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AN INVESTIGATION OF CERTAIN THERMODYNAMIC AND 
TRANSPORT PROPERTIES OF WATER AND WATER VAPOR 

IN THE CRITICAL REGION 

E S. Nowak and R. J. Grosh 

ABSTRACT 

An accura te knowledge of thermodynamic and t r anspor t p roper t i e s 
of water in the c r i t i ca l region is r equ i red in o rde r to analyze future power 
cycles , nuclear r eac to r configurations and other types of heat t r ans fe r 
appara tus . P r e l i m i n a r y investigations showed that this was not possible 
with presen t ly existing tabulations Exper imenta l data from volumetr ic 
viscosi ty and ther inal conductivity studies were therefore se lec ted and 
retabulated. Smoothings of this data a re descr ibed and, for the f i rs t t ime , 
a tabulation at close inter^.'als of p r e s s u r e and t empera tu re of the volu
m e t r i c data is possible for s t eam in the c r i t i ca l region. A graphical 
presenta t ion is given of volumetr ic data from 700* to750°F 

An important resu l t of this study was that excellent agreement 
existed between the many P - V - T m e a s u r e m e n t s for this substance even 
though some of the data was obtained many yea r s ago Differences 
occurr ing between the tabulated data of var ious s team tables were found 
to a r i s e from the use of inexact equation.s of state or interpolat ion tech
niques r a the r than from faulty p r i m a r y data. New P - V - T data were 
derived in this study, from m e a s u r e m e n t s of other inves t iga tors , by a 
graphical technique and it is es t imated that it yielded p r e s s u r e values 
accura te to some fi^-e par t s in ten thousand except in the subcooled liquid 
region (for specific volumes below 0 040 ft"/lb), where the uncer ta inty 
may be some twenty pa r t s in ten thousand 

Study of the existing thermal conductivity and viscosi ty data sug
gests the Russian work to be the mos t consis tent . However, it appears 
that the empi r ica l equations proposed for interpolation do not adequately 
r ep re sen t the data in the cr i t ica l region No at tempt has been made to 
derive thermodynamic functions or to analyze the t r anspor t data. 
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N O M E N C L A T U R E 

A M e c h a n i c a l e q u i v a l e n t of h e a t 

Bo A funct ion of t e m p e r a t u r e ; s e e Eq . (7) 

ABg A func t ion of t e m p e r a t u r e ; s e e E q . (7) 

Cp Speci f ic h e a t a t c o n s t a n t p r e s s u r e 

Cp M o l e c u l a r s p e c i f i c h e a t a t " z e r o p r e s s u r e " 

E M a x i m u m e r r o r in p r e s s u r e m e a s u r e m e n t 

fp P r e s s u r e f a c t o r ; s e e Eq . (22) 

h E n t h a l p y p e r uni t m a s s 

hfg E n t h a l p y of v a p o r i z a t i o n 

k T h e r m a l c o n d u c t i v i t y 

ko T h e r m a l conduc t iv i t y at " z e r o p r e s s u r e " 

k|. T h e r m a l conduc t iv i t y of w a t e r v a p o r a t " z e r o p r e s s u r e ' 

L L e n g t h 

M M a s s 

P P r e s s u r e 

p ^ C r i t i c a l P r e s s u r e 

Pg S a t u r a t i o n P r e s s u r e 

Q Hea t input , a l s o v o l u m e flow p e r un i t t i r ae 

q" H e a t flow p e r un i t a r e a p e r uni t t i m e 

R Gas c o n s t a n t 

r R a d i u s 

T , t T e m p e r a t u r e 

T c , t c C r i t i c a l t e m p e r a t u r e 

"^spn Speci f ic v o l u m e 

Vg Speci f ic v o l u m e c o m p u t e d f r o m p e r f e c t gas l aw 

V Ve loc i ty ; a l s o spec i f i c vo lu ine of s u b c o o l e d w a t e r 

Vc C r i t i c a l v o l u m e 

vf Speci f ic v o l u m e of l i qu id at s a t u r a t i o n 

V Speci f ic v o l u m e of v a p o r at s a t u r a t i o n 

Vg Speci f ic vo lume of s a t u r a t e d w a t e r 



A function of t e m p e r a t u r e ; see Eq. (13) 

A function of t e m p e r a t u r e ; see Eqs . (7) and (16) 

A function of t e m p e r a t u r e ; see Eq. (16) 

See Eqs . (8) and (24) 

Coefficient of expansion; also see Eqs . (10) and (12) 

See Eq. (9) 

A function of p r e s s u r e and t e m p e r a t u r e ; see Eq. (19) 

Dynamic viscosi ty 

Dynamic viscosi ty of water vapor at "zero p r e s s u r e " 

Shear s t r e s s 



I. INTRODUCTION 

A. General 

R e s e a r c h is being conducted at the School of Mechanical Engineering, 
Purdue Universi ty, to study heat t r ans fe r in water over a range of t e m p e r a 
tu re s and p r e s s u r e s . A study will be made of forced, f ree , and combined 
forced and free convection in the one and two-phase regions of water near 
the c r i t i ca l point. 

P r e s s u r e s considerably higher than the c r i t i ca l p r e s s u r e a r e not of 
in te res t because in this region the water behaves as a cons tan t -proper ty gas 
for which re la t ive ly adequate information on heat t ransfe r is avai lable . At 
p r e s s u r e s considerably lower than the c r i t i ca l , water again behaves as a 
cons tan t -p roper ty gas or liquid and adequate information on heat t ransfe r is 
again avai lable . In the vicinity of the c r i t i ca l point, water exis ts in s ta tes 
where ex t remely l a rge and in teres t ing p roper ty var ia t ions occur . Little 
heat t r ans fe r information exis ts for this condition and so r e s e a r c h is of 
fundamental as well as p rac t ica l impor tance . For ins tance, near the c r i t i ca l 
point smal l t empe ra tu r e differences give r i s e to exceedingly la rge f r e e -
convection fo rces ; the resul t ing motion can be such as to produce f r ee -
convection heat t r ans fe r coefficients which approach or exceed those usually 
found in forced convection. 

To adequately study the above phenoraena and to obtain useful infor-
raation, exper iments will be c a r r i e d out at p r e s s u r e s between 2700 and 4000 
psia and at bulk t e m p e r a t u r e s up to 850°F. The information gathered from 
these exper iments will be of g rea te s t uti l i ty to the engineer if it is given in 
an equation involving such d imensionless groups as Nusselt number , Prandt l 
number , Reynolds number and Grashof number . With an empir ica l c o r r e l a 
tion of this type it will be possible to interpolate heat t r ans fe r r a t e s within 
the range of p r e s s u r e s and t e m p e r a t u r e s at which the exper iments were 
c a r r i e d out. The success of this interpolat ion or any theore t ica l at tempt to 
predic t the r e su l t s will depend on accura te and detailed information for the 
thermodynainic and t r anspo r t p roper t i e s of water , for ins tance, p r e s s u r e -
vo lume- t empera tu re , enthalpy, specific heat at constant p r e s s u r e , dynamic 
v iscos i ty and the rma l conductivity. 

Near the c r i t i ca l point, which for water occurs at about 3210 psia 
and 705 .5°F, the above p rope r t i e s va ry quite marked ly with p r e s s u r e and 
t e m p e r a t u r e . F u r t h e r m o r e , different inves t igators have repor ted incon
sis tent values for the same proper ty . Therefore , in order to appra i se these 
differences and devise a consis tent , but tentat ive, set of values for these 
p r o p e r t i e s , an analytical investigation of p roper t i e s was c a r r i e d out and is 
the subject of this t he s i s . 



Because of the complexity of the topic this investigation was l imited 
to p r e s s u r e - v o l u m e - t e m p e r a t u r e , t he rma l conductivity and dynamic v i s c o s 
ity for water and water vapor nea r the c r i t i ca l point. The observat ions and 
conclusions of different inves t iga tors with r e g a r d to the c r i t i ca l point were 
noted. Specifically, this thes is gives information for p ressure -vo lumie-
t empe ra tu r e from 2700 to 4000 psia , f rom 680° to about 800°F and specific 
volumes from 0.025 to 0.125 f t y l b . Data for the t h e r m a l conductivity and 
dynamic viscosi ty a r e given for p r e s s u r e s from 1 up to 4300 psia and for 
t e m p e r a t u r e s from 660° up to 850°F. 

The s tar t ing point of this investigation was an investigation of the 
var ious national s t eam tables .1^ ""^4) The book by Dorsey^^^^ and the survey 
paper by L i l ey ' l " ) were excellent sources of re fe rence in the ea r ly stage of 
this work. 

The equations der ived by var ious inves t iga tors were noted, provided 
that they were valid in the region of in t e re s t . The constants in these equa
tions were converted from m e t r i c to Br i t i sh units since in this form they 
a r e of g rea tes t u se to the engineer . 

B. Definitions 

To avoid confusion the thermodynamic and t r anspo r t t e r m s used in 
this thes is will now be defined. 

Saturated Vapor. A vapor that is in thermodynamic equi l ibr ium 
with its liquid is defined as a sa tura ted vapor . 

Saturated Liquid. A liquid in thermodynamic equi l ibr ium with its 
vapor is defined as a sa tu ra ted liquid. 

Enthalpy of Vaporizat ion. The enthalpy of vaporizat ion is defined 
as the amount of heat r equ i red to change a unit m a s s of sa tura ted liquid to 
sa tura ted vapor under conditions of constant p r e s s u r e . 

The enthalpy of vaporizat ion has been used as a c r i t e r i a to de te rmine 
the "cr i t ica l point" of a pure subs tance . Ca lo r ime t r i c exper iments have 
es tabl ished the fact that the enthalpy of vaporizat ion d e c r e a s e s as the t e m 
p e r a t u r e i n c r e a s e s . The logical end point of this behavior is when the 
enthalpy of vaporizat ion becomes z e r o . 

Cr i t i ca l Point . The c r i t i ca l point is defined as that s ta te of p r e s s u r e 
and t e m p e r a t u r e when the enthalpy of vaporizat ion is ze ro . At the c r i t i ca l 
point the meniscus separa t ing the liquid phase from the vapor phase d i sap
p e a r s and hence the dist inction between phases d i sappea r s . 



Subcooled Liquid. A subcooled liquid is defined as a liquid subjected 
to a p r e s s u r e g rea te r than the sa tura t ion p r e s s u r e for the t empe ra tu r e in 
question. 

Superheated Vapor. A superheated vapor is defined as a vapor at a 
t empe ra tu r e which is higher than the sa tura t ion t empera tu re for the p r e s 
sure in question. 

State Regions. A review of the state regions as defined by severa l 
authori t ies(1 7-20) .^y]^ now be given. F igures 1 to 3 show the var ious regions 
on a p re s su re -vo lu rae d iagram. 

Figure 1 shows the var ious regions as defined by Dodge. -̂̂  ''' The 
t e r m fluid was given to water substance when subjected to both a p r e s s u r e 
and t empe ra tu r e g rea t e r than the c r i t i ca l p r e s s u r e and t e m p e r a t u r e . His 
r eason for defining the fluid region as such was that a liquid at a p r e s s u r e 
g rea te r than the c r i t i ca l p r e s s u r e can change to a vapor, or vice v e r s a , 
without any observable phase change. He concluded that a substance in this 
region can nei ther be cal led a gas nor a liquid. 

The var ious regions defined by SearsUS) and also by Zemanskyl l9) 
a r e shown in Figure 2. Sears mentions that the boundary between the g a s e 
ous and vapor regions is unnecessa ry since the p rope r t i e s of a vapor differ 
in no respec t from the p roper t i e s of a gas . 

The regions as defined by Young(20) a r e shown in Figure 3. He 
mentioned that it was difficult to classify a fluid whose t empe ra tu r e is ve ry 
near the c r i t i ca l t e m p e r a t u r e and whose p r e s s u r e is g rea t e r than the c r i t i 
cal p r e s s u r e . He made no at tempt to quantitatively define this difficult 
region. 

