentially an extension of the approach taken by Benedict__
‘et al. The above two semi-empirical equations are virial equatiohs'in which -
the virial coefficients are obtained by determining the deviation between the
He]mho]tz_free energy of the real gas and that of an ideal gas. The intro- |
ductionfbf eﬁpirital'data requires curve fitting of this data which significantly
inf]uénces the chsistency of the calculated thermodynamic values. For this .
reason, both the calculations of B-W-R and that of Starling's were repeated,
improved and expanded. A discussion of the development of the B-W-R equation
of state-is given in the following paragraph. ;

The work content, also known és the Hé]mholtz'free energy or the Gibb's
w-funciion, is related to the internal energy E, the absolute temperature T,
and the entropy S by the equation | |

A= E-Ts o (31}

The residual work content A is defined as the difference between the work




content‘of a mole of hydrocarbons at molar density o, absolute temperature
 T:and its work content in the hypothetical ideal gas state at the same den- )
'sity and temperature. The residual work content is defined by

A = A-RT anop - 1im (A - RT 2np) (3-2)
o0
The above equation is considered as a fundamental equation because a number_ :
of thermodynamic properties of the medium may be computed from it. For
' instance, an equation of state in which the pressure P is expressed as a
function of the density and temperature may be obtained by the relation:

2 (oA S -
P = oRT +p [:l (3-3)

UrseT](]]) and Mayor(?) showed that the residual work content A of a stab]e qas
can be expressed by the series: '

K o= 0(T)o + Qp(T)o% + . . . . - (3-4)
where Q] and Q2 are functions of the temperature.

In developing the equation of state, attention was f1rst d1rected to the
constant density line (1sometr1cs) when, the quantity (P - pRT)/p is plotted
fagainst tempereture these isometrics are very nearly straight lines. It was

found that for most hydrocarbons including propane the 1sometr1cs cou]d be
represented by an equation of the form: '

(P - oRT)/o2 = RTB(p) - Alp) - C(p)/TZ  (3-5)

where A, B, and C are functions of density. B(p) in turn could be represented
by the simple linear equation:

B(o) = By +bp . (3-6)

0

The plots of A(p) and C(p) against dens1ty, however, showed marked curvature,
‘A(p) was represented by an equat1on of the form

A(p)- = Ao tap(l - ad) o (3-7)

and C(p) by an equation of the form:




) = -l vl e (D) (38)

When the express1ons (3 5), (3-6), (3-7), and (3-8) are combined, the equat1on'
of state 1s obta1ned The equation of state is

P = oRT + o2 RT(By + ob) - (Ag + ap + acpt)

+ (1T2)(Cy - co(1 +107) exp (-yp%)) (3-9)
L | 2\ 2 . 3
P = oRT + (BORT - A0 - CO/T Yo© + (bRT - a)p
" . 2 .,7':
b anl 4 230 % 702)2 exp (-yp©) (3-10)
T

The numerical values of the parameters AO, BO’ CO,‘a, b, ¢, o, and y can be
determined from experimental P-V-T data. Benedict-Webb-Rubin (4 ) describe
at.léngth:thé mariner in which this is done; Table 3-la gives a listing of
thése values for the B-W-R equation. '

': An equation of state similar to the B-W-R equation was reéent]y developed |
by Starling (9 ). Starling's equation of state has more virial coefficients
~and, according to its author, is more accurate than B-W-R equation in the
liquid %egion.:“Corresponding to the coefficients of the B-W-R equation,
'Starling'gives the‘fo11ow1ng equation of state for hydrocarboné:

C D E

o | 0 0] 2
P = pRT+[BRT-A --—+—--—]p
0 0" 27377
+[bRT -a - %—Jps + a[a + -—?—Jps
L¢3 2 2 | |
+72—(1+Yp)exp (-vo") (3-11)

The coefficients of the above equation as derived by Starling are given in
Table 3-1b.




3.1 Thefmedynamic Properties of Pure Propane

~“Thermodynamic properties such as enthalpy, entropy, etc. of a pure

substance can be derived from an equation of state of the substance which
relates preséure, volume, and temperature by means of Maxwell's relations.
. Thermodynamic properties of primary importance in flow predictions are specific
volume (or density), enthalpy, entropy, and specific heat in addition to tem-

perature and pressure. The derivation of these properties are‘disCUSSed in
'; detail below for both the B-W-R equation and the equation of state proposed
by K. E. Starling.

-3.1.1 Density

- The B-W-R equation is written as

P o= oRT+ [BRT - A - 0,2 4 (br 3
T oe oRT = Ay - ;g’p (bRT - a)p°
6 Cp3 2 2 . ' s vn
+ aop + jFT-(1 + yp“) exp (-yp°) - (3-12)

Simi]ar1y; Starling's equation is of the form

D.. '
0 “o| 2
+ — - —|p

o

NS
m

-—
—

P = ORT + [BbRT'- A

+ (bRT - a - %)p3 + ofa + %)p6

¢ 3 2y 2 |
+ ng-(1 + ") eXp (-vo%) - (3-]3)f
The density p can only be obtained by an iterative procedure; - It should be
,poipted out that the derivative of pressure with respect to density in the
liquid phase is extremely 1arge so that a ve?y slight change in 1iquid density
can cause a dramatic change in pressure of the Tiquid phase It was found that
in order to match the calculated values of the 1iquid pressure with those q1v«n
- by Starling (9 ), more than the significant figures given by Starling's
“tabulated va1ues of .1iquid density are required. In other words, when the
values of temperature and 1iquid dens1ty tabulated by Star1ing in reference
(9) are substituted into his equat1on of state the calculated pressure
values do not agree with the tabulated pressures (see Figure 3-1). Instead,

.\J




if the valués of the 11qu1d density which were computed using 18 significant
figures are used to compute the correspond1ng pressures for any given tem-
perature and density, the values of computed and tabulated pressures are in
close agreement. Two additional curves were plotted in Figure 3-1 to show
the sensitivity of dP/dp 1iquid. Curves (1) and (2) were constructed using
the values of 1iquid pressure calculated from saturation temperatures and
speC1f1c vo]ume values which were either slightly smaller or slightly 1arger
than those tabulated by Star11ng, j.e., (V - 0.00005) and (V + 0.00004).
Figure 3-1 shows the effect of the significant f1gures of liquid dens1ty on
the pressure values. The great difference in ca]cu]ated saturation pressure
due to the small variation in 1iquid density (+0.00QO4 or -0.00005) is very
significant, since all the thermodynamic properties required for critical
‘mass flow rate predictions -are functions of temperature and pressure. The
f]uctuat1ons in maximum flow rate pred1ct1ons which are obta1ned by us1ng
Stearns and George's thermodynamic data (see Chapter 4) is in part due to the
1adkvof«accuracy in density Which also influences other thermodynamic properties.
Since thermodynamic properties are tied to density pred1ct1ons poor accuracy
in the density prediction will cause inaccuracies in ca1cu1at1ng entha]py,
entropy, and specific heat values. It was found that inaccuracies of thermo~
‘dynamic propert1es were ‘magnified when mass f]ow rates were computed.

3.1.2 Enthalpy

The enthalpy of a real substance (e.g., Propane) at,any.temperaturetand
"pressure can be obtained from the relation

0

where H8 is the standard entha]py of formation of that substance from the -
elements (1.e.,~carbon ‘and "hydrogen’) -at 0°R :and ‘0 psia. (H0 - HO) is the
difference ﬁn;the'entha1py of the substance inrthe ideal :gas state at the tem-
perature of" 1nterest and ‘the :enthalpy of the reference state .of 0°R. H - HG
is the entha]py departure that “is, the difference in the enthalpy -of the
substance: .at the temperature and pressure of ‘interest and thekenthalpy of the -
Substance in the ideal -gas state .at ‘the same ‘temperature. ‘From.classic ‘thermo-
dynamics, one can write




- dH

TdS + VdP |
3S EN ' :
T[[W]T dp + [B—T]p dT] + Vdp (3-15)

“Applying the Maxwell's relation

.a.s_ = EP. S L (3-
B - @ | C318)
P .

'<resu1ts in

dH = d(PV) + [T[g—ﬂ ; Pil dv (3-17)

_ v T _

‘Integrating yields -

0o _ P p[ [aP ] do .

- = . + - T £ -1
H-H 5 RT 6 p-T 5T . p2 | (3-18)

Substituting the B-W-R equation of state into equation (3-1 ) results in

C.

0 _ 0 1 2
H.—_H = BORT - 2A0 -4 ;§}p + E{ZbRT - 3a]p
+ g-aaps + —97 [ - [3 + %702 - 7204] exp ('YD)] (3-19)

Likewise, by substituting Starling's equation of state to equation (3-1 ),
the following expression is obtained:

04

ac, Sy GEO:ID
2 g

0, _
C(H-H) = [BORT-ZAO- -

s —;-[ZbRT - 3a - i‘Td-]pz + ;—_a[sa + Z.?--]p‘r’ -
=7 - Gt - 7% exp (-1o”)] (3-20)

The differences'between the enthalpy of propane in the idea] gas state at tﬁe
temperature of interest.and the enthalpy at the reference state of 0°R
(HO - H8) are given in reference (1) as a function of temperature. Since




dQ + VdP the change in entha1py during an isobaric process %5 equa1 to
the heat that 1s transﬁerred That is,

Ho-Hy = @Q ‘3‘219
-
HO - Wy = o caT | (3-22)
| A M S

The data given. by reference (1) are tabulated values ‘over a vange of tem-
peratures. In order to obtain values between these ‘tabulated wvalues, curves
;  fitting becomes necessary. The degree of the polynemial chosen for curve-

i'f1tt1ng strong1y influehces the accuracy of the finally computed enthalpies.
‘F1gure 3- 2a shows the data points of (H - HO) {see reference (1)) and a
third order po]ynom1a1 curve-fitting. As a geweral rule of curve-fitting,
- as long as the predicted values do mot start to oscillate, the higher ‘the

_ ‘d@greE*éf poiynbmiaﬁ %hé bettef tﬁe curve- ?ﬁttﬁma It was ?euﬁd %hat a ﬁ?ﬁ&%
of - the max1mumimass f1ux of propane. The ninth order curve- f1tt1hg of
(H )_1s_shawn oh Figure 3-2b. It is difficult to visually detect an
1mprovemen't in going from a third degree polynomial to a 9th degree polynomial.
Yet the effect of the degree of polynomial used in curve-fitting upon mameum '
mass Flow rate is very severe. :

- The equation represent1ng,the ninth order polynomial is

g - N=9

0 0

Wt = T Cem) P(n) m
P1 = 1.0

P = TP ™ - P~ Felg1)"-2)
where j = 2, 3, .

. 0
;hz numerical values of ae(a 1), e(J 1)’ Ce(n)’ and H0 are gaveﬂ ih Table

10




3.1.3._Entropy

- Gibbs" function is defined by
A= U-TS . (3-23)

.The work content of a gaseous state may be obtained from the equation of state
by the relation

A = RT an oRT + Eq - TSp + {p[E—:7§BIJdp L (3-29)
; |

The first three terms represent the work content of an ideal gas at the density

and'temperature of the actual condition. Eg and Sq are, respectively, the

"1nterna1 enerqy and the entropy of one mole of the substance 1n the ideal

'-gas state at unit pressure. The integral represents the d1fference between

the work content of the actual compound and that of an ideal gas. _
Entropy is related to the work content by the f0110w1ng express1on

S = -(amfaT)  (3-25)

Substituting equation (3-24) into (3-25) yields

S = S.-Ran(eRT) - /° |-or +|2P} |92 (3-26)
. 0 0 T p2
. | o |
and finally
R o 2p) | do- (.
S-S = R znngT) +_£ [ER - [QT}E] > (3-27)

_when the B-W-R equat1on of state is employed, the following equat1on is
obtained

. o C
_ - “0
S - SO = =R an pRT -.[BOR + 2 T3]
02 2002 1 - e-(v02)  gm¥P?
_ bR2p + ZCg _ l:] e ; - e 2. J (3-28)
' T \C _ o

where S - S0 is often called "ehtfopy departure.®

11




' t temperatures are given in reference (1); this report contains most of the-

A parallel development for Starling's equation gives

4E

o 2c, 3D o
s ' o Yo, *%| 1y..42
§$-S = =R 2&n pRT - [B R+ —& - —+ p - —{bR + ]p- . hd
IR ICAREEE R A LE L W A I
5 | | o
rood, 2 [ - [1 +y Yoz] exp (-yoz)] . (3-29) - T
st 3L U | _.

The_entropies of propahe in the ideal gas state at unit pressure and various

' ava11ab1e exper1menta1 thermodynamic data on hydrocarbons in the 11terature

up to the year of.1952. Similar to the polynomial curve- f1tt1ng for entha]py
departure, the entropy departure of propane is fitted to.po]ynom1a1s rang-

1ng from the second order to the ninth order. Figure 3-3a shows the data
points obta1ned from reference (1 ) and a third order polynomial curve- f1tt1nu,'
‘ -wh11e F1qure 3-3b gives the finally chosen ninth order polynomial representing
"a(S - SO) values. ‘

_ The equat1on represent1ng (S0 - Sg) is
o 0 N=9 ‘. . .
Sp-Sp = I Co(n) Pra)(T - (Btw/lb-moTes °F)

- n=]

with Py (T) 1.0
| JUBCR LTRIUN %e(3-1)P(3-1) ~ fe(3-1)"(5-2)
where j = 2,3, . . ., N
The.numer1ca1 values of “e(j-])’Be(j-1)’ Ce(n) are given in Table 3-b7

3.1.4 Heat Capacity

~ From classical thermodynamics, the following relations are obtained:

c ' : .
EN) _ v
& -+ (3-30)
v o | . o
Cogs = W) eps ‘ dT (3-37) -

Going through'a-proper limiting process yields

12




| | C '
BSJ _[ﬂ\ [?E + - (3-32)
| [ET v aTJp aTJv _1P' - |
Combining with equation (3-30), and then substituting for (aP/aT), according
to SR | | _ '
L (32] ) [ayJ [32] . (aY/QX)Z
3 y X, (a¥], (704N
gives ,
- - A V) (P aV)2 faP)
(c - ¢) =.'rFiJ P—J - -TL—J L-J S (3-33)
p .V . oT p ol v oT p .BV T |

The specif1¢ heat departure (Cp - C;) can be estimated as follows:

C -C* = C_-C=-R | -34
o - G o - G (3-38)
. or _
* - - oo _ ) . _
Cp = G = (€= C)+(C, - ) - R (3 ;;)

_where C;_is the specific heat of the gas exhibiting ideal gas behavior

| Cpifg'éonstant pressure heat capacity of the real gas

,ch'is_the constant volume heat capacity of the real gas
-:Ct:gﬁ‘fhe_constant-vo]ume specific heat at zero pressure or infinite
. volume of the real gas.
Re]dtiohs fqr'Cp - C,and C, -'C; in terms of the equation of state may be -
deve]bped from the followihg relationships:

. ) |
PY“ /faP .
oo ¢ = T (5 /150 (3-36)
p v | oT v oV T

aC 2

[’a/!] =T [3—-2-] : (3-37)
: T 3T v '
S e . N | o

5 I C, -C = alC)y = [7ﬁTJT dv (3-38)

| Combining eduations (3-34), (3-35), and (3-36) gives

13




T [§$J2 c
3 3
* v v V_ o - --..; )
. cp = 9;:___.+ ! LEV]T dv‘ R (3-39)
av. -
T
(3P)2
T [STJV v (s2p o
= - + S [ 2} dv - R . (3-40)
2x N .
b -

Applying thédB-w§R=equdtion of state results in

6C :

: . 0 6C [ -yp2 ] 3¢ 2
C - C* = -R + = * —3—[e - 02 o~
_p p Ty T3

[ ad) 2. 2Co? 072
+T[R+.[B-OR+—3.J + (bRo?) - £5p- (1+Yp exp (vo O taan)
0y T3 o
denominator

'«whereithe-denominator-is
. {RTf+ 2  BRT - A - % +3 é(bRT - a)
LR TeR B 0" 72 T F -

. : 2
+ 6aap + 25— (3 + 3y

T " B

_:whenvemp1oying Starling's equation,.the specific heat-departhe*beCOmes
| | 6C. 12D, 20E |

- : 0 0 o] ., d 2

20 - 2y 04) exp ( -vp° )}

T T

“where (P) is |

2C, 3D, 4E (o 5 2 2
T[R e [BOR + g - 40 ¥ 50} ¥ pz[bR ¥ _d2] -ode 208 (1 + vo?) exp ('-"'sz'ﬂ'
I S S T

denominator
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"~ given in Table 3-4.

-where‘the-denominator is
C. D, E
' . 0 0. 0 2| _ d]_
~ {RT + Z[BORT - AO, —f’+ 3" —EJD + 3p [bRT - a -y
o ST | ™ T/ 4
| Co A
+6wla + )+ B (34 307 - 25N ep (D)
T ; _
Experimenta11y fouhd values for the-heat capacity C; are given in reference
(1) again, curve fitting,was employed to make interpolation between the
- given data points possible. The results of'the third and ninth order
po1ynomia1 curve -fitting of the reference value c* are shown in Figures 3-4a
and b. The final equat1on -adapted to represent the spec1f1c heat of propane )
exh1b1t1ng ideal gas behavior is the ninth order polynomial of the form
N

. | GM = TGP Gtulbmoleh)
with Po(T) = 0 |

| LPT) = 1.0

and P = TR = ayPiin) - felio)’(2)

'where'j = 2 :3 4, . - s N

The numer1ca1 va]ues of the coefficients % (5- ]) Be(5-1) and ce(n) are:

"Tables 5 and 6 give the thermodynamic properties of pure propane as
.~obta1ned from the B-W-R-equation and Star11ng s equation, respectively.

- The ca]culat1ons for these two equations were extended into the subcooled

' region. To make a compar1son easier, a 11st1ng of the already exist1ng data
'by Stearns and George is also given (see Table 3-7). Figure 3-5, 3-6, and
3-7 are temperature- entropy diagrams . for pure propane as obtained from the
B-W-R equation, $tar11ng s equation, and Stearns and George s data,
respect1ve1y '

3.1. 5 Fugac1ty

It is seen that the saturation temberatures and pressures of these
‘three tables are different from one another.. The saturation temperatures and
" their corresponding'seturatibn pressures given by Stearns and George are the
measured va]des whi]e'those'by Benedict-Webb-Rubin and by_StaFling are”the |
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predicted‘va]Ueé; It is known. from thermodynamics, that.at saturatlon conda-»\_
tions the f011ow1ng two conditions must be satisfied

1]
[

Plo 1) = PlogT) . 342

and

CfleT) = flogeD = f (343)
The. procedure adgptedeinucalcu1ating;the satd¥atien pressure for.a.given:
saturation temperature.is as follows:. For a.chosen saturation.temperature,
guess. a saturat1on ‘pressure: P App]y the eqdation of state: - (B-W-R-or- -
Star11ng S . equat1on of state) to calculate the density ratio. o, /pg Substituts.
ing the values - of T and p into the. appropr1afe equation relating fugac1ty fi
_to T and p, one obta1ns the- value of f /fg “The. new value of pressure for
this .iterative calculation is.the -product-of ‘the first guessed P and: the
.fugac1ty rat1o (f /f ). The calculation continues.until the value of P cop=-

verges. The express1on for: the fugacity. for Starling's equation.is.

¢, 0% Ep
3(bRT - a $)02 +»%§{a+ %)os
i _(—.:7“ - (1= gl ew ()] (3-40)
vy . .