The regions as defined by Youngl^O) cor respond to the regions used 
in this t he s i s . No a t tempt will be made to define quantitatively the region 
near the c r i t i ca l i so the rm and at p r e s s u r e s g rea te r than the c r i t i ca l p r e s s u r e . 

Specific Heat at Constant P r e s s u r e . The specific heat at constant 
p r e s s u r e is defined by the following thermodynamic re la t ion, 

where Cp is specific heat at constant p r e s s u r e and h is the enthalpy per unit 
m a s s of m a t e r i a l . 
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Coefficient of Volume of Expansion. The coefficient of volume of 
expansion is defined by the following thermodynamic relation: 

where fi is the coefficient of volume expansion and Vgp is specific volume 
defined as volume per unit m a s s . The magnitude of jS se rves as a m e a s u r e 
of the heat t ransfer by free convection. At the cr i t ica l point p> theoret ical ly 
is infinite. 

Thermal Conductivity. The thermal conductivity is defined by the 
Four i e r -B io t law as 

- - / f • 
where k is the the rmal conductivity, q" is the heat flow per unit a r ea per unit 
t ime, and ^T/oy is the t empera tu re gradient . 

Dynamic Viscosi ty . Dynamic viscosi ty is defined by the following 
equation between the shear s t r e s s and the shearing s t ra in , 

/Sv 

where T| is the dynamic v i scos i ty ,T the shear s t r e s s (defined as force per 
Sv 

unit a r e a ) , - ^ the ra te of shearing s t ra in , and v is the velocity. 
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II. PRESSURE-VOLUME"TEMPERATURE ALONG THE 
SATURATION LINE 

A. General 

In 1921 the Steam Resea rch Committee' ' •̂ •' of the Amer ican Society 
of Mechanical Engineers requested that p rec i se measu remen t s of the vol
umes of water and steanri be undertaken to p r e s s u r e s and t empe ra tu r e s as 
high as exper imental techniques would pe rmi t . Thus the Committee with 
the ma te r i a l aid of the s team power indust r ies initiated an extensive s team 
r e s e a r c h p r o g r a m . This r e s e a r c h was ca r r i ed out p r imar i ly at the Massa 
chusetts Institute of Technology by the Keyes group and at the United States 
Bureau of Standards by the Osborne group. At the same t ime s imi la r work 
was conducted in England, Germany and Czechoslovakia. 

B. Saturation P r e s s u r e 

Vapor P r e s s u r e Measurement . The saturat ion vapor p r e s s u r e of 
water inay be measured by a static method or by a dynamic method. The 
liquid and its vapor a r e stat ionary during the stat ic measu remen t of vapor 
p r e s s u r e , while both the liquid and vapor a r e moving continuously during 
the dynamic measu remen t . In both methods the saturat ion p r e s s u r e is ob
served at the boundary between the liquid and vapor at a constant t e m p e r a 
ture in a suitable container . 

Table 1 shows the extent of accura te measu remen t s on the vapor 
p r e s s u r e of saturated water . Egerton and Callendari^^) employed a dynam
ic method to m e a s u r e the vapor p r e s s u r e while Osborne et alS^^/ and 
Smith et al.^^^/ employed the so-cal led static method. It is thought that 
Holborn and Baumannx^^) measured vapor p r e s s u r e by means of a static 
method. 

TABLE 1 

Summary of Vapor P ressure Measurements 

N o . 

1 

2 

3 

4 

Author(s) and Date 

Holburn and 
Baumann, 1910 

E g e r t o n and 
C a l l e n d a r , 1932 

Osborne , 
S t imson et a l . , 1933 

Smith , Keyes 
et a l . , 1934 

R e f e r e n c e 

22 

23 

2 4 

25 

P r e s s u r e Range 

ps ia 

To 3200 

120 to 3202 

14.7 to 3200 

69 to 3206 

k g / c m ^ 

To 225 

8.5 to 225 

1 to 225 

4.8 to 225 

T e m p e r a t u r e Range 

" F 

To 707 

340 to 707 

212 to 705.4 

300 to 705.4 

°C 

To 375 

170 to 375 

100 to 374 

150 to 374 
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Osborne and Meyers l^") reviewed the m e a s u r e m e n t s of Callendar 
and Egerton,(23) Osborne et al.,(24) ^nd Smith et al.^'^^-' and found them in 
r emarkab ly good accord . However, they observed noteworthy differences 
between the th ree se ts of m e a s u r e m e n t s in the c r i t i ca l region, and therefore 
concluded that more p r e c i s e exper imenta l m e a s u r e m e n t s may be requ i red 
to es tabl i sh the t rue course of the sa tura t ion cur've. 

A compar ison of the m e a s u r e m e n t s of Egerton and Callendar ,I^^j 
Osborne et aL,(24) and Smith et al.(25) is given in Table 2. The bulk of 
the m e a s u r e m e n t s ag ree with each other to well within four or five pa r t s 
per 10,000, corresponding to about l | p s i at a p r e s s u r e of 3000 ps ia . 

Empi r ica l Equations for Saturation P r e s s u r e s . Table 3 gives some 
of the m o r e recen t empi r i ca l equations which have been proposed for the 
sa tura t ion p r e s s u r e of water vapor . 

Osborne, Stimson et al.^^"^' deduced Equation ( l ) . Table 3, from their 
m e a s u r e m e n t s on the sa tura t ion p r e s s u r e of water vapor . The constants in 
the equation were evaluated by the method of l ea s t s q u a r e s . They thought 
that except for the region near the c r i t i ca l point the values computed by 
Equation (l) do not differ from the t ru th by m o r e than 3 pa r t s in 10,000. 

Smith, Keyes , and Gerry\25) found that Equation (2) gave an accu
ra te r epresen ta t ion of vapor p r e s s u r e measuremients for sa tura ted water . 
They evaluated the constants by the method of l eas t squares and used the 
values for sa tura t ion p r e s s u r e s in the International Cri t ical Tablesl^' ' ') in 
preference to their own for t e m p e r a t u r e s from 21 2° to 284°F (110° to 140°C). 
They found that the i r m e a s u r e m e n t s were r ep re sen t ed by Equation (2) in all 
cases to within 4 pa r t s in 10,000 (see Table 2). 

Osborne and Meyers(^" / used the m e a s u r e m e n t s for sa turat ion p re s~ 
su res of the Physikal isch Technische Reichsans ta l t (PTR),(28) Eger ton and 
Callendar,(23) Osborne, Stimson et al, ,(24) Q_J^^ Smith, Keyes, and Gerry,(25) 
to deduce Equation (3). The PTR data was used only up to about 390°F (200°C). 
Osborne and Meyers state that Equation (3) r e p r e s e n t s a fair appra i sa l of the 
existing data though it may r equ i r e modification when m o r e p r e c i s e e x p e r i 
mental evidence is avai lable , es tabl ishing m o r e definitely the t rue course of 
the p r e s s u r e curve on approach to the c r i t i ca l region. 

Saturation P r e s s u r e s given in the Various Steam Tables . Equation (2) 
was used to compute the sa tura t ion p r e s s u r e s in the Keenan and Keyes s team 
tables from 11 2 to 705 .40°F (30° to 374.11 °C). 
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Equa t i on (3) w a s u s e d to c o m p u t e the v a l u e s of v a p o r p r e s s u r e f r o m 
212° to 705 .5°F g iven in the fol lowing s t e a m t a b l e s : 

1934 S k e l e t a l s t e a m tab les ( lO) 

1939 O s b o r n e e t a l . s team, t a b l e s ' l ^ ) 

1951 and 1955 R u s s i a n (Vukalovich) t a b l e s ( ^ ' ^ ) 

1953 F a x e n s t e a m tabiesC' ') 

1955 Dzung and R o h r b a c h s t e a m t a b l e s ^ ' / 

Equa t i on (4) was u s e d to c o m p u t e the s a t u r a t i o n p r e s s u r e s g iven in 
the 1952 R u s s i a n ( T i m r o t h ) s t e a m t ab l e s . (4 ) No r e f e r e n c e w a s m a d e to the 
m e a s u r e m e n t s on which the f o r m u l a was b a s e d . It i s i n t e r e s t i n g to no te 
tha t the v a l u e s \^^' compu ted by Equa t i on (3) a r e i d e n t i c a l to the va lues (^ ) 
c o m p u t e d by Equa t i on (4) for s a t u r a t i o n p r e s s u r e s f r o m 212°F to the c r i t i 
c a l t e m p e r a t u r e ( 7 0 5 . 5 T ) . 

Equa t ion (5) was d e r i v e d by Sugawaro(29) in 1945 and w a s u s e d to 
c o m p u t e the s a t u r a t i o n p r e s s u r e s l i s t e d in the 1955 JSME s t e a m t a b l e s . ( ° ) 
It i s thought t ha t the v a l u e s adop ted for s a t u r a t i o n p r e s s u r e a t the T h i r d 
I n t e r n a t i o n a l Conference^-'-") w e r e u sed to c o n s t r u c t Equa t i on (5). 

C. The Speci f ic V o l u m e of S a t u r a t e d Wate r and Wate r Vapor 

S a t u r a t i o n V o l u m e M e a s u r e m e n t s . The spec i f i c v o l u m e a long the 
s a t u r a t i o n l ine m a y be d e t e r m i n e d by a v o l u m e m e a s u r e m e n t with the w a t e r 
o r the w a t e r v a p o r a t o r c l o s e to s a t u r a t i o n c o n d i t i o n s . To d a t e the above 
type of v o l u m e m e a s u r e m e n t h a s not b e e n e m p l o y e d e x t e n s i v e l y . I n s t ead 
the spec i f i c v o l u m e s a long the s a t u r a t i o n l ine have b e e n deduced f r o m c a l 
o r i m e t r i c m e a s u r e m e n t s and a l s o by the e x t r a p o l a t i o n of i s o m e t r i c s for 
subcoo led l iquid and s u p e r h e a t e d v a p o r to t h e i r r e s p e c t i v e s a t u r a t i o n l i n e s . 
The l a t t e r two m e t h o d s f o r m the b a s i s for the v a l u e s of spec i f i c v o l u m e for 
s a t u r a t e d w a t e r and v a p o r tha t a r e l i s t e d in the v a r i o u s na t i ona l s t e a m 
t a b l e s . 

Tab le 4 l i s t s the p r i n c i p a l i n v e s t i g a t o r s and the m e t h o d s u s e d to 
d e d u c e the spec i f i c vo lume of w a t e r and s t e a m along the s a t u r a t i o n l i n e . 
The ind iv idua l w o r k s wi l l be d i s c u s s e d and a c o m p a r i s o n of the r e s u l t s 
wi l l be g iven in the l a s t s e c t i o n of t h i s c h a p t e r . 

Callendari-*--^) conduc ted m e a s u r e m e n t s on the en tha lpy of s t e a m in 
the c r i t i c a l r e g i o n . A d e t a i l e d d i s c u s s i o n on h i s o b s e r v a t i o n i s g iven in 
Sec t ion VI of t h i s t h e s i s . Tab le 5 g ives v a l u e s for the spec i f i c v o l u m e of 
s a t u r a t e d s t e a m which w e r e d e r i v e d by C a l l e n d a r f r o m his en tha lpy 
m e a s u r e m e n t s . 



TABLE 4 

Measurements of Specific Volume Along Saturation Line 

N o . 

1 

2 

3 

4 

5 

6 

I n v e s t i g a t o r ( s ) & Date 

C a l l e n d a r (1929) 

Smi th and Keyes (1934) 

J akob and F r i t z (1935) 

K e y e s , Smi th and 
G e r r y (1936) 

Eck (1936) 

O s b o r n e , S t i m s o n 
and Ginnings (1937) 

Ref. 

13 

30 

31 

32 

3 3 

3 5 

Type of 
E x p e r i m e n t 

C a l o r i m e t r i c 

E x t r a p o l a t i o n 

C a l o r i m e t r i c 

E x t r a p o l a t i o n 

A n a l y t i c a l 

C a l o r i m e t r i c 

D i r e c t Vo lume 
M e a s u r e m e n t 

T e m p e r a t u r e Range 

o p 

400 to 717 

86 to 680 

To 690 

To 704.1 

To 705.64 

212 to 705.2 

At 696 

o c 

210 to 380 

30 to 360 

To 365 

To 373.40 

To 374.24 

100 to 374 

At 370 

TABLE 5 

The Specific Volume of Saturated Steam 
Derived by Callendar (13) 

T e m p e r 
a t u r e , "F 

680 
6 9 0 
7 0 0 
705.2 
707 
710 
716 
717 

P r e s s u r e , 
p s i a 

2693 
2886 
3099 
3222 
3268 
3350 
3563 
3650 

Specif ic Volume of 
S a t u r a t e d S t e a m , f t y i b 

0.1124 
0.0936 1 
0.0731 
0.0607 
0.0560 
0.0539 
0.0453 
0.0413 

Smi th and KeyesW^) conduc ted p r e s s u r e - v o l u m e - t e m p e r a t u r e m e a s 
u r e m e n t s on subcoo led w a t e r o v e r a wide r a n g e of t e m p e r a t u r e s and p r e s 
s u r e s . They deduced s a t u r a t i o n v o l u m e s by e x t r a p o l a t i n g t h e i r m e a s u r e d 
i s o t h e r m s to the s a t u r a t i o n l i n e . They found tha t the fol lowing equa t ion r e p 
r e s e n t e d t h e i r s a t u r a t i o n v o l u m e s f r o m 86° to 680°F (30° to 360°C) with a 
high d e g r e e of p r e c i s i o n : 

J_ 
v^, + a ( t c - t)3 + b(tc - t) + c( tc - t)4 

vs = i . (6) 
1 + d( tc - t)"^ + e(t - t) 
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w h e r e 

Vc = c r i t i c a l v o l u m e , 0.051219 f tYlb , 

t^ = c r i t i c a l t e m p e r a t u r e , 705 .40°F , 

a = -4 .149828 x 1 0 " \ 

b = -1 .070894 x 10-5, 

c = 1.14276 x 10-15, 

d = 1.103567 X 1 0 - \ 

e = -2 .192368 x 10"^. 

The " o b s e r v e d " and c a l c u l a t e d v o l u m e s of S m i t h and K e y e s a r e g iven in 
Tab le 6. 

T A B L E 6 

" O b s e r v e d " and Computed S a t u r a t i o n V o l u m e s 
of S m i t h and K e y e s (30) 

T e m p e r 
a t u r e , °C 

30 
50 
75 

100 
150 
2 0 0 
2 5 0 
300 
320 
330 
3 4 0 
3 5 0 
3 6 0 

Specif ic Vo lume of 
S a t u r a t e d W a t e r , 

cmYg 

O b s e r v e d 

1.004445 
1.012116 
1.025810 
1.043437 
1.090505 
1.156329 
1.251487 
1.403733 
1.498757 
1.561779 
1.641273 
1.745006 
1.906541 

C a l c u l a t e d 

1.004531 
1.012097 
1.025704 
1.043378 
1.090589 
1.156516 
1.251234 
1.403569 
1.499236 
1.561898 
1.640848 
1.746777 
1.906617 

O b s e r v e d 
m i n u s 

C a l c u l a t e d 

-0 .000086 
+0.000019 
+0.000106 
+0.000059 
-0 .000084 
-0 .000187 
+0.000253 
+0.000164 
-0 .000479 
-0 .000119 
+0.000425 
-0 .001771 
-0 .000076 

J a k o b and Fritz,^-^^i by m e a n s of the C l a p e y r o n equa t ion d e r i v e d 
spec i f i c v o l u m e s of s a t u r a t e d s t e a m f r o m t h e i r en tha lpy of v a p o r i z a t i o n 
m e a s u r e m e n t s . The O s b o r n e and M e y e r s f o r m u l a l ^ " ) Equa t i on (3) w a s u sed 
to c o m p u t e d P / d T . Tab le 7 g ives t h e i r c o m p u t e d spec i f i c v o l u m e s of s a t 
u r a t e d steaiTi in the c r i t i c a l r e g i o n . 



TABLE 7 

Specific Volumes of Saturated Steam 
Derived by Jakob and F r i t z (31) 

Temper 
a tu re , °F 

680 
689 
698 
701.6 

P r e s s u r e , 
psia * 

2708.4 
Z876.1 
3053.5 
3127.4 

Specific Volume of 
Saturated Steam, 

ftyib 

0.1118 
0.0967 
0.0799 
0.0717 

•Computed from Osborne and Meyers 
Formula (Equation 3). 

Keyes, Smith and Gerryl^^) investigated the specific volume of 
s team to high p r e s s u r e s and t e m p e r a t u r e s . They deduced the following 
empir ica l equation from their "extrapolated" values of specific volume 
of saturated s team, 

Vg = C ( T s / P g ) +Bo ™ AB, (7) 

where 

C = 0.595708, 

BQ = 0.03027 
76.166 

- • 10 262020 
/ 2 

ABg = (62.4283 + 8.74 x lO'^^ y")(0.17119 + 0.032 y^ 

•f 4.73 X 10-*y) 

y = (705.40 - t s ) / l . 8 

The equation is valid for saturat ion t empera tu re s l ess than 704.1°F 
(373.40°C). 

Keyes, Smith and Gerry derived an equation of state for saturated 
and superheated s team from their volume m e a s u r e m e n t s . The equation was 
valid for specific volumes g rea te r than 0,16 f t ^ lb (10 c m ^ g ) . The values 
obtained by Keyes, Sinith and Ger ry along the saturated vapor line by ex
trapolat ion and computation a r e given in Table 8. 



TABLE 8 

Saturation Volumes of Steam Computed and 
Extrapola ted by Keyes , Smith and G e r r y (3^) 

T e m p e r 
a ture , °C 

191.90 
195.26 
211.98 
213.33 
227.30 
250.00 
263.05 
280.19 
304.64 
312.70 
321.56 
332.03 
343.89 
357.11 
364.05 
370.53 
373.40 

Saturation Specific Volumes 
of Steam, cm^/g 

Extrapola ted 

150 
140 
100 
97.5 
75 
50 
40 
30 
20 
17.5 
15 
12.5 
10 
7.5 
6.25 
5 
4 

Equation 
of State 

150.25 
140.11 
100.32 

97.727 
75.112 
50.043 
40.004 
30.019 
20.017 
17.484 
15.023 
12.477 

9.959 
7.537 

Equation (7) 

150.25 
140.11 
100.33 

97.738 
75.118 
50.061 
40.018 
30.028 
20.018 
17.486 
15.028 
12.474 

9.978 
7.502 
6.253 
4.975 
4.127 

Eck^-^3) b a l a n c e d and g rouped c e r t a i n measurenrients*" ' ' of spe 
cific v o l u m e s for s a t u r a t e d w a t e r and s t e a m with t hose ob ta ined by the 
C l a p e y r o n equa t ion . His d e r i v e d v a l u e s for s a t u r a t e d w a t e r and s t e a m in 
the c r i t i c a l r e g i o n a r e given in Table 9. 

TABLE 9 

Saturation Volumes Derived 
by Eck(33) 

T e m p e r 
a tu r e , T 

680 
689 
698 
701.6 
705.2 
705.64 

Saturat ion 
P r e s s u r e , * 

psia 

2708.4 
2876.1 
3053.5 
3127.4 
3203.4 

Saturation Specific 
Volumes, ft^/lb 

Liquid 

0.03034 
0.03226 
0.03542 
0.03760 
0.04245 
0.04911 

Vapor 

0.1115 
0.09624 
0.07936 
0.07119 
0.05815 
0.04911 

*Computed from Osborne and Meyers 
F o r m u l a Equation (3). 
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In 1930, O s b o r n e et al.^ ' p r o p o s e d the fol lowing t h r e e c a l o r i m e t r i c 
e x p e r i m e n t s to e v a l u a t e the t l i e rnnodynamic p r o p e r t i e s of s a t u r a t e d w a t e r 
vapo r ; 

(1) O b s e r v e d the c h a n g e s in p r e s s u r e and t e i n p e r a t u r e when h e a t i s 
added to a fixed a m o u n t of w a t e r and w a t e r v a p o r . 

(2) M e a s u r e aixiount of s a t u r a t e d w a t e r v a p o r f o r m e d and r e m o v e d 
when h e a t i s added to c o n t e n t s u n d e r cond i t ions of c o n s t a n t t e m p e r a t u r e and 
p r e s s u r e . 

(3) M e a s u r e a m o u n t of s a t u r a t e d w a t e r reixioved when h e a t i s added 
to the c o n t e n t s u n d e r cond i t ions of c o n s t a n t t e m p e r a t u r e and p r e s s u r e . 

The e x p e r i m e n t of the f i r s t type e v a l u a t e s the en tha lpy of s a t u r a t e d 
w a t e r wi th t e i n p e r a t u r e (Bli/^T) whi le the e x p e r i m e n t of the second type 
e v a l u a t e s the en tha lpy of v a p o r i z a t i o n . The t h i r d e x p e r i m e n t y i e l d s a m e a s 
u r e d quan t i t y which i s c o m p l e m e n t a r y to the m e a s u r e d q u a n t i t i e s ob ta ined 
in the f i r s t two e x p e r i m e n t s . O s b o r n e p r o p o s e d tha t the hea t c a p a c i t y of the 
c a l o r i m e t e r be e l i m i n a t e d in an e x p e r i m e n t of the f i r s t type by conduc t ing 
two s e p a r a t e m e a s u r e m e n t s o v e r the s a m e t e m p e r a t u r e s and p r e s s u r e s wi th 
d i f f e ren t a m o u n t s of fluid con t en t s in the c a l o r i m e t e r s . The h e a t c a p a c i t y of 
the c a l o r i m e t e r in the second and t h i r d t ypes of e x p e r i m e n t s w a s not a f a c 
t o r , s i n c e t h e s e w e r e to be conduc ted u n d e r " i s o t h e r m a l " c o n d i t i o n s . 

The t h r e e e x p e r i m e n t s p r o p o s e d by O s b o r n e w e r e s u b s e q u e n t l y 
c a r r i e d out by O s b o r n e et al.V-iS) ^i Hi^ u , s . B u r e a u of S t a n d a r d s . The 
equa t ions u s e d and the f o r m u l a t i o n s that w e r e d e r i v e d a r e g iven in Table 10. 

E q u a t i o n s (8),(9) and (lO) w e r e d e r i v e d f ro in e n e r g y b a l a n c e s b e t w e e n 
m e a s u r e d q u a n t i t i e s ((X, 7 , /:') and the t h e r m o d y n a n a i c p r o p e r t i e s (hfg, hf, vf 
and V ) . The C l a p e y r o n equa t ion w a s u s e d to r e d u c e E q u a t i o n s (9) and (10) to 
E q u a t i o n s (11) and (12). The spec i f i c v o l u m e s of s a t u r a t e d w a t e r and s t e a m 
m a y be computed f r o m E q u a t i o n s (11) and (12) p r o v i d e d tha t 7, j6 and d P / d T 
a r e known. 