The.cekreqund%hé_expression~for'the‘B-w—R equation.is.

o 37 tn f = RT en(oRT) +‘21BORT-' Ro - 2 &

O]b +“§(bRT-a)pZLH
.+-giaap§ +;—£2{] -~(1'71%yp2-j7 040 exp.(-vo )]. (a:45§: :

" The saturat1on pressure pred]ct1ons of. Star11ng s equation.are much c1oser to«
_measured values than the pred1ct1ons by the B-W- R equation of state.

3.2 _Thermodynamic Propert1esfofe00mmer1caﬂ Propane_(A Mixtureigf;Prqpapeﬁ_ _
Propylene, and-N-Butane - o ‘ o

Commerc1a1 grade propane has. a. m1n1mum purity of 65 percent by.mole- of
propane. The.mager component: of - the impurities are_propy]ene,and butane.

16




-A]though'the“purity may vary from 1ot to lot, the typical composition of the -

commerc1a1 or 1ndustr1a1 grade propane is of 65% propane, 25% propylene ~and

10% butane ; ' g :

J -The Bened1ct Webb-Rubin and the Starling's equat1on of state for multi-

component mixtures are of the same form as that for the s1ngle component case.
The coeff1c1ents of Benedict- Webb Rubin's equat1on of state for propane

m1xtures Aare '

& - [§'Xi.éoi] | :4'.' | .(3’46)
| By = [z(x1AQ{f )1 | ; - t (3-47)
A
E  5 . [g(xib}/35]3‘ = (§549),.
C"_%_.[z(x1c]/3)]3 | o . n <3‘s])5’:_.
a = [E(X1°}/3)j3 S t: "(5'53)
R R o : ('345_3)"-""

i
The additional coefficients for Starling's equation are

1/2 172

P = 1340 DOJ | 354
_ 1/2,1/2 - eEy ¢
o = Lz X1XJE01 EOJ o (3-53) .
i | : |
d = [zxd/37 O (3-56)
S |

where i and j are indices for the components and the summations range from. -
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i=1to i=n and 3 =1 to J=mn, with n be1nq the tota1 number of components. o

| X1 is- the ‘molar fractmn ‘of the ith compenenfc of the m1xture " The propa:he mx?_'f"
“ture thermodynamc property calculation us1ng both the B-M-R and *Starhng s o
equation of state are d1scussed below. , o

The entha]py of a propane m1xture can be wmtten as

e . G T
H =v;{H -3 XgHi]-+ s (K0 )x R U CU R
et i=] EEE IS TR

where {:H - Z X HO] is the enthalpy departure of the mixture.
' a i=] : S

, n
App]ymg the B w R equatwn H- £ -Xi‘HO becomes
i=1. "
n oy o o4, 2
{Hw7ff§¢xiﬂ'] - lBORT - 2y - .;ZJp + (26RT - 3a)%
, baap® , Co° rs (0 - exp(-vo %)
5 T2 L >
Yo '
" _X&_Yp_)+ Yo exp(-ypz)J : (3-58)
The corresponding expression using Starling's equation of state is
SR o 4c, 5D, 6F
[H 5 xi.HO] = [BORT R '4°]o
Locim T ERS C A
1 4d ‘2 1 7d] 5
—z-[ZbRT - 3a - T]p £ [6 + T]p

—:ﬂ (3+%Y'02—Y o4) exp (-v0?)1 (3-59)

The eh-fropj of a pr-’opa..\ne ‘m"ix.tur"e "can'be,.caTcu1a.tz.ed by

o L 2C0 )

S = BOR+—TTJ°'bR2 |
I -
’}' | ~ (3-60)
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or

' 0 o . %
S = gX.[S; - R an RTX.] - [B-R + - + b
o Ea it 0 R
.. 1 bR + d 2 + Upsd + 2(: [-I - (-I +1 Z)ex (_ 2)] (3'6]) )
G ] L S AL L -

.cprkesponding to equations (3-26) and (3-27), resoectively, for puré ﬁropahe.
~ The specific heat of a propane mixture can be obtained by app1y1na the
equation

Y 6C,p 2 2
€= XY - pX.R + —O 4 SC [e'yp - 1] + 30,2 ove
P 1 p | i3 }3; Ta.
oe2c 2. . . 12
TR+ (BgR + =2Jo + (bR6?) - Z55- (1 + %) exp (-vo7)]
4 - T T ——  (3-62)
_ _ denominator _ T ‘
where the denominator is -
| ‘o1 , 220 6205
{RT + 'Zp B,RT - A, - —] + 3p“(bRT = a) + 6aap
| 0" " "o T2}
&2 . 2 .24 2
T2 (3 + 3Yp - 2v"p " exp(-vp©)}

for B W=<R. equat10n of state and

i

(6C, 12D

- | 20€ |
. _ : 2 ,2ad 5
C o= IX.C* - IXR + [, i 0] + 42,29,
yo? | |
# 8L vt Ly s X 2" g o (3-63)
T T3 -

‘using Starling's equation of state where
A =

- 2. 3. 8En. . s 2
TIR + o[BR + =2 - —0 4+ 01 4 2(pr+ 9| C0 (74,2 )exp(-vo
| R+ 5 2773

aJps
2

-denominator

where the denominator is
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S (O e P O 2( d
- {RT + Z[BURT~- AO ?'—?'+ 3 - —ﬁqp + 30 [bRT -a - TJ
- g : ™ T T A
PR _ ) o
: +t5a02[a + %] + E%g--(3 + 3702 - 27204) exp (—sz)}

T

It can be shown that the work content of ‘a gaseous m1xture is given by
the re]at1on ‘ N ' ' -

_'|‘$]+J'pp__2_RT_p(§p

p .

0

A X, [RT n pRTX + B (3-64)

By substituting the B4w-k equation into the above equation,_it fo]]ows~that'

A = IX.[RT tn RTX % - 7597+ [BRT - A - Y. (bRT -'a)ef
IR i oRDA, & By - 151+ (BQRT - Ry - p)o + (ORT - )57
| 2. 2y 21
4 aap /5 + C% P - expépr ) exP(éYQ {] - : (3-65)
T Yp S

_ where EO and: S0 are, respectively, the energy and entropy of one mole:of the
"-_1th pure component in the ideal gas state.
" The fugac1ty, ﬁ.; is obtained from ‘the work content by the thermodynamvc

.re1at1on

o (3NA 0 -0 B ;
RT an f, =" [ ] - [E; - TS; + RT] (3-66)
_ J _ 3"1 v,T,n ! ! r S
where-ni = number of moles of ith component and

N‘.

total numbeniof moles-= Zni

Substitutinq-the'expression for A'into the above eqyation_yields

o213

o Rw_znﬂfi “RT #n pRTX + [(B, + B )RT - 2(A0 o

+.§{RT(b2bi)]/3i' ( )]/3] + _{a( 2 )]/3 + (a é )]/3] 5

V3°2(62Ci)]/3 E

f . 2.

- eXP(-sz),_,axp(vYﬁz) “'\
T ' ¢ 2

YP

12 o 2.
[ L) gty
- [ve? eXp(?Yoz)]/é]' | ' | - (3-67)
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' S1m11ar1y, by app1y1nq the equation of state of propane proposed by K. E
Star11nq the fuqac1ty of the ith component in a mixture is

R | 172
.Rr»zn,fi L in (oRT) + o(By + ByyIRT + 2 j§1 X |- (Ags 01)
E 1/2 1/2 1/2-
CCosCoi) T, Poglpi) T (EqsE o) ]
T BT
» - | 2, 1\1/
K | . 3(d%d.) ,
& [a(b b )1/3RT - 3(a2ai)]/3 "f——';L—_jq
| i T

o 2. \1/ | .
+ __ag..l [3(a?ai')j/3 + _} 3} + 3’; [a + %] (aZa;i)-I/:;.

20132 - |
+3(C ¢;) P [? - eXPé-Yoz) _ exp(éYozi]

R '
; :%%5 {7}] - exp(-Yo )1+ yo? + %7 ' -.(3-5a)*

In‘prder'to-éva1uate the thermodynamic prpperties of a mixtUre,'the
_pr0perties of the constituents have to be-knowh._ The method’emp]oyed in
‘ obtainihg,the thermodynamic'data for propylene and n-butane was. the same
as that deseribed above for pure propane. Tables 3-2,v3-3, and -3-4 give the .
coefficients for the ninth order equations for the enthalpy departure, the
hentropy reference and thejspecific heat reference of propylene and n-butane in
additioh'to propane This will enable the reader of this report to evaluate
propert1es of any mixture of the three constituents without- undue d1ff1cu1t1es.'
‘Above it was mentioned that Star11ng s equat1on appears to be more
~accurate in pred1ct1ng saturation properties. In addition, the subcooled
1iquid data predicted by Starling's equation approximates exper1menta1 results-
better than those predieted by the B-W-R equation. For these reasons, the
' thermodynam1c propert1es of. m1xtures were on]y ca1cu1ated us1ng Star11ng s
,jequat1on . o
Tab]e 3- 8 is a saturat1on temperature table for a“Pseudo F1u1d“ ‘con-

' »_s1st1nq of 65% (by mole) propane, 25% propylene and 10% n-butane. F1gure |

3-8 showsAthe temperature-entropy d1agram for this mixture. Also enclosed
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are the saturation_temperature tables. for. propylene and n-butane (see Tables - s
3- 9 and 3-10). Figure 3-9 and 3-10 give the temperature-entropy diagrams
of propy1ene and n-butane, respectively.