Tab le 11 g ives the s a t u r a t i o n vo lu ines compu ted by O s b o r n e et al.'--^-'/ 
f r o m the equa t ion l i s t e d in Tab le 10 and v a l u e s of d P / d T compu ted f r o m 
Equa t ion (3), They conduc ted c o n f i r m a t o r y spec i f ic vo lume m e a s u r e m e n t s 
at 698°F (370°C) to s e c u r e e v i d e n c e c o n c e r n i n g the r e l i a b i l i t y of t h e i r c a l o 
r i m e t r i c m e a s u r e m e n t s . Seven m e a s u r e m e n t s of s u p e r h e a t e d vapor and s ix 
of c o m p r e s s e d l iquid w e r e a l l m a d e wi th in about 0 .4°F of 698°F (0.2 of 370°C) 
and a t a p r e s s u r e c o r r e s p o n d i n g to s a t u r a t i o n a t 698 ' 'F . By e x t r a p o l a t i o n , 
0.0356 and 0.07889 f t y l b w e r e ob ta ined for the s a t u r a t i o n v o l u m e s of w a t e r 
and s t e a m , r e s p e c t i v e l y . T h e s e v a l u e s a r e in e x c e l l e n t a g r e e m e n t wi th the 
spec i f i c v o l u m e s d e r i v e d froin t h e i r c a l o r i m e t r i c m e a s u r e m e n t s (Tab le 11). 



TABLE 10 

Equations and Formula t ions Derived at U. S. Bureau of Standards 
by Osborne^-^^' and Osborne et al- ^̂  

lii\ es t igator(s) , 
and Date 

Osborne, 1930 

Osborne, 1930 

Eq. 
No. 

10 

11 

Equation or Forinulation 

Q - Q B A 
Mb- M A 

h, -
•'ih^ 

•̂g - '̂f 

where Q . = the net heat required to change the 
state of m a s s M» from 1 to 2. 

hf + 
• i f c 

g Vg - Vf M, - M, = 7 

where Q is the amount of heat required to 
evaporate Mi - Mj lb of water . 

.'fhf 
g 

Vg - vf M2 - Ml 

where Q is the amount of heat required to 
evaporate a weight Mj - Mj, of water. 

7= Tv dP^ 
g dT 

,. ^ d P 

Constants 

Osborne, Stimson 
and Ginnings, 1937 

13 D = 1 ( 7 fp) = A + B X 0.617 

where x = (705.47 - t ) /1.8,val id in range from 

626 to 705.47°F (330 to 274.15° C) 

14 

life 7 
705 .47- t 

180 

0.404 

. / 5 9 0 - t 1.73 
+ c 

/ 3 2 9 - t \ 
\ 180 / 

2.2 

valid in range from 212° F to the cr i t ica l 
t empera tu re (705.47° F or 374.15° C) 

A = 230.08 
B -= 7.9176 

a = 681.632 
b = 15.80381 
c = 7.70637 

Note: t = t empe ra tu r e , ° F 
hf - enthalpy of vaporization, Btu/ lb 

3 / r Vf = Specific volume of saturated water , ft / l b 

VCT = Specific volume of saturated water vapor, ft / l b 



It w a s conc luded tha t the c a l o r i n n e t r i c m e a s u r e m e n t s a t 698°F (370°C) 
showed no ev idence of e r r o r . 

T A B L E 11 

S a t u r a t i o n V o l u m e s of Wate r and S t e a m 
(35) D e r i v e d by O s b o r n e et a l . 

T e m p e r 
a t u r e ° F 

680 
689 
690.8 
692.6 
694 .4 
696.2 
698.0 
699.8 
701.6 
703.4 
705.2 
705.47 

S a t u r a t i o n 
P r e s s u r e , 

p s i a 

2708.4 
2876.1 
2910.7 
2945.8 
2981.2 
3017.1 
3053.5 
3090.2 
3127.4 
3165.1 
3203.4 
3209.5 

S a t u r a t i o n Sp 
ft 

L iqu id , vf 

.0303 

.0323 

.0328 

.0334 

.0340 

.0348 

.0356 

.0367 

.0381 

.0402 

.0449 

.0497 

scif ic V o l u m e s , 
yib 

V a p o r , Vg 

.1112 

.0961 

.0929 

.0896 

.0862 

.0827 

.0790 

.0750 

.0705 

.0649 

.0556 

.0497 

O s b o r n e et a l . a l s o c a r r i e d out s p e c i a l t e s t s to d e t e r m i n e the p o s 
s ib i l i ty of m i x i n g of the l iquid and v a p o r p h a s e s in t h e i r e x p e r i m e n t s , which 
would give e r r o n e o u s r e s u l t s . The e x p e r i m e n t s showed f r e e d o m f r o m th i s 
effect excep t at t e m p e r a t u r e s of 704.3°F and h i g h e r (about 1.2°F n e a r the 
c r i t i c a l po in t ) . They conc luded tha t i t a p p e a r e d tha t the c a l o r i m e t r i c p r o c e s s 
could not be t r u s t e d beyond 704 .3°F (373.5°C). 

B a s i s for S a t u r a t i o n V o l u m e s L i s t e d in V a r i o u s S t e a m T a b l e s . The 
f o r m u l a t i o n s d e r i v e d by O s b o r n e e t al.l-^S) w e r e u s e d to c o m p u t e the spec i f i c 
v o l u m e s of s a t u r a t e d w a t e r and s t e a m tha t a r e g iven in the fol lowing t a b l e s : 

1939, O s b o r n e e t a l . tables^^^^ 

1951 and 1955, Vuka lov ich t ab les^^ '^^ 

1953, F a x e n tables^'^) 

1955, Dzung and Rohrbach tables^"'. 
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The values for the specific volume of sa tura ted liquid up to 680°F 
(360*^0) adopted at the Third International Conference were those computed 
frora Equation (6). The specific volume values for s t eam s imi la r ly adopted 
at the Third Internat ional Conference up to 662°F (350°C) were those com
puted from the Keyes, Smith and G e r r y equation of state. i^^) The values 
adopted for sa tura t ion volumes in the c r i t i ca l region probably were based on 
the German and Amer ican measurements.(^^'•^-^/ 

Values for the sa tura t ion volumes of water l is ted in the 1955 JSME 
tables^ ' were der ived bv a graphical interpolat ion of the values in the 1934 
internat ional skeleta l tables.^ 1 )̂ Values l is ted for the sa tura t ion volumes 
of s team above 3000 psia (210 kg/cm^) were those adopted at the Third 
Internat ional Conference.'•'•^) 

Values for the sa tura t ion volumes l is ted in the Combustion Engi
neer ing t a b l e s ' l l ) were der ived f rom the values given in the skeleta l t ab les . 

No bas i s was given for the sa tura t ion volumes of liquid and vapor 
which were l is ted m the 1956 VDI tables.(^) 

The sa tura t ion volumes given in the 1939 Callendar s t eam tablesi-^'*/ 
were der ived f rom the following sources of information-

(a) the vapor p r e s s u r e m e a s u r e m e n t s of Eger ton and Callendar,l^-^/ 

(b) the values of specific volume adopted at the Third Internat ional 
Conference'10) and 

(c) the values of specific volume given in the 1931 Callendar s t eam 
tables.(36) 

Values l is ted in the Keenan and Keyes s t eam t ab le s ' ! ) for the specific 
volume of sa tu ra ted water froiti 680°F (360°C) to the c r i t i ca l point, and for 
sa tu ra ted water vapor from 620°F (344''C) to the c r i t i ca l point a r e based on 
the following sources of information 

(1) the Keyes vapor p r e s s u r e equation, '^^j 

(2) the specific volumes for sa tura ted water and water vapor adopted 
at the Third Internat ional Conference,^ •'• '̂ and 

(3) the enthalpies for sa tu ra ted water and water vapor of Osborne 
^a l_ . (35) 

The values given for the specific volume of sa tura ted s t eam in the c r i t 
ical region in the 1952 and 1958 T imro th tablesi"^'^) were der ived framithe ob
se rved i s o m e t r i c s of Tinnroth. No re fe rence was made of the exper imenta l 
values used to der ive the specific volume along the sa tura ted liquid l ine . 



D. Comparison of Derived Saturation Volumes 

•365 — 

Osborne et al.i^^) compared his derived values of specific volume 
for saturated s team with those derived by Keyes et a l . He found good a g r e e 
ment between the values in the lower range of t empera tu re but p rogress ive ly 
increas ing d i sagreement in the upper range of t e m p e r a t u r e s . 

Keyes, Smith and Gerry(32) made a s imi la r comparison. They con
sidered the derived values of Osborne et al_. the more rel iable at 662°F 
(330''C) and higher t e m p e r a t u r e s . 

F igure 4 gives the derived values for the specific volume of sa tu
rated s team in the c r i t i ca l region of Keys et al.l^^) and of Osborne _et al,\^^' 

The figure indicates fair agreement 
between the extrapolated and computed 
saturat ion volumes except for specific 
volumes at about 5.0 c m y g r a m . In 
view of this apparent d i sagreement 
and the prec i se nature of the ca lo r i 
m e t r i c and volumetr ic exper iments , 
the i some t r i c s of Keyes et al.l^^) 
were redrawn with a prec is ion of a 
few par t s in 10,000. The extrapolated 
values so obtained make the a g r e e 
ment even bet ter between the volu
me t r i c and ca lo r imet r i c exper iments 
than the original extrapolation of 
Keyes et_al. The agreement probably 
would have been sti l l bet ter if the 
p r e s s u r e - v o l u m e - t e m p e r a t u r e m e a s 
u rements were made over smal ler 
in tervals of p r e s s u r e and tempera tu re 
and if the measu remen t s were made 
c loser to the saturat ion line. 

5 3«l— W51 , , 
OSB.ORNE,ET.AL. (I93T) 

D K e V t S , E T A L . KE -EXTRAPOLAfEO V/<1L(JES'^ 

S£> 6 0 f.O 
SPECIF IC V O L U M E OF SArvUA TED STEAM,'"/iQAItA 

Fl<j 4 CoMPAglSOM OF EXTRAPOLATED A M O 

COMPUTED SATug^TioN VAPOB VOLUMES 

The saturat ion values for p r e s s u r e and specific volume in the vicin
ity of the cr i t ica l point listed in the various national s team tables a r e given 
in Tables 12 to 18, and a r e shown graphically in Figure 5. The figure indi
cates good agreement among values listed for saturated liquid but signifi
cant differences among the values for saturated vapor . 

Tables 19 and 20 l is t the differences between the values of the 
various s team tables and those in the 1934 skeletal t ab les . ' l ^ ) For purposes 
of comparison the to lerances adopted at the Third International Confer-
ence(lO) for specific volumes of saturated liquid and water vapor have been 
listed also in Tables 19 and 20. 



TA.RLE 12 

Saturation P r e s s u r e s and Specific Volumes 
from 1934 Skeletal Tables (10) 

Temper 
a tu re , °F 

680 
698 
699.8 
701.6 
703.4 
705.2 

Saturation 
P r e s s u r e , 

psia 

Value 

2708.4 
3053.5 
3090.2 
3127.4 
3165.1 
3203.4 

To le r 
ance, + 

0.7 
0.7 
1.4 
1.6 
1.6 
1.6 

Saturation Specific Volumes, ft^/lb 

Liquid 

0,030541 
0.03574 
0.03679 
0.03814 
0.04008 
0.0447 

Tolerance , 
± 

0.000064 
0.00034 
0,00042 
0.00054 
0.00085 
0,0024 

Vapor 

0.1115 
0.08004 
0.07626 
0.07205 
0.06700 
0.05844 

Tolerance , 
+ 

0.0006 
0.00160 
0.00160 
0.00176 
0.00192 
0.00192 

TABLE 13 

Saturation P r e s s u r e s and Specific Volumes 
from 1955 J.S.M.E. Tables (6) 

Tempera tu re , 

680 
689 
698 
699,8 
701,6 
703,4 
705,2 
705,47 

Saturation 
P r e s s u r e , 

psia 

2709.1 
2875.8 
3053.5 
3090,3 
3127,5 
3165.4 
3203,7 
3209,5 

Saturation Specific 
Volumes, f t y i b 

Liquid 

0.03055 
0,03253 
0,03574 
0,03679 
0.03814 
0,04008 
0.04469 
0.05094 

Vapor 

0.1111 
0.09595 
0.07993 
0,07625 
0.07208 
0.06696 
0.05847 
0.05094 

TABLE 14 

Saturation P r e s s u r e s and Specific Volumes from 
Combustion Engineering Inc. Steam Tab le s i ^ l ' 

Tempera tu re , 
° F 

679,54 
680 
684.98 
685 
690 
690.26 
695 
695,37 
700 
700.29 
705 
705.04 
705.34 

Saturation 
P r e s s u r e , 

psia 

2700 
2708.4 
2800 
2800.4 
2895.0 
2900 
2992,7 
3000 
3094.1 
3100 
3199.1 
3200 
3206,2 

Saturation Specific 
Volumes, ftVlb 

Liquid 

0.0305 
0.0305 
0.0316 
0,0316 
0.0328 
0.0329 
0.0345 
0.0346 
0,0369 
0.0372 
0,0440 
0.0443 
0,0541 

Vapor 

0,1123 
0,1115 
0.1032 
0.1032 
0.0945 
0.0941 
0.0856 
0,0849 
0.0758 
0.0752 
0,0597 
0.0596 
0,0541 



TABLE 15 

Sa tu ra t ion P r e s s u r e s and Specific Volumes 
f rom 1956 V.D.I . S team Tables (8) 

T e m p e r a t u r e , 

680.0 
681.8 
683.6 
685.4 
687.2 
689.0 
690.8 
692.6 
694.4 
696.2 
698.0 
699.8 
701.6 
703.4 
705.2 
705.47 

Sa tura t ion 
P r e s s u r e , 

p s i a 

2708.4 
2741.1 
2774.3 
2807.8 
2841.8 
2876.1 
2910.7 
2945.8 
2981.2 
3017.1 
3053.5 
3090.2 
3127.4 
3165.1 
3203.4 
3209.5 

Sa tu ra t ion Specific 
Vo lumes , f t y i b 

Liquid 

0.03055 
0.03090 
0.03128 
0.03168 
0.0322 
0.0325 
0.0330 
0.0335 
0.0341 
0.0349 
0.0357 
0.0368 
0.0381 
0.0400 
0.0445 
0.0509 

Vapor 

0.1115 
0.109 
0.106 
0.103 
0.0998 
0.0968 
0.0937 
0.0905 
0.0871 
0.0836 
0.0798 
0.0756 
0.0710 
0.0657 
0.0573 
0.0509 

TABLE 16 

Sa tura t ion P r e s s u r e s and Specific Volumes 
f rom 1939 Ca l l endar S team Tables (14) 

T e m p e r a t u r e , 
° F 

680 
685 
690 
695 
700 
701 
702 
703 
704 
705 

Sa tura t ion 
P r e s s u r e , 

ps ia 

2708 
2800 
2895 
2993 
3094 
3115 
3136 
3157 
3178 
3199 

Sa tura t ion Specific 
Vo lumes , f t y i b 

Sat. 
Liquid 

0.0305 
0.0316 
0.0328 
0.0345 
0.0369 
0.0376 
0.0385 
0.0396 
0.0410 
0.0438 

Sat. 
Vapor 

0.1115 
0.1033 
0.0953 
0.0867 
0.0761 
0.0737 
0.0710 
0.0680 
0.0645 
0.0589 



TABLE 17 

Sa tura t ion P r e s s u r e s and Specific Volumes f rom 
Keenan and Keyes S team Tab les (1J 

T e m p e r a t u r e , 
° F 

679.55 
680.00 
684.99 
685.00 
690.00 
690.26 
695 
695.36 
700 
700.31 
702 
704 
705 
705.11 
705.4 

Sa tura t ion 
P r e s s u r e , 

ps ia 

2700 
2708.1 
2800 
2800.2 
2895.1 
2900 
2992.9 
3000 
3093.7 
3100 
3134.9 
3176.7 
3197.7 
3200 
3206.2 

Sa tura t ion Specific 
Vo lumes , f t y i b 

Liquid 

0.0305 
0.0305 
0.0315 
0.0315 
0.0328 
0.0329 
0.0344 
0.0346 
0.0369 
0.0371 
0.0385 
0.0410 
0.0438 
0.0444 
0.0503 

Vapor 

0.1123 
0.1115 
0.1035 
0.1034, 
0.0953 
0.0947 
0.0864 
0.0858 
0.0761 
0.0753 
0.0710 
0.0645 
0.0589 
0.0580 
0.0503 

TABLE 18 

Sa tura t ion P r e s s u r e s and Specific Volumes 
f rom 1952 T i m r o t h Tables (4) 

T e m p e r a t u r e , 

680 
681.8 
683.6 
685.4 
687.2 
689 
690.8 
692.6 
694.4 
696.2 
698 
699.8 
701.6 
703.4 
705.2 
705.5 

Sa tura t ion 
P r e s s u r e , 

ps ia 

2708.4 
2741.1 
2774.4 
2807.8 
2841.8 
2876.1 
2910.7 
2945.8 
2981.2 
3017.1 
3053.5 
3090.2 
3127.4 
3165.1 
3203.4 
3209.5 

Sa tura t ion Specific 
Vo lumes , f t y i b 

Liquid 

0.03034 
0.03069 
0.03106 
0.03146 
0.03189 
0.03236 
0.03284 
0.03332 
0.03396 
0.03476 
0.03556 
0.03667 
0.03812 
0.04021 
0.04485 
0.05286 

Vapor 

0.1112 
0.1081 
0.1051 
0.1020 
0.09915 
0.09661 
0.09290 
0.08954 
0.08618 
0.08265 
0.07897 
0.07496 
0.07048 
0.06551 
0.05782 
0.05286 
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FIG. 5 PRESSURE-VOLUME DIAGRAM FOR 
SATURATED WATER AND STEAM 



T A B L E 19 

D i f f e r e n c e s b e t w e e n S p e c i f i c V o l u m e s L i s t e d i n 1934 S k e l e t a l T a b l e s a n d T h o s e G i v e n m 

O t h e r S t e a m T a b l e s - - f o r S a t u r a t e d L i q u i d ( D i f f e r e n c e m f t y i b ) x 10^ 

T e m -
D e r a -
t u r e , 
o p 

D 8 0 

6 9 8 
6 9 9 . 8 
7 0 1 . b 
7 0 3 . 4 
7 0 5 . 2 

T o l e r a n c e 
A d o p t e d a t 

1934 In t . 

S t e a m 
T a b l e 

Conf . ( lO) 
+ 

6 .4 
34 
42 

54 
85 

240 

Oi-

e t 

i 

-

-

O s b o r n e 
•35j 

24.1 
14 

'4 

E c k {ii) 

20. 

il 

54 

225 

1952 
T i m r o t h 
Tables^'*^ 

+20.1 
+ 1» 
*12 

T2 

-13 
-15 

1936 
Keenan 

and Keyes ( l i 

i4.1 

* - l l 

* * 3 0 

1955 
J.S.xM. 
T a b l e s &. 

- 0 .9 
0 
0 
0 
0 
0 

1956 
V.D.I 

Tables^*^^ 

- 0 . 9 
t4 
- 1 
-,4 

F8 

+20 

T 
1940 

C o m b u s t i o n 
E n g i n e e r i n g 

I n c . 
T a b l e s ^ " ) 

+4.1 

* - l l 

1939 
C a l l e n d a r 
T a b i e s ^ ^ ' ^ ^ 

+4 .1 

* - l l 

T A B L E 20 

D i f f e r e n c e s b e t w e e n S p e c i f i c V o l u m e s L i s t e d i n 1934 S k e l e t a l T a b l e s a n d T h o s e G i v e n i n 
O t h e r S t e a i n T a b l e s - - f o r S a t u r a t e d V a p o r ( D i f f e r e n c e i n f t ^ l b ) x 10* 

T e m 

p e r a 
t u r e , 

o p 

680 
6 9 8 
6 9 9 . 8 
7 0 1 . 6 
7 0 3 . 4 
7 0 5 . 2 

T o l e r a n c e 
A d o p t e d a t 

1934 In t . 
S t e a m 
T a b l e 

Conf . ( lO) 
+ 

6 
16 
16 
1 7 . 6 
1 9 . 2 
1 9 . 2 

O s b o r n e 
e t a l . ( 3 5 ) 

i3 
+ 1 0 . 4 
+12.6 
+15 .5 
U 2 . 1 
+28 .4 

C a l l e n d a r ^ ^ ^ ) 

- 9 

* + 3 1 . 6 
- -
- -

- 2 2 . 6 

J a k o b 
a n d 

F r i t z ( 3 1 ) 

- 3 
+ 1.4 

_ -

43 .5 
- -

- -

E c k ( 3 3 i 

0 
+6.8 

- -

+8.6 
- -

+2.9 

K e e n a n 
a n d K e y e s U ) 

0 
- -

* + 1 . 6 
- -
- -

**- r4 .4 

1952 
T i m r o t h 
T a b l e s ( - l ) 

+3 
+ 10 .7 
+13 
+ 15 .7 

+14 .9 
+6.2 

1956 
V . D . I 

T a b l e s ( 8 ) 

0 
^ 2 . 4 
+b.6 

+ 10 .5 
+ 13 
+ 1 1 . 3 

C o m b u s t i o n 

E n g i n e e r i n g 
I n c . 

T a b l e s ^ l - ^ ) 

0 

* + 4 . 6 

- -

1939 
C a l l e n d a r 
T a b l e s ( 1 4 ) 

0 

* + 1 . 6 
- -

- -

* S p . V o l . a t 7 0 0 ° F c o m p a r e d w i t h t h a t g i v e n a t 6 9 9 . 8 ° F i n 1934 S k e l e t a l T a b l e s . 

* * S p . V o l . a t 7 0 5 . 1 1 ° F c o m p a r e d w i t h t h a t g i v e n a t 7 0 5 . 2 ° F m 1934 S k e l e t a l T a b l e s . 

go 



In some cases the differences l isted exceed the to le rances adopted 
at the Third Internat ional Conference. Tables 19 and 20 indicate that there 
is a ve ry good ag reemen t up to about 701.6°F (372°C) between the saturat ion 
volumes der ived by Osborne _et _al,w^) and those l is ted in the 1952 Timroth 
tables.!'^) At the higher t e inpe ra tu res the re is d i sag reemen t between these 
two se ts of va lues . However it i s in te res t ing to note that Osborne et a l . 
thought that his m e a s u r e m e n t s were in e r r o r within one or two degrees of 
the c r i t i ca l point. 

E . Summary 

(1) Saturat ion p r e s s u r e s computed by the Osborne and Meyers for
mula a r e recominended for use , being based on at l eas t three independent 
inves t igat ions . 

(2) There is ve ry good agreement up to 701.6°F (372°C) between the 
sa tura t ion specific volumes der ived by Osborne et al.(35) from ca lo r ime t r i c 
m e a s u r e m e n t s and those in the 1952 T imro th tablesl^j der ived from 
T i m r o t h ' s isometrics^-^ ') in the c r i t i ca l region. 

(3) The values for specific volume of sa tura ted liquid and vapor 
l is ted in the Timroth tables at t e m p e r a t u r e s of 701.6°F and higher a r e r e c 
ommended for use because in this region they agree ve ry well with the 
extrapolated values of Keyes et al.\32) (Figure 4) . 
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i n . P R E S S U R E - V O l o U M E - T E M P E R A T U R E P R O P E R T I E S 
OF SUBCOOLED WATER 

A. M e a s u r e m e n t s 

The b a s i c me thod of \ o l u m e m e a s u r e m e n t s on subcoo led w a t e r con
s i s t s of o b s e r v i n g the p r e s s u r e and t e m p e r a t u r e of a known a m o u n t of w a t e r 
in a c lo sed c o n t a i n e r . Tab le 21 shows the ex ten t of the i n v e s t i g a t i o n s on the 
spec i f i c \ o l u m e of subcoo led w a t e r . 