3. 3 Discussion on the rhermodynam1c Propert1es

In section 3.0 it was seen that Starling' s equat1on 1ncorporated more:
dv1ria1 coefficients then that by Benedict- Webb Rubin, Therefore, it is plausible
to expect a higher accuracy from Starling's equat1on This expectation is in
part born out when one compares the predicted saturation pressures with these
given by Stearns.and—Georgeg (Compare Tables 3-6a  with 3-7; and 3-5a with

. 3-7.) In addition, the predicted subcooled 1iquid properties of Starling's

equation more closely approx1mate ex1st1nq measured va1ues than those resu]tfng
"~ from the B-W-R equat1on Also, it was found-that, using Star11nq s equation,
the ca1cu1ated saturated 1iquid density at the cr1t1ca1 po1nt was the same
~as the calculated saturated vapor density. as it shou]d be. This was found
not to be ‘the case when those propert1es were ca1cu1ated with ‘the B-W-R
equat1on

It:ds seen from the appropr1ate thermodynam1c tables that there are
-“negative values of enthalpy at the saturated 1iguid reg1on for both the B-W-R
and Starling's predictions but not for the Stearns and George's data. This is
due to the differenee invse1ection of the reference-points. " As mentioned.
' before ‘the® entha1py was ca1cu1ated by add1nq the standard entha1py of forma-
tion: H8 from the e1ements at 0°R and 0 psia to the d1fference in the enthalpy
of propane 1n the 1dea1 ‘gas state at the temperature of 1nterest and the ”
' reference state (HO - HO) and to the entha]py departure (H - HO) when the
entha]py departure g1ves a negat1ve va1ue of magn1tude greater than the sum
of the other two terms, a negat1ve va1ue of entha]py resu1ts
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TABLE 3-1a

CONSTANTS FOR THE BENEDICT—WEBBARUBIN EQUATION

‘qustancéé Units bepy]ene Propane n{Butane
molecular - . B
weight 42.047 44.062. 58.078
B, e 1.36263 155880 199211

0. i . 1b-mole " ; |
_ AO' b — 23049.2 25915.4 38029.6
i in2-1b-mole? |
— " L
. ‘-6 , ftGRZ]bf H . i . .
CO x 10 P - —- | 5365.97 | 6209.93 12130.5 -
| ¢ Tb-mole2-inZ | b o
| £t6 ] P
b o 4.79997 | 5.77355 10.2636
% 1b-moie ‘ ' i _
L beft? § e
a . T, i 46758.6 . 57248.0 113705.0
| 1b-mole®-in® . | :
‘ -6 i" 1bg-ft2-R2 o . - ' o
Cx10 - PEPIE ' 20083.0 25247.8 61925.6
- } -in2-1b-moled | - - i o
o | ; 1873.12 2495.77 ! 4526.93
’ "+ -1b-mole C ' Z -
: |
- ft6 - | ?
Y T : - 469.325 564.524 : 872.447
1b-mole . ; ’
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TABLE 3 - 1b

£

£

" CONSTANTS FOR STARLING'SVEQUATION

Substances ~ ‘Units Propylene " Propane n-Butane
Molecular - 42.047 | 44 062” 58 078v
Weight | -0 V02, >
B _f3 0.114457 0.964762 1.56588
0 1b-mole ’ v - )
o fts-1b, N T
AO : ' - 6051.36 18634.7 1 32544.7
, in2-1b-moleZ. ‘ .
f6R21b y s | 5
CO : : 974762 x 10 796178 x 10 137436 x 10
- - 1b-mole2-in2 :
D0 b, — 705921 x 10 453708 x 10 333159 x 10
' : 1b-mole?-in? . T e -
T fteRMIb, 8 e ;
EO b 341250 x 10 256053 x 102 230902 x 10
| Tb-mole2-in2 s : |
- K ft6 : : . | -
b L : 7.64114 5.46248 | 9.14066
i~ 1b-mole? . § o
 Tbftd o '
a { —— + 81880.4. v 40066.4 1 71181.8
= | 1b-mole3-in2 f '
| ftR b, o, e | )
d : I 54193.5 x 10~ ' 150520 x 10 1 364238 x 10™ -
in2-1b-mole3 ! : !
' 't 9 . ! |
o S L A 1.36532 2.01402 :  4.00985
~ Ib-mole3
1bffft9-R2 : ' . 5 5
c . 294141 x 107 : 274461 x 10 700044 x 10
in2- 1b-mole3 _
6
y L 407919 | 4.56182 ' 7.54122
1b-mole? _ P _
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Table 3-2

Propane

Propylene ° N-Butane - -

da] .742481481481 x 103 .111045237968 x 104 | .802791666667 x 103
Uy .995278195229 x 105 | .107023834244 x 104 | 100514466012 x 107
a3 .727096407095 x 103 .836734429396 x 103 | .649244242375 x 103
%eq | .818422637234 x 10° .963958858537 x 103 | .839380451085 x 103
dps .830353420162 x 103 * | .119605120652 x 104 | .971719198416 x 103
Ogf .865844174954 x 103 .123523622846 x 104 | .981070432727 x 103
a7 .932582802450 x 103 122910114799 x 104 - | .955651779468 x 103
dog .917816919015 x 103 | .123840922182 x 104 | .101726967301 x 104

g9 .858860971639 x 103 .126348199349 x 104 | .980490358349 x 103
Bel .182214471879- x 106 .289148135505 x 106 | .172047081597 x 106
Be2 .202821566954 x 10° | 303593655594 x 10° | .210130748405 x 106

~ Be3 . 223279163286 x 106 .359719906439 x 106 | .254086490775 x 106
Bed :189349834247 x 106 | ,198487765514 x 106 | .147054880648 x 106

" Be5 | .172040258843 x 106 | .138702585635 x 106 | .117199772498 x 106
Be6 | .148017284610 x 106 ~ | .127279693740 x 106 | .123341054830 x 106
Bay | .118381676422 x 106 | .129278290233 x 106- | .103664754054 x 106
Beg .139840562107 x 106 .147957814196 x 106 | .883803087541 x 105
Beg | .118493330732 x 106 | 174325424377 x 106 ' | .946889837873 x 10°
Cel"" | ..126140038915 x 105 | .201157556705 x 105 | .182684354167 x 10°
Ce2 .254420893407 x 102 .249178060153 x 102 | .343889910054 x 102
Ce3 .111693664398 x 10-1 | .793873123412 x 10~2 | .142798901081 x 10-]
Cos. .981725124759 x 10-6 | .112252896961 x 107 | .151117378284 x 10~°
Ce5 .194411920914 x 10-8 | .572184000520 x 10-9 | .192631943869 x 10-8
Ce6 .153143261260 x 10-11 | 705903272455 x 10-12 | .194002529244 x 10-11
Ce7. .138220156370 x 10-15 | .472345691675 x 10-15 | .621958539961 x 10-15
Ce8 305475135778 x 10-17 | 390746140224 x 10-18 | .111591462586 x 10-17
Ce9 .628558859816 x 10-20 | 150828380816 x 10-20 | 202228932320 x 10-20
Cel0 | 604295630108 x 10723 | 848699864953 x 10-23 | 127422880370 x 10-22
Hy -35042. 06798 14534.46128 | 11768.34008




Table 3-3

N-Butane

Y

26

1.233709969648

' _ Propane Propylene
®e]l | .121486500000 x 104 .553847718462 x 109~ |".145800000000 x 104
ag2 | 157575186470 x 104 .664615397654 x 1010 | .152575335121 x 104
g3 .146640593519 x 104 .161423147522 x 104 | .156891382752 x 104
cel .139993086664 x 104 .162766912336 x-10% | .156539439070 x 104 -
weh .146520971796 x 104 .719999522832 x 1010 | 153356457801 x 104
g6 .143264451942 x 104 .631478364392 x 104 |.149922265352 x 104
.142047526795 x 104 .170709680249 x 104 | .148560135399 x 104
a8 .139214986725 x 104 .124270164341 x-109 . -| .148865270315 x 104
a9 .134990212476 x 104 .707573157625 x 1010 ,| 148324423940 x 104
Bel 613757596275 x 106 .368094501245 x 1019 | .563976000000 x 106
Be2 .405377805164 x 106 .543757512200 x 107" ) .400713794392 x 106’
Be3 .477683840709 x .106 .386499419225 x 106" | .364028426115 x 106
Bed .431356410957 x 106 .553679411841 x 1012 |..357374314602 x 106
Be5 .399730302774 x 106 .338024126545 x 10'% | .358830780250, x 106
Beb .399682917428 x 106 .286971601807 x 106 | .350381228412 x 106
Be7 .37474044425) x 106 - .241240598015 x 106 | .324510014436. x 106
Be8 .377041634817 x 106 .879289793523 x 1018 | .292118892082. x 106
Be9 | .338738853360 x 106 .120207105186 x 108 | .266308028731 x 106
Cel | .825700000000 x 102 .883538461538 x 102 | .106566666667 x 103
Ce2. | .266135841725 x 10-1 .292708189478 x 10-8 | .334716370909 x 10-1
Ce3 | .395796189449 x 10-5 .281725147400 x 10-11 | .480866637359 x 10-5
Ceq - 1788110527067 x 10-9 .420386090977 x 10-15 | .572031476567 x 10-9
Ce5 | .688562267346 x 10-12 .923330124310 x 10-20'| .160064264642 x 10-12
Ce6 . .907615953571 x 10-15 .918526012476 x 10-29 | .221775210984 x 10-15
Ce7 | .956080011946 x 10-18 .483637271218 x 10-33 | . 439488097002 x-10-18
Ceg | .968897518982 x 10-2] .797306956991 x 10-33 | . 503179453448 x 10-21
Ceg | .137432907223 x 10-23 .638050169456 x 10-41 | 402404744657 x 10-24
Cejo | .686591484810 x 10-27 | .395373525494 x 10-48 x 10-27