SanTina'n oi Pr t - 'b^i i re- \ t j l innr - i en ipera tur t - Mc isurei^ienls. on .Subcooled Watt^r 

AutKons) Di t c 

.Amaijat, 18'H 

Bridi^ji-dn, 1 -< 1 > 

I raa tz Stî > e r , 
I'HO 

Tamnsann and 
Ruheribeck, 1^1.^ 

\ on Nieuwenbu'-g 
Blumeiidai, 1 > >Z 

Smith Ke>e', , 

K i r i l h n et a! , 
n 5 i 

H o K t r Kennt,d\, 

Rt tt ••» m e 

38 

'>^ 

40 

4 3 

4 1 

3U 

4 s 

4i, 

P r e s b a r e R iiije T e m p e r a t u r e Ran^c 

psia 

]4 to 43.000 

14 to 170,OOU 

in i l to 13U0 

k g ct 

1 to 3000 

1 to 12,000 

HO to >0ii 

14 to 5tj.=.0l) I 1 to 2=.00 

Z .00 to <>^00 

I 0 to "HOOo 

.S20 to 7000 

ln( l to oOO 

4 to 3=10 

=•7 to 4 '0 

1470 to . i l l ,000 j 10 3 to 1100 

52 to 3'̂ )0 

-4 to 212 

i2 to 0 lh 

iii to 1200 

t i f ,2 t o iS-i^ 

8o to 70-i 2 

=.70 to 704..S 

281 to o70 

0 to 198 

-20 to 100 

0 to 370 

20 to oBO 

31̂ 0 to 4XU 

30 to 374 

29b 30 to 57 3 ra 

1 W to 3'̂ T 

I 

The m e a s u r e m e n t s of A m a g a t w o j and Br idgman ' . '^ a r e not of 
u t i l i ty , s i nce they only ex tended to t e m p e r a t u r e s of 390 and 212'^F, 
r e s p e c t i v e l y . 

T r a u t z and S t e y e r ^ ' m a d e m e a s u r e m e n t s in the c r i t i c a l r e g i o n . 
The following c r i t i c i s m s of the T r a u t z and S t e y e r work w e r e m a d e by 
Jakob:( '^ i ) 

1. The a p p a r a t u s w a s not p r o p e r l y i n su l a t ed a g a i n s t h e a t l o s s . 

2. The e r r o r s in the m e a s u r e m e n t s of t e m p e r a t u r e a m o u n t e d to 
m o r e than the e s t i i n a t e d 1°F (0.5°C). 

3 . P a r t i a l e v a p o r a t i o n of w a t e r o c c u r r e d a t the w a l l s of the con 
t a i n e r b e f o r e the m a i n body of w a t e r r e a c h e d s a t u r a t i o n t e m 
p e r a t u r e . E v a p o r a t i o n would have the t endency of m a k i n g the 
spec i f i c v o l u m e s of w a t e r too h igh . 
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Jakob compared the measu remen t s of Trautz and Steyer with the 
m e a s u r e m e n t s of Keyes and Smith;\**^i this is reproduced in Table 22. It 
was concluded that the resu l t s of Trautz and Steyer were in e r r o r by as 
much as some 4%. 

FABLE 22 

Specific Volume ot Water i ,cmVgram) mea^-urt'd by Keyes and Sniith !K > Sm)^"*"' 
and by Trautz and Steyer (T ' 31)̂ *** '̂ 

The measu remen t s of Tammann and Ruhenbecki"*-^) extended to high 
p r e s s u r e s and t e m p e r a t u r e s . Their resu l t s a r e not of utility since their 
naeasurements were conducted at in tervals of 180°F (lOO°C) and no data 
fall in the region considered in this study. 

Von Nieuwenburg and Blumendal^ / made measuremen t s in the c r i t 
ical region. Their measu remen t s on subcooled water as well as on super
heated vapor a r e given in Section IV. 

Smith and Keyes'' ' nneasured the p r e s s u r e and volume along a num
ber of i so the rms in the subcooled liquid region. Their measu remen t s a r e 
given in Table 23. 

Kiri l l in and RumyanstevV'*-'/ inade measu remen t s on subcooled 
water which extended to p r e s s u r e s as high as 7000 psia (490 kg/cm^). 
These measu remen t s along with measu remen t s on superheated vapor a r e 
given in Section IV. 

Holser and Kennedy reported specific volume measu remen t s on 
subcooled water and superheated vapor . The resu l t s for subcooled water 
so obtained were close to their ea r l i e r values,^ ' which were not greatly 
in e r r o r for the liquid. Kennedy and Holserl"*") did not extend their m e a s 
u rements to the immediate vicinity of the cr i t ica l point, because their 
equipment was inferior to that used by the Keyes and Kiri l l in groups. 
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\ o lun i t . J v l f c a s u r e m e n t b of S m i t h a n d K e y e s ^ ' 
m t h e C r i t i c a l R e g i o n 

P r e s s u r e , 
Int 

181 

A t n i 

•.39 
195 4 8 ) 
195 
2 2 5 
28b 
>11 
341 

7 '0 
' ,5ft 

127 
-120 
7 1 ^ 

2 i 3 49 3 

237 ^0 5 
^ H l o . . 
2 o l 070 

2 1 ) TOO 

2 2 T 4-.2 
2 7 318 
2 IQ 2 0 8 
2 o l 108 
^ 7 J 012 
2 7 8 h I 

\ o b s e r \ e d 

cmVg 

1 8 0 I 9 O 6 
1 8 3 3 0 8 7 
1 8 3 1 1 8 0 
1 7 3 9 4 8 4 
1 D40401 
1 6 0 7 0 8 1 
1 5 7 9 3 2 7 

2 0 7 5 0 0 0 
1 J - .0440 
1 8 8 9 4 5 7 
1 8 4 1 8 0 . 
1 80 1528 

2 379-^5 

2 I I H T 

2 0 1 2 i 0 
1 9 3 4 3 0 
I 8 7 9 9 0 
1 8 3 7 9 8 
1 8 1 7 3 7 

3oO''C 

A d t \ 

370°C 

Av 

3 7 ' 

d e \ 

1°C 

V c a l c u l a t e d , 

= 0 

2 

c m ^ / g 

8 o l 5 6 5 
8 3 2 3 8 0 
8 3 1 0 5 0 
7 3 8 8 2 3 
O40329 
6 0 7 0 0 6 
5 8 0 2 4 4 

OilO% 

0 D 5 8 0 2 

9 2 n 0 2 

8 4 9 8 0 0 
7 9 5 9 7 8 
7 5 0 5 2 8 
8 58% 

__ 
--
--
--
--
--
--

B . E m p i r i c a l E q u a t i o n s 

Smi th and Keyes^-^^/ d e r i v e d the following e m p i r i c a l equa t ion f r o m 
t h e i r spec i f i c v o l u m e m e a s u r e m e n t s : 

Vg + B ( P - P s ) + D ( P - Pg)^ + E ( P - P s ) 

1 + C ( P - Pg) 

k 
(15) 

w h e r e 

\ - spec i f i c v o l u m e of subcoo led w a t e r m f t y i b , 

Vg = spec i f i c v o l u m e of s a t u r a t e d w a t e r m ft / l b , 

Pg = s a t u r a t i o n p r e s s u r e m p s i a , 

P = p r e s s u r e of subcoo led w a t e r m p s i a . 

The coef f ic ien ts m Equa t ion (15) w e r e r e p r e s e n t e d by the fol lowing 
r e l a t i o n s : 

logio B = a + b(t^, 4- c(t - t) + d(tc - t) I 



w h e r e 

b = -7 .2306218 x 10"^ 

c = -0 .71879605 x 10-^ 

d = 2.4388820 x 10"* 

logio (-D) = a + b(tj, - t) 

w h e r e 

a = -9 .08717 b = -1 .6529204 x 10-^ 

logio ( " I / E ) = a + b ( t ^ - tf 

w h e r e 

a = 2 .791848 b = 2.980849 x 10"^ 

2 

logio C = a + b( tc - ty + c(t^, - t) + d( tc 

w h e r e 

a ^ -2 .7813352 c 
b = -3 .5717609 x 10"^ d 

Equa t i on (15) w a s found to r e p r e s e n t t h e i r m e a s u r e m e n t s a long any 
i s o t h e r m f r o m 90° to 680°F (30° to 360°C) to about one p a r t in 3450 ( s ee 
T a b l e 23) . 

The fol lowing equa t ion for subcoo led w a t e r w a s d e r i v e d by Keenan(49) 
f r o m the m e a s u r e m e n t s of Amaga t l^S) and Smi th and Keyes : (^0) 

V = 49 .43 X 10-3 _ 13.1690 x 10"3z0.i47i66 

- 1.1166 X 10 -V-^ -^ (P - 3211) + A , (16) 

•where 

z = 705.4 - t 

y = 725 - t , and 

A i s a funct ion of P and t to be t r e a t e d g r a p h i c a l l y . 

tj, = c r i t i c a l t e m p e r a t u r e , 
705.40 ' 'F 

t = the t e m p e r a t u r e of 
subcoo led l iquid 

a = -4 .2551483 

- t f , 

= -3 .8733567 x lO '^ 

= 1.8969266 x 10"* 
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C. Values of P r e s s u r e - V o l u m e - T e m p e r a t u r e in Various Steam Tables 

The values for subcooled water adopted at the Third Internat ional Con-
ference^-'-^) were those computed from Keenan 's formulation Equation ( l6) . 

The values for subcooled water up to 680°F (360°C) l isted in the 
Keenan and Keyes tables^ ^ were a lso computed from Equation (16). In the 
c r i t i ca l region values were der ived from the specific volume m e a s u r e m e n t s 
of Smith and KeyesW^) and the enthalpy m e a s u r e m e n t s of Havlicek and 
Miskovsky.l^") A discuss ion of the method used to der ive volume data in the 
c r i t i ca l region from enthalpy m e a s u r e m e n t s is given in Section IV. 

The values l isted in the following s team tables were der ived from the 
data adopted at the Third International Conference in conjuction with Keenan 's 
formulation:^ ' 

1951 and 1955 Vukalovich s team tables^^'-^^ 

1953 Faxen tables^^) 

1955 J .S.M.E. tables.^^) 

No mention was made of the bas i s for the values of the specific vol
umes for subcooled liquid in the 1952 Timroth tables ,*• ' but it appears to the 
authors that these were der ived from the m e a s u r e m e n t s of Timroth.^-^'/ In 
the c r i t i ca l region the values in the 1956 V.D.I, tables^" ' were taken from the 
1952 Timroth t ab les . 

The values for the specific volumes of subcooled water l is ted in the 
var ious s team tables a r e shown graphical ly in F igure 6. The good a g r e e 
ment between them is not su rpr i s ing in view of the fact that all of the values , 
with the exception of those in the 1952 Timroth tables , a r e based on the vol
ume m e a s u r e m e n t s of Smith and Keyes or on the equation of Keenan, i tself 
based on the Smith and Keyes da ta . 

D, Summary 

(1) With the exception of the 1952 Timroth tables,^ ' and hence the 
1956 V.D.I, tab les , all other s t eam tables l is t values for subcooled water 
which a r e based on the volume m e a s u r e m e n t s of Smith and Keyes . 

(2) There is very good ag reemen t between the values for subcooled 
water l isted in the Keenan and Keyes tables^^^ and those in the 1952 Timroth 
tables.^**) 



42 

I 

39S0| I ^ ' 

3300 

3800 i 

37S0i 

370oi I. * ( f . 

I 
i 

36S0J * ^' 

I 

3S50 'f 

3500 I ! t 

34 50 

3400 , \ 

I 
3350 

,Wo-F 

1 

I 

'JTTO'F 

1 

i 

1740T 

" 7i>4T 

73I>*F 

i 
H 3050 , * *t. • . . • " " " • ' 

" I 
710'F 

^ OS@©Rf«e ETAJU I9S9 ,°* 
^ a COMSUSl'IOfJ EN01NEFEi.lN© 1940 >̂  

TIMROTH 19 52 
28S0 , * P^^M '^S3 - ™ ^ ^ 

* VUKALOVICH I 9 S S ' %9&^ 

* t" VDE I9S6 

, . I 

n s O | ^ 

OOESO 00350 004BO 005SO 00650 0 OTSO SO8S0 00950 OIOSO OIISO 

SPECIFIC VOLUME, P^VkB 

FIG 6 PRESSURE-VOLUME DIAGRAM FOR WATER 



43 

IV. PRESSURE-VOLUME-TEMPERATURE PROPERTIES 
OF SUPERHEATED WATER VAPOR 

A. General 

The common method of determining the specific volume of super 
heated vapor consis ts of observing the p r e s s u r e and t empera tu re of a 
known amount of water vapor in a closed container or p iezometer . In very 
p rec i se determinat ions many samples of freshly dist i l led water a r e used. 

The specific volume of vapor may also be derived from enthalpy 
m e a s u r e m e n t s . This method has not been used extensively but it m e r i t s 
attention, since accura te enthalpy naeasurements have been made in the 
c r i t i ca l region by various inves t iga tors . 

B. P r e s s u r e - V o l u m e - T e m p e r a t u r e Measurements 

The extent of measu remen t s on the specific volume of superheated 
vapor is shown in Table 24. 

1.A.BLL 24 

Samniar'^ ot P r t fa^^urL-\ oiunii: - 1 empt - rd tu rc -Mta j su remcn t s on Superhea ted Water Vapor 

Num
ber 

Inve'5tigator(s) and Datt 

Ni tuv.enburg and Blumtndd l , 19^2 

K e ^ e s , Smith and G e r r \ , 1 93o 

l i m r o t h a n d Vargaft ik, 1950 

K i r i l lm et a l . , 1953 to 19'io 

Rt.tt r ence 
iNnniber 

44 

32 

45, 52, 
53, -14 

P r e s s u r e Range 

ps ia 

2300 to 8500 

190 to 5400 

1570 to 42t)0 

lo 13500 

kg cnî  

IbO to 600 

14 to 380 

110 to 300 

To 950 

Temperature Range 

°F 

D62 to 895 

383 to 860 

662 to 1022 

lo 1200 

°C 

350 to 480 

195 to 460 

^50 to 550 

lo 650 

Nieuwenburg and Blumendall'*'*/ made very extensive measu remen t s 
on the specific volume of water vapor in the c r i t i ca l and superc r i t i ca l r e 
gions. Unfortunately their measu remen t s were not p r ec i s e , since they e s 
t imated t empera tu re s to be accura te to within 1.8°F (1°C), p r e s s u r e s to be 
accura te to within 57 psia (4 k g / c m ). The volume of the container was 
known only with an accuracy of 1%. Their measu remen t s in the c r i t i ca l 
region a r e given in Table 25. 

Keyes, Smith and Gerry^-^ -' made very p rec i se measu remen t s on 
the specific volume of superheated water vapor. It was stated in a previous 
paper that the readings obtained with their r e s i s t ance t he rmome te r s were 
consistent to about 0.02°F (0.01°C). Their measu remen t s in the c r i t i ca l 
region a r e given in Table 26. 



TABLE 25 

Measured I somet r ics of Nieuwenburg and Blumendal''*"*) for Water 
and Water Vapor in the Cr i t ica l Region 

Specific 
Volume, 

ftyib 

T e m p e r 
a tu re , °F 

701.6 
712.4 
721.4 
731.3 
743.0 
753.8 

Specific 
Volume, 

ftyib 

T e m p e r 
a tu re , "F 

701.6 
712.4 
721.4 
731.3 
743.0 
753.8 

0.09707 

3072 
3186 
3300 
3428 
3542 
3641 

0.0456 

3122 
3328 
3556 
3798 
4039 
4352 

0.08514 

3129 
3257 
3385 
3527 
3669 
3798 

0.0428 

3101 
3314 
3542 
3798 
4068 
4423 

0.07569 

P 

3158 
3300 
3485 
3613 
3783 
3911 

0.0402 

0.06816 

r e s s u r e s 

3101 
3271 
3428 
3613 
3769 
3911 

0.0381 

P r e s s u r e s , 

3101 
3342 
3627 
3897 
4238 
4523 

3115 
3385 
3684 
3958 
4338 
4623 

0.06207 

psia 

3129 
3286 
3485 
3641 
3812 
4011 

0.0361 

psia 

3143 
3442 
3755 
4068 
4466 
4779 

0.0570 

3115 
3314 
3513 
3684 
3883 
4096 

0.0342 

3257 
3556 
3926 
4324 
4679 
5007 

0.0527 

3101 
3271 
3499 
3670 
3897 
4125 

0.0326 

3385 
3727 
4111 
4537 
4893 
5277 

0.0488 

3101 
3300 
3513 
3727 
3968 
4253 

0.0311 

3655 
4125 
4523 
4893 
5305 
5746 

TABLE 26 

Measured I somet r ics of Keyes, Smith and Gerry'^"^) 
for Water Vapor in the Cr i t ica l Region 

Specific 
Volume, 
cmyg 

Temper 
a ture °C 

357.5 
360.0 
364.5 
370.0 
371.5 
375.0 
380.0 
390.0 
400.0 
410.0 
420.0 
430.0 
440.0 
460.0 

2.0 3.0 4 .0 5.0 6.25 7.5 

P r e s s u r e in int a tm 

. 
_ 
-

220.025 
-
-

267.878 
317.298 
367.654 

_ 
-
_ 
_ 
-

. 
_ 
-
-
-

220.644 
234.370 
262.404 
290.947 
319.801 
348.962 

_ 
_ 

. 
_ 
-
-
-

219.842 
230.931 
252.748 
274.367 

_ 
317.218 
338.537 
359.710 

-

. 
„ 

-
-

210.784 
™ 

225.819 
_ 

260.715 
_ 

294.563 
™ 

327.836 
360.173 

„ 

194.118 
201.951 

_ 
_ 

216.133 
™ 

243.518 
„ 

269.746 
_ 

295.539 
320.444 

178.402 
181.389 

-
193.226 

-
_ 

204.683 
™ 

226.821 
_ 

248.049 
_ 

268.715 
288.700 
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In 1950 Timroth and Vargaftik 1^^/ descr ibed r e s e a r c h on the p r o p 
e r t i e s of water and water vapor c a r r i e d out at the All-Union Institute of 
Heat Engineer ing in Moscow (V.T.I.). Measurements of p r e s s u r e , volume, 
and t empe ra tu r e on superheated water vapor extended to a p r e s s u r e of 
4260 psia (300 kg/cm^) and to a t empe ra tu r e of 1022®F (SSO^C), The e r r o r 
in the volume m e a s u r e m e n t amounted to about 0.3%, F igure 7 gives the 
m e a s u r e m e n t s of the V . T J . in the superc r i t i ca l region for specific volumes 
frora 2 to 5 cmYg-

Kiri l l in et a l , ''^^s^^s^-^-'^'*) made exper imenta l investigations at the 
Moscow Power Institute (MEI) on the specific volume of water and water 
vapor at ex t remely high p r e s s u r e s and t e m p e r a t u r e s . The maximum e r r o r , 
E, in p r e s s u r e m e a s u r e m e n t was es t imated by 

E(psia) = 0.05% P + 0.7 , 

where P is the p r e s s u r e in ps ia . At 3500 psia the max imum e r r o r in p r e s 
sure m e a s u r e m e n t would be about 2,3 psi (O.I6 kg/cm^) . They es t imated 
that t e m p e r a t u r e s were accura te to within 0.09®F (0.05°G). The co r re spond
ing maximum e r r o r in volume m e a s u r e m e n t was in genera l about 0,2% and 
only exceeded this value in the region nea r the c r i t i ca l point. 

The m e a s u r e m e n t s of Kir i l l in et a l . in the c r i t i ca l region a r e given 
in Table 27. Kir i l l in found that his m e a s u r e m e n t s were in good accord with 
the data in the tables of Vukalovich!^/ and of Timroth(4) . In par t icular , bet ter 
ag reemen t was obtained with the data in the tables of Vukalovich for p r e s 
su res froDa 100 to 150 a t m o s p h e r e s ; but in the p r e s s u r e range from 200 to 
300 a t m o s p h e r e s , and par t i cu la r ly in vicinity of the c r i t i ca l point be t ter 
ag reement was found with the data in the Timroth t ab le s . 

The values of p r e s s u r e - v o l u m e - t e m p e r a t u r e in the Vukalovich tables 
were der ived by an equation of s ta te , proposed by Vukalovich. It is based 
on the values adopted at the Third International Conference, (1 0} which in 
turn were der ived from the m e a s u r e m e n t s of Keyes , Smith and Gerry.!-^^/ 

F igure 8 gives the i s o m e t r i c s m e a s u r e d at the V.T.I,!^-'-/ along with 
those m e a s u r e d by Keyes , Smith and Ger ry , There is a d iscrepancy be
tween the 19<85-cm'/g i s o m e t r i c of the V , T J . and the 20-cm.^/g i some t r i c 
of Keyes , Smith and G e r r y . In view of the good ag reemen t found by 
Kir i l l in between his m e a s u r e m e n t s and the data in Vukalovich tables for 
p r e s s u r e s from 100 to 150 kg/cm^ it appea r s that the p r e s s u r e - t e m p e r a t u r e 
m e a s u r e m e n t s of the V.T,I , for the 19 .85 -cm ' /g i s o m e t r i c a r e slightly in 
e r r o r . 
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Figure 7. I somet r ics of V.T.I, for Subcooled Water and 
Superheated Water Vapor in the Supercr i t ica l 
Region. 



TABLE 2 7 

P r e s s u r e - V o l u m e - T e m p e r a t u r e Measurements of Kir i l l in et a l . , (52-54) 
on Subcooled Water and Superheated Water Vapor 

t = 695.86 

P r e s s u r e , 
psia 

2392.4 
3009.8 

1 3142.9 
1 3533.7 

4239.7 
4923.0 
5592.1 

1 6276,8 
1 7009.6 

Specific 
Volume, 

ftVlb 

0.18053 
0.048864 
0.032487 
0.029855 
0.027787 
0.026650 
0.025870 
0.025218 
0.024623 

t = 707.43 

P r e s s u r e , 
psia 

1153.4 
1527.5 
1875.6 
2164.4 
3030.4 
3336.0 
3587.9 
5000.7 
6402.8 
7833 
8484 
9345 
10,080 
10,820 
11,520 
12,260 
13,070 

Specific 
Volume, 

ftVlb 

0.5212 
0.3695 
0.2798 
0.2254 
0.1065 
0.03606 
0.03224 
0.02754 
0.02581 
0.02472 
0.02432 
0.02388 
0.02355 
0.02324 
0.02297 
0.02273 
0.02247 

t = 695.88 

P r e s s u r e , 
psia 

1892.14 
3011.24 
3011.52 
3341.50 
4545.51 
5443.86 
6697.80 

Specific 
Volume, 

ftyib 

0.26783 
0.04773 
0.041183 
0.03068 
0.02717 
0.02599 
0.02488 

[ t = 704.80 

P r e s s u r e , 
psia 

j 2163.4 
2688.6 
2995.4 
3145.1 
3193.2 
3195.4 
3215.9 
3308.4 
3464.1 

[̂  3644.9 

Specific 
Volume, 

ftyib 

0.22362 
0.14703 
0.10681 
0.081894 
0.060360 
0.046998 
0.038872 
0.035056 
0.032593 
0.031173 

t = 708.94 

P r e s s u r e , 
psia 

2024.4 

2821.9 
3106.1 
3174.7 
3183.5 
3216.1 
3282.8 
3304.5 
3396.1 
3531.5 
3693.8 
3701.6 
4070.6 
4396 3 
4760.3 
4954.9 
5392.9 
5788.5 
6257.0 
t.568.8 