Table 3-4

Propane Propylene N-Butane A

da] .121171500000 x 10* | .111890476190 x 10% | .732764705882 x 103 .
oe2 .156393932388 x 10% | .127428305279 x 104 | .928122739667 x 103
03 | .144300986829 x 104 | .132273649816 x 104 | .883526559810 x 103
aed 1.139317577302 x 104 .130752856439 x 10" .877112912243 x 103
aef .148108914194 x 104 . 126887266352 x 107 | .821626216559 x 103
0pf .146525609386 x 104 -123145100632 x 10% | 838146564495 x 103
oa7 .146426799121 x 104 -122428880142 X.104 .825270570532 x 103
o8 .143686445275 x 104 .124021816239 x 107 | -807006176432 x 103
aQ .136105738084 x 104 .124873578342 x 10F | -763580499084 x 103
Be .619898773275 x 106 .278948181406 X 100 | .588451211073 x 105"
Be2 .417344093380 x 106 -169262158799 X 106 | .457379553837 x 105
Be3’ .491622431021 x 106 .155950524167 x 100 | .393482833606 x 105
Bea .427343890147 x 106 -161217407838 x 100 | .467988179474 x 105
Be5 .384885019474 x 106 | .171708625504 x 10° | 407590942774 x 105
Be6 . .374955579138 x 106 -174439209490 x 10° .361214749425 x 105
Be7 346493535855 x 106 .162501007150 x 10° | .267115109296 x 105
Bes. .355265885086 x 106 - | 146873882126 x 106 | -265722245043 x 105
Beg 345189959100 x 10° - 136435643095 x 108 | -176479405673 x 105
Cel i -294185000000 x 102 .247374285714 X102 | .295083529412 x 102
Cop | .168993352207 x 10-1 | .q49128702687 X 10-1 | .306182347186 x 10-1
Ce3 .583778927465 x 10-5 ‘515569210551'X']0—5 ~-.895371840923 x 10-5
Cos | -958637032132 x 10°9 | .gp10gg4424g6 X 10-9 | -.799920168655 x 10-8
Ces ' .792131317606 x 10-12 | .111130562037 x 10-1)| -213486869887 x 10-10
Cep & 745544270460 x 10-16 | _ 179640456258 x 70714 --298797054874 x 10-13
Ce7 | .367952233356 10-T8§ 857104317985 x 10°'8 .878606120216 x 10-16
Ceg ~ | -200994242615 x 10-23 | 137562067206 x 10-20 -.214733834833 x 10-18
Ceg - | -.555179524348 x 10723 | _. 558502116823 x 10°23| -.656409752151 x 10-21
Celo | .236126033182 x 10°26 | 140070505311 ¢ 10720 -129920025308 x 10-22
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"THERMODYNAM]C PROPERTIES OF PROPANE AS PREDICTED BY STARLINGS EQUATION OF STATE
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Table 3-6a
Saturation Temperature Table for Propane
Equation of State,
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Calculated from Starling's
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THERMOD YNAMIC PROFERTIES OF FROPANE AS PREDICTED BY STARLINGS EGUATION OF STATE
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THERMODYNAMIC FROFERTIES OF PRCFANE AS PRECICTED EY €TAREING

FSUATION OF STATE
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Compressed Liquid Table for
Equation of State.
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Table 3-6b (continued)

QwﬂNuM—(NhMmmwaN:mmommcmomummm
D ND ANV NA P AMIN NP OOV I ND NN I D
0\3FDH—10‘IWNF-4MSM—'@#u)H(i(aﬂcD:r-—dd)mHFN
F:’Dhmﬂ\cﬂm—(hNhth—(mO\an)hD.'h.DhmHN:r
..l.l.l’l.l‘llllll....l..'ll.l
ﬁmHWD#me"hNIOﬂMD:rmmhl‘JtOrﬂnwa.?Hw
-4Oommmhhw(omma:Mnmﬁduummmmhhhhw
MHADUDO(JUDD(JUCJDUOOOUUMU\O‘\O’\U\G\U\O’\U‘
nnnnmnnnmnmnmnmnnMMMMNNNNNNNNN

MDD IO F BN OV OMN FNTIMDLPNHO VO ®
O F A NUIBMOIDONS T OO I AD AT PO~ ONT
ma\e-;;ho\l-lnmhmv-qw:rmwhmmoo—(ﬂ—(—qﬂﬂv-(v-u-l
wmspssmmwaammmmmmmmooocomomomo
NV ZMNHONO VN TN AT~V WLNINIS T
hhhhhhhhhh@@m\ﬂkﬁ\bw@m@tﬂmulmmmmu)mm
hphhhhhhhphpphphhhhhﬁhhhhhhhhh
MMM MM MMM MM MMM MMM M
0....'.'.0..".'ll...'ll"l"ll.

NG‘Iﬂu—cwDNﬂmNNmﬁcohhﬁwNmNWﬂNwNHNm
3 00D 0 MMM MW MM r4F 970 DI M M it (NN
\DﬁlQMﬂ)NmmOAOJNNHU\\DMC)W.U:”HMG\:D\ncm
D FNAHNOOIM AN IIMODIOT UM HO N ONW O
O NNOVNOIOMOOMEOrFIORT 4~ T (DM
CYNOND WA e OO D DN T T T PIMM AN NN At rd e
l~'shyshhhhhhhhphhhhf‘h'*"h&hhhhhhh
MMMMMMMMMMM”MMMMMMMMMMMMMMM"MM
ll...l.l.l.l.l.O.ll..ll.Oll...

N .

Nh-—ﬂshmm:wNUthhNﬁMmhmmshmrnzmw
mmmmu.—.mmhomwmMFNFNNMO)mnommswm.-r

3In\DNU‘C)HNFNﬂQNGQ-—‘MrLOFO"L)Nﬂ'wﬂhnmmﬂ,

u.-‘Nnarwhwma-—nmmmwsmmo-—cn.-rmmhpcocomo
l~shhhphhhmmmca:ﬁmma:mmmovmmasmmmmmm
FxaI ;‘333:’::3:33:’::’3::’::::3::::“)
mmaammamwwamamwwmmoooococoq)wtnmwmmcn
.lo......o.ll.oll.Ol...l...lol

TN HMDUINWOM N ONOOMONN~ED O IMULnMOMm T
O TP PelD T i T T - NN OMNW FOI o0 T
G F P LIt G 0 I MM I OW N U 0~ T 3T 0 NP )
mmmawmummtvm:r.—qhnmmowﬁwNswmm:r-«ow
OF WM T O~ NOMON DOV ASNODMOOYT
0 O A NI M T EIHIDOLO M~ D O DI~ NNMMM T T
..'..".l..............'..".'
uﬂﬁﬂﬂﬁﬁﬂﬂﬁﬁﬂﬂﬂﬂﬂﬂﬂNNNNNNNNNNNN
WD WD L0 W LS L0 L0 L5 AD L LD L0 LD LD LD A0 LD LD L WO LD LD LD LD WD LD WD

O D G 0 D 06 €9 € €0 €0 €0 €0 € €0 €0 8* 60 A €0 0O O € €0 €€ €O O W ED

llll\ll‘llllillllllll!ltlllllll

o’\Ncoh.-chh-cmna-Mu».—cr«:e-lnmmﬂmowmwhcmm
on-,N-—covumhwmmcmsmmmmmam;mnmnmc)m
G FNAC OO~ OVLITINN~HMOL OO OMMMOM e
(-OG‘DﬂNM:-U\mmhmmf.)r-!NM:'Inu.)hhmG'\UC)-h—cNhJ
P Al LAt Ao al Al alalSlalalele Talala Yoo Lol o balnbalabn
commmmc)meomoommmmmmmmo‘mma\ma\o\a\mcmm
NNNN(J(\INNNNNN(‘JNNNNNNNNNNNNNNNNN
DDDUDDDQDQQDC)DDUDQDDUC—‘DDQDDDDD
.'l.....'.l"‘..".l.l..‘.l‘..

.l...".l.l.'..lll.'...lll.l.Q
[ef=fel=lol~l=lel={=lalalolelolalalol=lalolalalr alu oo = =]
WTINODRWIFNOCOINOQOWVWITNODOVITNONO~OWT
IV TFITTMMMMMNNNN N -t

47

0 DEG F

TEMPERATURES=

cp ey SONIC VELOCITY
BTU/LBM/DEG F

BTU/LBM/DEG F

ENTROPY
BTU/LBM /0EG F

ENTHALAPY

VOLUME
FT3/LBM

FRE SSURE

FT/SEC

ETU/LEM

PSIA

WMNT Pt NP FTND PP
MO AP INCI T PIP-P NN
MO MP D FOTSONONT

ONOTFOMSHNOMOO IO

e 000 090 g0 g s o0 00
~HNO T OM IO ONMM AW
MNN~OOOMOONSONNT T
LOEOLINONOONDANANN
MWMMMMNNNNNNNNNNN

WOMV~NROOONDWVLMNOHNOW
OU)QDHﬁg‘G\QﬂwOMSu)mM
OM QNN OUICID PLION
OO 4= NIIM U U WO R e O NS
MM NHON O MW Ui MNEON oY

MMM MMNCICINNNCINNN -

O3 O €53 € €000 (D €0 € & t0 (0 D ¢ DD ®
MMM MM MM MM RN e -
® 0 .06 06606 0006 08 060 9 00

F VWO HSERMNNOONQ NN
MOV T WM DO DM N
T T MEHCUO N MO~ ©O®
GNOCWIMCILNWINDDW
F O HOONOUNNOWLMOWM
IO G110 O~ =P DWW WL

" 0 GV D M0 €0 €0 €0 €3 0 € O (0 KO IO O

MmmMmmmMmMmaMMm MMM MM
l.lll._l.l.ll.l.l.l.

FUVOSOIMYTIO DLW
LIoOMmoIUwtor~yN«oOo
W~ DO M VW NN O N
- MWD TOFEAMIVO 0D
OO NNV OLNO0Q0W
LIUHOUIU I VIO VWD WD VW WD
€0 €0 Q) €O ¢ O 10.¢0 D 0.0 M N W DD
.o_.....o..,,.o.o...o

U I~ OV~ I NH O DN O
WO MU T NN O
GVUICH IO M= DN M LD MO~
MO TFOITNMBNOVQTON
GOV - NN N O WD~
2O WP O NOr~NNMM
@ 0 00 00 00 9.%.0.0.9 9 0.0
G NN DL K W00 WO WWOW
O D IO L I DN N L) N LY

€0 €0 6007 €0 DM VA QWD VWE -

WWOOLVY D TNT NN
- OoIM OO0 HNMN®
~O00n0n N CO N0
NONNNMF VP~ OtIMT
- AN NNNNCINNNNM MM
TR oI OO
NN NN NN NN NP I NN
oCcoooonoooecLoboo
o 0 0 06 000 8 9 0000 o0

"..‘.‘.l.'.’ll
[afalelelolelalelslalalala]a]

e o0
afo
WITNODWFNOOVINOIVT
- W n

FTTITIMNIMMIMIMNNN




€t~ 4t DM OV MR 0 WO

O WM WM L F O W NP
FLOLNTFWVOFHONN

( VI OM I Ope TN
M. M NCIHAHO OO M
010" N1 Y N By O N O
OFO N NS N I I N O

€I CHU OV O O O P
DIINTONQANUISONT
()HﬂNN”:‘Ul:O\M:C’m
DO WO FMN =~ OO0
ol etrdrdrt ettt rdrd i
10 <0 OO 00 MA O 0D W
MM MM DM DM MM M
@ s © 0 0 000 00 0o

MM O AN T
eI~ NO~TNTON
~0 X OT ML~ MON
F IO M OT ONINNN
O FLST IO TN
x> MMMMNNcINNN
€0 €O 1C0 600 (VD AN D O D
MMM MMM MM
5 060 060 00 08 % g0

CI IO Nt T~ - MO
CWONINF WS AUNF N
FROAMNMOWONDT
— (IO TO T NS e (N
ririrtrt et e SN I NN
WD ) DWW WOLWOYWLDWWLW
€0 w3 OYHD TICD W DD D IO
® 000000 0®q b0

Nr-OMOrLTOD MO
YU DT D FOOU)
~OCIMNOWNIAM T NG
OO AMONBNO IO
Ne-MomorTuOiNT~0
g L XVRV-TT. Loy o -1 T
.‘l.....l...l
0 W WO WD B LOW LD WO WO
LI OO LN N N LU
€C O 63 O D ¢ €0 Q) (O 00 O &Y B
[T I BT R AR B )

OMNF OO~
U O MO M NGO NMLO LI
OLOVAAHNNECMOF W
AW OO MMM o T w
MMM T ITTsITIT T
NN 1N Mooy on
freuteatN NN NN N
oaoutOoulonno

( eieiieinnes

[lwlelalelclelalela]e]a]a)

NORUVUITNOOT~OVWN T

NNttt

HI T AP ONNNMON -

WM INTMM D re T

= 10 CEG F

TEMPERATURE

 ENTROPY
8TU/LIM/DEG F

SGNIC VCLOCITY

cv
BTU/LBM/DEG F

cP
BTYU/LSM/DEG F

ENTHALAPY

VOLUME
FT3/L3¥

PRESSURE

FT1/SEC

3Tu/L3M

FSIA

Table 3-6b (continued)

O MM ON AP NMAS SN OMoMo NN M
QNN AN PNATANOM T ON O NO N TN L
ONDMAONITIMONNANHAOINBDMWNWOMODOW
MO RO NSO VN NIMIT FOINININ S MM MO
® 00 00 g & 9 09 0 9 00 00 0 00 g0 00 g g e

L DM NN OM SO FTONOVLPFONOVO I~ TN

I MM NN ASAQ O O ONNT IMNN~«0OOCO NN
VOV YN N 0N (Ve €0 6 €0 M ¢ A OO ) B0 €O OO Q) O WO D o~
NI CUEE NN N N N N NN NN NN NN NN NN NN

MNHANT OIS OO0 DMA~NDNMAM DT (0
NOONTAOIPLONNON~TOWORS~N000GO0N
WOO ~MUNISDP Ot NM IO @O0 LI WO WD W
WSO OSMNMT OO0 NMMINWEND SN T
VB FITMNAOQOD O WONTMNAINDO~ VI ITaTM
D O MO M MU Pl Pt o o P o N - (L0 (DO WD O D D WOLD
€0 €9 €0 0 ¢ CO L0 L (DD €O O €O €0 €0 0 ¢ €O 60 €0 ¢ & G0 (0 A2 6 0 O
MM MM MMM N MM MM MMM P MMM W

OMITOITANNT OMNINEIMOVIT~FNOONOIONM
VNN AOMO O M OOV~ OWINAEHMND
M= NI UNN T Mt OHD (N (NUI DO ot (NI NI 4 VL0 o N
PO VNIIMANE O PINT NN ~{OHO O ONW
FEOONOWM O MO~ ~SOUNNOVINAOIS~ O
OV OB =Pt O PO NG T I MMM NN AN et ot et
ooy Yo YO VYO GO Y aNnoN Y oD
MmMMmMMmMM M MM MMM mMmmMnmmnm
e % 9 0 0 6 0 0 20 00 9 0% 0 00t g s g b ey

WM T T CIra = N :ﬂnmmanwrbamtvmmnmh
BOIMMTIUNO AT - OTNIONADVIM SN0 FOM
NFPOONFIOVOOMINIRONE~NNNSOMIONO
“ONMTOSRCODNMINSOONOM IS0 O0 NN
e At eSO NN NN MMM T T T I T
P N N N Y e at o L et N e Y o e
€0 €0 20 €00 0 07 & CO €O OO 0 €O €O €O €0 €O L1 £0 €O €0 00 {0 OV D tV O
® 00 00 00 o 0 5 0 g 00 00 g g0 g0 gt g0t

WIroimOutNOWL IO TITHNWSOWLINIUIM IO ~InM
M AFATINIAMOONO WU IOV N vy -0 T WO
MMM NOUNNMINORNNOVOW I ODWVNONMNNERW I NG
HIDATFFNCITINAHAM T OM 0O i e o4 W0 D D
WO AL FONPACISMONIICMEMOITNINTION IO
MOUOMHASNNMM TUVWRWDO NGO A~ NN
® 68 20 06 0 % 06 00 0 0% 0t a0 s B0 e
OO OOUOLODOVLULLOL A Ittt

& LI IO L U DU NN DU N DO WKLY

0 0 oD QWO G D D QL €0 0) € 00 CO'O3 a2 O ¢ € 0 A) &) £ Q) €O C0 O O
[ A A A A A A AR A A A A A BN AR BT R BN A N B A S A A

VIMIO MW F VNV DOV OM IO T WO rOM e
O WHIMEONAOANTINOIOMOrrioWIVT T
FTNOUFRONCLOMMIUWA OO ITINON MO
OO NWONOHMNM TNV ORO NN OWL~~ON
W) LU LU UNO WO WD LD (O LD L AD P PP P s 0 P P P A
LR 3T AT AT AR N AR TN AT AR AT T AT AT TY A T RY - AT RN T Y AT W T Y Y T T )
IO CIN AN OIS CHCIN I NN NI CU O VN N CUN N NN
[$la]d]alalblaléldolalblalslaléldeldlalolalal=lolelels]=]

o o 0 % 0 0 0 0 00 ..l..'.............
[efalals]elslelsdlnla]=]dlelolalelv]lelslalnlola]olwlz]olal=]
WFrNOCOUITNOODFNOGVWIMOQOWTNONDMWIN
VIO WS oI ITMMMMNIIN NN O et et ed o4

48

20 DES F

TEMPERATURE

cv
BTU/LEM/DEG F

cp
BTU/LBM/DEG - F

ENTROPY
BTU/LEM/DES F

ENTHALAPY

VOLUME "
FT3/70E%

SONIC VELOCITY

BTU/LBM

PRE SSURE

R

FSIA

FT/SEC

MNUOFO N NN ABWHOM
TN OINO NN ADW
wohuOr-tIuNood NS
=HNF I INW VWV VL NS
.0 ® @ ® 0 0 4 09 9% o 0
WWOFMONWOIONOOTO

LT MM AU CIOY1OP

@) €000 0 N VM OP P

TN NN IO N DN NI

~OM ANV NI OOOTN
S EIT-MOM~ONT O LD
AAOUMNLNANNDT OWN
MW T AMNWDDO O M
WO T IMNAQD N O
M MM MM MM MM NN NN
4 OV VAN AN OYCVOY YOV O (VY
N1 MM M MNEMIM MMM I
o © 9 ¥ 00 0 00 00 0 s

T OO AHOWONIMM TN

01 O F N D FM NN P
& €0 M D I DO et =
© O 0V WO W T M NG
& T T O L CIOYOMLD P
rer~OVVLLIDTFITIFINM
[Z]alSlaldlsla oSG aleYale]
FTIFTFIITIITIFIFITIT .
.lbb....... * e

0V 00N O N CI ~ OOV NN = e
Mt~ D T O~ NN O
O @t MDD 4t FI VN O ed
6 DALM.IT N 00 GNP FW-

MMM MM IS

€0 & 6D '0D & 0 TH O QD D M
€0 €0.C0'¢D TO'CO O 9D AW B
o ® 'o'oo‘.oo'

VMO NIMIEO P DU e T D4
M A WD N O MDD WM NNTF
CIM P NT WO NN ONT TN
FUND O~ P P OOV T M
FOTOThIOTIOTOTON
MM T WO~ 0N
.I....._I......
FTFTFAFTIIITIT
FTFTITIFTIITITIT:
@ O o O <0 €0 ¢ 6200 030 0 e af
RN

NN QT o ~Nar Mo
AWM ~ODN N OO G M.
MU O NN MWD
M TR0 U)o el
w @ @ © & NN NN
il Al L aratar T Tal gl )
N NN NI NN NN NNy
[sl={v1=lalolole/alal=loT~To]
o oo B ot 0 g0 00

® ® 0 0 0% 0 00 0 0P e
000000000000
W TN QW NO Y ND
VNI > T 3 TIFMMMMM




S el

WVOAQAAD AT P P
NI OIS 4 OANIMON
MO NWDINNWVLOM
MNQONNNONS MO
e ® 6 0 g © 5 8 5 ¢ 5 0 9 @
CLIOUMMAADMNOMONM
ORI IMICNHEHOO
ISPS AP P PSSt e b b e i
NNNNVNNNN NN NN

FODOMNOINASLLONWNWN
UMV AHO O T TOWR
DT OQUNAr-INOM D W T O
TOWTRNACITIIOIOIV A
WIS MM IO B~
CIOIONPINOINN M e A 4
iMoo aGInamanon
MmppMmmmmMnmmMmMmmMmnmnm
® 0 656 5 00 00 0 0 9 0

WNDFOI-DNDDOMION
@D gD A DM ~ T O
VINOMS M PN TM
COOWUMNODWVIONWD
LI TS INNDINN QI
MANNNHA~OOO00ONO™
LVLOLOoOOLNVLOLOOOCIOY
FrTTIITIIITIIMMM
o 0 0 00 00 00 80 g o9

~aNMON WU
A NMUIDHNDIN IOV
Fr-OMLOMWBOIMOWVLMO
~SOUSNVFIMIWVSTOO N
T FUIIINIWDWINILID DWW
€0 00 0 CO U 6. @ 0700 O C0 €0 O o
€0 O D €O CD &0 QO €00 O <O 0 M O
e & 8 0 5 5 g 80 4 & g 0 40

LMmoMmMO=UINaNOMOD
WO LMUIDR P U NICO Mt
oMM MWD N
HHOWD T ONOMIMDOM
FTOMDNDNSONIC e T
DDA NNMMN I VDWW
® & & & & & 2 % 4 500 00
WU N IO OO NIV L?
ITTITFIIITITITITSIT
LN @M @D M OB D M
[T T T S O I U IR

OV NT T MO
mONNUTONONOT —©
CAMOPNN IO ~MO M
etV O MM

LOOOCOUD Mt

LOLOLOVLLLOODODLLD
MMM M
[e]dT=]=lalelalaldlnlalalaT]

o8 60 60638 9% 060 b0 sy
[olelalelélolal~lalslalelala)
OWrNOWWTNOOON~WD
N OO N N et vt d

= 30 DEG F

TEMPERATURE

SONIC VELOCITY

cv
BTU/LBM/ZESG F

cP
BTU/LEM/DEG F

ENTROY
BTU/LEM/DEG F

ENTHALAPY

voLuME
FT3/L3M

PRE SSURE

FT/SEC

BTU/LEM

PSIA

Table 3-6b (continued)

OO OWLOMPDWAN FONON NN I NN
HOP O VW IOLIFNONONMMNWOANDFITHIMNO
M eNHOMONSLMOUAOLLOINAHNT SN PN
FIMNOOSUIIMHOOVMOWHINVLIIL NWVAHOMAON
8 ® 060 00 3 0 00000 0% 0000000
F ANWOMMARANANYO I QO NNV MO
WINNIFIFMNNAQONCYQM LN MM 0
P P B o P e P e e B (O L0 O OB OO WD L0 OO LDAD WD
NN DN NN NN OO N NN NN N N NN NN N N Y

;

NOFOMOIMSWANAN - OVHNO T OV WD
S EeMNIOUVIOIM~ONIN O IO 44~ X e IO
(PPN ANMBOVDONO <O HINWRR AN NN
CredMIN-ON T OO ONNCN MU0 (MWD a OW
WMWK T NS ALNW-~OL IFMMNHAD O DO
CeODOMOODOOWEr=p= Mt O
oo oo ooy ooy oo o oY
M MMM MM MM MMM MMM M MMM M
® 06 0606 006 0000 0 000 00 8060 00 DBe DR

W WNIIN OO M HNOM B DM N M ML BT N
NONFRT I A ON A DA T OT AN OUW OGN
OOODOUMNININMMPTID A CIMIN ™ NN O rI NN
PP OWIOLIUN T T MINN O O WM NO W =N
MO~ FrEHOUINAOVMOD T (<O AN N oV
FIMMMNNNASAADOD QDN E @b i W

Ralialalalnle tal e L Lt e lplirlalnial e lalbleld ) u ) o)

T IFTITIT I ITITITITITITITTTIITIT
® g0 98 g9 6060000008000 0%000935¢68

L oOMNONLIOWS FWIOrMFNDWI e MNN O
DT OAMDVONVALNOMHUCIT O MK~ U
DATOAHNITI DI AT DA I OT NAMN O NM
Wl ) NMTOU~DOHANTNWROIHNMINWOR IO
T FTLIHNUNHUINDWD WO WW DWW P P~ PP PP P O
YOO G0 NI TN 0OV O T O OV OV G
@ €0 &N D LD €N €O O O T O D €V CD O €D O D &) €O T 00 O O O
® @ 6 8 g 0 0 0 g 00 0 0 98 g0 g .0 0 @ p s

WA TF™MNTA~ONMMO NSO NMASONNASNNNO NW
FTMAOO NS FMM OO0 IO T MO0
MIFMOTESONOONFONCIOWV OO N~ MMNU O MU
HOAMITIOMNOMWMOWVNGG T W OLIOITMMS (DD NI
N0 OVNIOUNTUMSNMAMNOITOMMSNT O
W@ DOO~NNMMI o DWW R~
® 0 0 4§ & & 8 ¢ 9 0 0 09 0~ 8PS P I 60 98 s
wWonwOOMmAONOOYNTONOT OO T 1IoYa o
MMM MMM MMM M e
€0 €0 O €Y L0 €0 €D D 0 (L) €0 00 €0 A3 2 QO €O O 73 00 €0 £ @O M A0 O D
L0 T T T T D DR IO O O D T DO T N N N D O I RO B IO I N |

AOVAHMINOMINMOIMINLT AMNED O A~ TOo
WONHOCNTONSCMOSN I T NOGINW NOKH M~ NW
MOUOMVANWVOHMVOLIONODITIMOON-NOI~T
O NACIMNOANQONMIOSNO-M TOSMNN0 -
et NNNNNNONMMMMOMMOMM > TP T T TN

0LOOLLOULLDOQULOOLEODLLOLLDOLOOAON -

M MMMM MM BIMM MM MM MME MM MMM MMM,
OooLOOLOOLLOOLOOOOODLOOCROOO
® 28 0000000000000 00r00c00 00

8 9 600 0008606000606 060600ag80e00eses0
QOO0 LoOOoaO0O00000000000000
WIFNODWVWIFNOVBWIEINORVOITINOXWTNOQOON
MIMNNFTFTIMMMMMNNNN N et

49

4C DEG F

TEMPERATURE

SONIC VELGCITY

v P SEC

cv
BTU/ZLBM/DEG F-

cp

ETU/L3M/DEG F

ENTROPY
REN———— L PRS- 1, P ] - o

ENTHALAPY

VOLUME
FT3/L8M

PRESSURE

BIU/LBM .

PSIA

'pa-.n» e

W AN NN At N4 F O MO
NP~ ONNOW NSV
HiNriOM OV OMIFNONM
D B T O HOO
® o 50 00 060600 ° 9000
HIFONINOMODOM 0 TP~
M~ OoOVVTFMIMNNHCO D
AD 12D LOAD WD WD W DD W
N OO OO NN NN NN NN O

s LUNINN OO NN UYMW C)
O N LOM D LOM K O Y MO
I de T O T A DU
TP~ OMLD M6
NDM~ WLV NT TN TR
MMIMME MM MMM NN
OLOALLOVCLUOVOG
FIFTTITITITTITITT
e 0 06 00 06%0 00 00

LWNOPUNMEONNDLWVD DM
ROV ATTOND AN TN
NKI= 0TIV LOMOIVI TN MWD @
€0 CO'CO D DY CO (U= M= 10 WYY T
NNV LOM O~ 3o NI
CQOONTI YN WD OMM~ M= DWW
NNt A et et rd g ed
TTFIITTITITITTITITT
® 0 5 00 090980 00 0o

O NP ONOWNND FTOMM
CUNMOCO@OOHMMWED FoY
HHAOOMW O FONM O T
TN LANTLVIEDO N
0D WDLOLD = P P P s IO DO
CoOQOUOTOOLOO0OO
OHDND NN NN NIV
% o . 00 g0 9009 ¢ 00 g

[l TAlaa e {ar T JV- RO ST T o T o o]
HHO MM U NS ULW UIMF
NOFWOOMN LMWL LW
VONTIMOXWANN TW~W
N N OO M- WO TON
NV HANNMM T FITWN
® & 4 8 4 & 9 2 0 s a9 &0
NAMMM FMMNMM MM In
Lathae g LTt e Lp T gl o Ua Logd e Lag 1)
aC Q) O Q0 8.0 ¢ CO (N EN €O 0280 0 O
LIt O T Y T S IO O IO D DO B B}

S MM ONMI T IMMNNCN

NG rMmwidinro
OIP D LD D F IO I~ N DD Py
MW~ ONMBPRNHNT
UIH U (DD OO LD =P
QOOLALOCoOLOOODE
Ltz Lasdat Lot lat Uop T s Lo LY ¥ d a1 g T 0
elalolo]lafalslalalalv]alelal-]
® 8 0 00 00 0 ¢ o0 %0 o

® ¢ & 0 0 06 ¢ ¢ ¢ 0 0 8 0 ¢ O
[alélelalrld]alelelalal=lal=la)
WrNQOOUINOoOWLINDO
WM s IrmmnmmnN




Y B MM AOMID4 TN
M P2 W OO
CIONMAMO QWM
AP O TN
‘e ® 6 & g 8 0 0 9 0
T OO0
~OWINT IMCIN 44
1N NN VLIV
N CION NN NI NN NN

T O AHNDU HWD NN
W NOBLM O N~
@ (NS DUIEI0Y LD N LD
~“FoNu~OMoOnm
O~ WO NI M MIN -
N CIN NI NIV CIN NN
L 0WONLLAHLOG
FITyITITITIIYT
e & & & 0 00 00 00

WO F Dt 1@ T D
WOI NP O~ NT
(3 R-aloal A Ve R g XTel . ]
M EIHOINOWNM M~
U T oMt
wnnIFIIMMMIM
- et g et

TFITTITrTITTT

., BYMIF NSO OMITWO
FARDTIMIT TWOD
M OO P~ NP N N O~
F U Jea M TR
@ OO MOV NOYOUN
OOOLCOLNUOLOT
A A el )

e 6 o ® o 0. g 0 g ¢ ¢

SN IIOOITIOMD

3 LW 0 010V F O MO
OO TWWVODNN
NO1=100ONON~DU)

. mﬂu)dﬁmpbswaN

L DLW WD = 00 00 O oY
o & 8 06 0 %0 % 0 0o

e Ratlot Lagl o LaeT oo Tl o LgT e

mMEMPMME M
0) €760 03 0 D 5 DD O
[ RS R R R

mocireNNFWo
WwHM~Mo T NN
OVH~-MOWM LD W
wWrOONIVROCMO
-~ O mO@Oonon
L Ll b T L T Ve T

00C0Op0O000n

e & & & 6 0 0 0 0 0B
[=]lalelale]=lalelo]le]
WIFNOODWVWF NOD
NNt ey

€0 CEG F

TEMPERATURET

ENTHALAPY

cp cv SONIC VELOCITY'
BYU/LBM/DEG F

3TU/LBM/DEG F

ENTROPY.
BTU/L34/DEG F

PRESSURE

BTU/L3M

voLUME

FT/SEC

FT3/L3M

FSIA
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Table 3-7

Saturat1on Temperature Table for Propane as Given by Stearns and George.
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BY STARLINGS £QUATION OF STATE

AS GIVEN

“THEWMODYNAMIC PROPERTIES OF PROPANE-PROPYLENE=N-BUTANE MWIXTURE,(65-25-10),

Saturat1on Temperature Table for the Pseudo-Fluid; 65% by Mole
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Table 3-8

25% Propylene, and 10% N- Butane
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THERMODYNARIC PROPERTIES OF FRO?!NE-FROP'LENE;N;BUTANE ﬁllTURE-(bS

~25-10)y AS PREDICTED BY STARLINGS EQUATION OF STATE
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THERMODYNAM IC PROPERflES OF PROPYLENE AS PREDICTED BY STARLINGS EGUATION OF STATE

SF

HG

HF

Ve

VF

BTU/LBN BTU/LBN BTU/LBN/DEG F BTU/LBR/DEG F

FT3/LBN

FT3/LBN

DEG F

PSIA

 Table 3-9
Saturat10n Temperature Table for Propylene
Ca]cu]ated from Starling's Equation of State
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THERMODYNAMIC PROPERTIES OF N~-BUTANE AS PREDICTED BY STARLINGS EQUATION OF STATE
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Table 3-10
Saturation Temperature Table for N-Butane
Calculated from Starling's Equation of State
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Table 3-10 (continued)
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THERRODYNARIC PROPERTIES OF N~BUTANE: AS PREDICTED BY STARLINGS EQUATION
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does not permit an accurate calculation of the shown thermodynamic properties in this

temperature range.
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Chapter 4. Mass Flow. Rates of Pure Propane --
Homogenious Isentropic Flow

This chapter on the mass flow rates of propane was added to this report
in ofder to demonstrate the 1mbortance of accurate thermodynamic data for the
prediction of mass flow rates. This chapter fs not a final report on the
prediction of mass:f1ow ratesAfor homogenious isentropic propane flow.

The mass flow rate per unit are (mass flux) for homogenious, adiabatic

flow (no s1ip between the phases, the phases are in thermal equilibrium) can
be shown to be:

Hy - H

- 0 L
GC = J ZgCJ v2 | (4-1)

‘where H0 is the stagnation enthalpy, H is the enthalpy at the critical section
(in this case approximated by the smallest cross-section occurring im the
valve) and 'V is the specific volume of the medium at the ¢ritica1 section.

In applying equation (4-1) to calculate the mass flow rates shown in this
report, an isentropic process was assumed. It should be pointed out that

when slip between the liquid and vapor occurs more information about the flow
is needed, such as the slip ratio K . An eneray approach will then yield,

for instance, the following expression for the mass flux:

- H
2609 LHO - H, - §%g (Sy - sl)}
G.= - v
C _ e e e
E((sg So)Ve . (Sy - $ )vq} _Fo §_£ N Sq 80}
S

2
S S S K
29 29 29

(a-2)

£9

Figure 4-1, 4-3, 4-5, and 4-7 give predicted mass.f1ow rates per unit
area at the critical valve section (Critical Mass Flux) based on the customary
thermodynamic propane data by Stearns and George, while Fiqures 4-2, 4-4, 4-6,
and 4-8 repeat the same calculations using a virial equation of state for propane
(Starling's equation with entropy and enthalpy departures reevaluated by
Sallet-Wu, as discussed in Chapter 3). .In all shown prediction results
(Figures 4-1 to 4-8) homogeniOus, iéentropic flow in thermal equ111brium was
assumed. The upstream stagnation condition.for the flow calculation shown-in'
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F1gures 4-1 through 4- 4 was assumed to be saturated 1iquid. Comparing F1gures
4-1 4-3, 4-5, and 4- .7 with Figures 4-2, 4-4, 4-6, and 4-8 in general, one
finds that the flow rate predictions calculated with Starling's equation is
much more cdnsistent and, reasoning with one-phase fluid dynamics, i.e., higher
~ pressures give higher mass flow rates, appear to be correct.
~ Figure 4-2 shows critical mass flux as a function of critical section
_;pre§Sure, with the upstream (saturated liquid) pressure as a parameter. For
example, for saturated 1iquid propane (pure propane, for'mixtures see the last
~ paragraph below) which is at a stagnation pressure of 353.22 psia the maximum
~critical mass flux (point 1 in Figure 4-2) is approximately 2500 1b/(ft2-sec).
This represents the maximum mass flow rate through the valve only if the pres-
sure at the smallest cross sectional area in the valve is approximately 275
psia. If this critical section pressure is smaller or larger, the maximum
mass flow rate through the valve for'the given upstream stagnation condition
(353.22 psia) will be smaller. For example, if the critical section pressure
which establishes itself in the valve is 200 psia, then the maximum mass flux
through the valve will drop to approx1mate1y 2250 1b/(ft -sec), as shown by
point 2. The above quantitative example shows the importance of the critical
‘section pressure. o _

Critical sect1on pressure for a given valve is, however, not a constant
which could be obtained from the pressure ratio across the valve for any fluid
flow. The fo]]ow1ng question now becomes of practical importance: What is
.the maximum mass flow rate for 11qu1d propane, assuming the appropriate criti-
cal section pressure does exist? This question can be answered by using the
results plotted in Figure 4-4. For examp]e, if the pressure in the tank is
400 psia, then the maximum 1iquid propane mass flow rate per unit area is
2700 1b/(ft -sec). Again it is pointed out that these results are obtained ,
from homogenious jsentropic, equi]ibfium flow theory. A]]lof these assump-
tions will be carefully examined before final flow rate prediction equations
will be published.

Figures 4-6 and 4- 8 show how the maximum mass flow rates per unit area
ehange if the reservoir conditions go from saturation 1iquid (quality equals
0.00) to saturated vapor (quality equals 1.00). Again homogenious, isentropic
flow in thermal equilibrium was assumed. While the flow rates shown in Figures
4-6 and 4-8 were calculated using Starling's equation of state (as reevaluated
by Sallet-Wu, see Chapter 3), the curves shown in Figures 4-5 and 4-7 are based
upon the thermodynamic data by Stearns and George.

&
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As was pointed out during the course of this discussion, the flow cal-
culations given are only vaTid.for pure propane. Mass flow rates of mix-
~tures of propane, butane and propylene resembling commercial propane are
currently being calculated. Preliminary results will be available By the time
the reader reads this report. A detailed discussion on homogenious mass flow
rates will be given in the Final Report of the Safety Valve Study.

P O

89




CALCULATED MASS FLOW RHTES_GF PROPRNE

BASED BN THE THERMODYNAMIC-PROPERTIES
GIVEN BY STEARNS & GEORGE :
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Figure 4-1. Critical Mass Flux of Propane as a Function of
_Cr1t1cq] Section Pressure (Based on Thermodynamic
. Data Given by Stearns and George)
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CQLCULRTED MASS FLOW RATES OF PROPANE

BASED ON THE THERMODYNAMIC PROPERTIES
GIVEN BY STEARNS & GEORGE
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CRLEULHTED MASS FLOW RHTES oF PRDPHNE
BASED ON STARLINGS EQUATION
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CHLEULHTED MASS FLOW RATES OF PR[’IF’HNE

BASED ON THE THERMUDTNHMIC PRUPERTIES
GIVEN BY STEARNS & GEGRDE
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_ -Mass f1
dynamic data
dicted using

Chapteﬁ 5. Conclusions

ow rate calculations for propane are very sensitive to the thermo~
upon which the calculatiops are based. Mass flow rates pre-
Stearns and George' sidata_g1ffenffor.certajn conditions by more-

than 100% from the predictions based on Star]ing'é or Bennedict-Webb-Rubin's |

equation of state.

values on the

Because of its good_agreemeht with experimenta1]y“measured
vapor dome as well as in the subcooled Tiquid region and because

the consistent nature of the mass flow rates which are based upon'its'result

the Starling

pure propane

equat1on of state shou]d be used for the thermodynam1c data of
and propane m1xtures ' o

A major

d1ff1cu1t and source of 1naccuracy in ca]cu1at1ng thermodynam1c

properties from a virial equation of state such as the Bennedict- Webb -Rubin

entropy depa#tures and reference values for the spec1f1c heat.

was taken in
given values
lack of data
departures of
third law of

~ equation or $tarling's equation is posed by the introduction of entha]py and

Great care -

the present investigation to correct]y 1nterpo1ate between the

by using numerical curve f1tt1ng techn1ques Because of the’

for entropy - departures of propylene be]ow 80°F and for entha]py
propylene below 32°F (other than.-the zero po1nts dictated by the
thermodynam1cs) the thermodynam1c data of propy]ene and of the

propaneg m1xture wh1ch contains propy]ene may be 1ncorrect at temperatures

below 8G°$
ture of 32°f.

‘The entha]py values are 11ke1y to be accurate down to a temaerae _
A contanuat1on of the present work on the thermodynam1c5 of

propane ﬁs-strongly urged. -
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