Specific 
Volume, 

ft^ / l b 

0 25106 
0.23723 
0.13449 
0 097707 
0.086888 
0.085439 
0.079770 
0.055166 
0.42759 
0.036024 
0.033557 
0.032051 
0 031944 
0.030042 
0.029040 
0.028135 
0.027834 
0.027130 
0.026629 
0.026126 
0.025836 

t = 702.81 

P r e s s u r e , 
psia 

2212.3 
2979.2 
3141.7 
3154.7 
3231.7 
3390.4 
3595.2 
3983 7 
4455.2 

Specific 
Volume 

ftyib 

0.2140 
0.1063 
0.07501 
0.03908 
0.03551 
0.03281 
0.03106 
0.02941 
0.02814 

t = 705.94 1 

P r e s s u r e , 
psia 

2100.9 
2869.6 
3123 5 
3218.8 
3224.0 
3281.3 
3396.8 
3616.4 

Specific 
Volume, 

ftyib 

0.2351 
0.1254 
0.08890 
0.05371 
0.04325 
0.03662 
0.03383 
0.03160 

i 

t ^ 716.00 

P r e s s u r e 
psia 

2778.5 
3132.0 
3314.9 
3392.3 
3430.7 
3443.5 
3460.6 
3495.3 
3580.3 
3817.7 
4148.1 
4418.1 

Specific 
Volume, 

f t^/ lb 

0.14669 
0.10534 
0.080387 
0.065075 
0.053617 
0.048550 
0.044509 
0.040643 
0.036924 
0.033177 
0.031092 
0.029922 

t = 703.72 

P r e s s u r e , 
psia 

2190.3 
2668.7 
3144.8 
3183.2 
3221.6 
3298.7 
3600.2 
4388.5 
5596.3 

Specific 
Volume, 

ftyib 

0.2183 
0.1489 
0.07429 
0.03899 
0.03684 
0.03454 
0.031244 
0.02835 
0.02638 

t = 721.94 

P r e s s u r e , 
psia 

1153 
1946.3 
2759.6 
3360.3 
3600.9 
3685.3 
3869.2 
4500.0 
5326.4 
6399.4 
7644 
8837 
9854 
10980 
12265 
13377 

Specific 
Volume, 

ftyib 

0.5325 
0.2744 
0.1539 
0.08629 
0.04549 
0.03931 
0.03495 
0.03055 
0.02830 
0.02669 
0.02550 
0.02467 
0.02411 
0.02358 
0.02308 
0.02271 



TABLE 27 (Continued) 

t = 722.71 

P r e s s u r e , 
psia 

2103.1 
2849.5 
3235,1 
3530.1 
3612,9 
3948.3 
4529,4 
532b,9 
5738.7 
6891,9 

Specific 
Volume, 

ftyib 

0.2460 
0,1438 
0,1019 
0,06173 
0,04516 
0,03447 
0,03064 
0,02843 
0,02768 
0,02625 

t = 730,40 

P r e s s u r e 
psia 

2273,9 
2710.1 
3053.8 
3247,1 
3419.3 
3587.0 
3653,7 
3724.5 
3793.7 
3833,3 
3985.0 
4165.0 
4304.7 
4674.0 
5067,5 
5820.2 
6595.7 
7332.9 

t = 751.48 

P r e s s u r e , 
psia 

1192 
1922.2 
2732.6 
3467.2 

4889.9 
5260,4 
6584,7 
7763 
9195 
10727 
12187 
13553 

Specific 
Volume, 

ftyib 

0.5337 
0.2975 
0.1772 
0,1091 
0,1323 
0,03521 
0,03119 
0.02885 
0.02715 
0,02581 
0,02480 
0,02406 
0,02350 

Specific 
Volume, 

ftyib 

0,22288 
0,16531 
0,12839 
0,10932 
0.091739 
0.072690 
0,064213 
0,054897 
0,047275 
0,044422 
0,038467 
0.035461 
0.034042 
0.031795 
0.030316 
0,028561 
0,027401 
0,026603 

t = 751,28, #1 

P r e s s u r e , 
psia 

1144 
1836.1 
2578.1 
3773.8 
4314.1 
5362,9 
6686,0 
7648 
8504 
9376 

t = 752.00 

P r e s s u r e , 
psia 

1012 
2102.1 
3106.1 
3323.2 
3619.4 
3910.2 
4175,8 
4211,0 
4433,9 
4545.1 
4876,5 
5244,0 
5619.0 
6014.9 
6335.0 
6715.6 

Specific 
Volume, 

ftyib 

0.6576 
0.2640 
0.1394 
0.1206 
0.09672 
0.0737 
0.05478 
0.05211 
0.04278 
0.04001 
0,03564 
0.03311 
0.03143 
0.03023 
0.02947 
0,02879 

Specific 
Volume, 

ftyib 

0.5595 
0.3160 
0.1948 
0.08394 
0.04583 
0.03223 
0.02866 
0,02728 
0,02638 
0,02568 

t = 751.28, #2 

P r e s s u r e , 
psia 

1421 
2021.7 
2684.4 
4213.7 
4959.6 
5705.4 
6367.2 
7206 
7975 
8826 
9678 
10578 
11309 
12034 
12632 

t = 770.00 

P r e s s u r e , 
psia 

2389.4 
2913.2 
3267.7 
3610.8 
3898.6 
4121,8 
4273,6 
4435.9 
4571.4 
4710.9 
4849.8 
5024.8 
5357.4 
5816.1 
6492.3 
7184.1 

Specific 
Volume, 

ftyib 

0.22924 
0.16867 
0.13690 
0.11117 
0.091889 
0.077598 
0.068930 
0,059833 
0.053413 
0.048302 
0.044489 
0.040888 
0.036709 
0.033565 
0.030906 
0,029264 

Specific 
Volume, 

ftyib 

0.4343 
0.2779 
0.1824 
0.05073 
0.03508 
0.03092 
0.02923 
0.02862 
0.02689 
0.02609 
0.02545 
0.02488 
0.02448 
0.02412 
0.02387 
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F i g u r e 8. I s o m e t r i c s of V .T . I . (^^ ) and K e y e s , e t a l . / - ^ ^ ^ 
for S u p e r h e a t e d S t e a m in the C r i t i c a l R e g i o n . 

C. Specif ic V o l u m e s D e r i v e d f r o m En tha lpy M e a s u r e m e n t s 

In 1929 C a l l e n d a r m e a s u r e d the en tha lpy of s u p e r h e a t e d w a t e r v a p o r 
for p r e s s u r e s up to 4000 p s i a (Z80 k g / c m ^ ) and for t e m p e r a t u r e s up to about 
750°F (400°C). H i s d e r i v e d v a l u e s a r e not of u t i l i t y s i n c e they did not fal l 
in the r e g i o n u n d e r i n v e s t i g a t i o n . 

In 1936 H a v l i c e k and Miskovsky^ -̂  r e p o r t e d m e a s u r e m e n t s of e n 
tha lpy and spec i f i c h e a t for w a t e r v a p o r in the c r i t i c a l r e g i o n . They d e 
r i v e d p r e s s u r e - v o l u m e - t e m p e r a t u r e da ta by s t a r t i n g wi th the fol lowing 
t h e r m o d y n a m i c r e l a t i o n : 

' P Y 
s p i (17) 

A P ciT 

w h e r e 

h - e n t h a l p y p e r un i t m a s s of m a t e r i a l , 
P = p r e s s u r e , 
T = a b s o l u t e t e m p e r a t u r e , 

V = v o l u m e p e r un i t m a s s , and sp 
A = m e c h a n i c a l equ iva l en t of h e a t . 
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H a v l i c e k and M i s k o v s k y d e r i v e d the fol lowing f r o m Eq . (17) for c h a n g e s in 
s t a t e tha t o c c u r u n d e r c o n s t a n t p r e s s u r e p r o c e s s : 

V* - V V* - V 
S p , I S p , l _ S p , 2 S p , 2 

R T , R T j 
d T (18) 

w h e r e 

V* = spec i f i c v o l u m e c o m p u t e d f r o m p e r f e c t gas l aw 
Vgp = a c t u a l spec i f i c v o l u m e 

R = gas c o n s t a n t 
1 i s the known condi t ion and 
2 i s the unknown condi t ion to be e v a l u a t e d . 

The spec i f i c v o l u m e da ta in the c r i t i c a l r e g i o n d e r i v e d by H a v l i c e k 
and M i s k o v s k y f r o m t h e i r en tha lpy m e a s u r e m e n t s by m e a n s of Eq . (18) a r e 
given in T a b l e 28 . In t h e i r c a l c u l a t i o n s they a s s u m e d tha t the spec i f i c v o l 
u m e a long the 752°F (400°C) i s o t h e r m w e r e known. Spec i f i ca l ly , H a v l i c e k 
and M i s k o v s k y c h o s e v a l u e s of spec i f i c v o l u m e a long the 752°F i s o t h e r m 
which w e r e i n t e r p o l a t e d f r o m the 1932 K e y e s da ta . (55) T h e y i m p l y tha t a 
funct ional r e l a t i o n s h i p was deve loped for ( l / T ^ ) ( ^ h / ^ P ) - j , f r o m t h e i r e n 
tha lpy m e a s u r e i n e n t s . Unfo r tuna te ly , th i s r e l a t i o n s h i p was no t g iven in 
t h e i r p a p e r . 

T A B L E 28 

Specif ic V o l u m e s in the C r i t i c a l Reg ion D e r i v e d f r o m 
En tha lpy M e a s u r e m e n t s by H a v l i c e k a n d M i s k o v s k y ^ ' 

P r e s s u r e , p s i a 

T e m p e r a t u r e , ° F 

698 
703.4 
707 
712.4 
716 
719.6 
725.0 
734 
752 

2986.91 

0.09598 
0.1056 
0.1106 
0.1173 
0.1212 
0.1249 
0.1300 
0.1377 
0.1509 

3129.15 

Specifi 

0.03298 
_ 

0.09050 
0.1006 
0.1056 
0.1100 
0.1158 
0.1242 
0.1378 

3200 

c V o l u m e , 

0.03229 
0.03639 
0.07638 
0.09086 
0.09715 
0.1022 
0.1085 
0.1172 
0.1316 

3271.38 

ftyib 

0.03165 
0.03414 
0.03812 
0.07897 
0.08759 
0.09380 
0.1008 
0.1104 
0.1254 

3413.62 

0.03080 
0.03239 
0.03420 
0.04013 
0.05909 
0.07309 
0.08408 
0.09609 
0.1126 
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Keenan and Keyes^ •' used the following formula to compute the en
thalpy of steam in the critical region: 

,^^ 859.5 X 10* 14,220 t 
h = 47 7 -=- + ~~ + 6 

(19) 

where 

h is the enthalpy in BTU/lb, 
P is the pressure in psia, 
t is the teinperature in °F, and 
<-. is a graphically formulated function of P and t. > 

The enthalpies used in their formulation were essentially the measurements 
of Havlicek and Miskovsky. Values for specific volume in the critical 
region, i.e., less than O.lb it^/lh (10 cm^/g), were derived from the following 
relation: 

(20) 

where 

Vgjj is the specific volume, and T the absolute temperature. The 
integrand was evaluated using Eq. (19). 

D. Values of Pressure-Volume-Temperature in Various Steam Tables 

The v^alues adopted for specific volumes less than 0.16 f t / lb 
(10 cm /g) at the Third International Conference^l^/ were derived by inter
polating the measurements of Keyes, Smith and Gerry.W''/ Values for spe
cific volumes greater than 0.16 ft /lb were those obtained from the Keyes, 
Snriith and Gerry equation of state. 

It was stated previously that values in the 1951 Vukalovich tables 
were computed from an equation of state which was based on the values 
adopted at the Third International Conference. However, the values listed 
for water vapor in the supercritical region below 770°F (410°C) were de
rived by means of a combined analytical and graphical technique. Although 
no reference is made of the experiinental values used for this purpose it 
appears that the measurements of Keyes, Sinith and Gerry and Kirillin et al., 
were relied upon. 

A combined analytical and graphical technique was used to obtain 
values listed for the specific volumes in the critical region in the 1952 
Timroth tables.'"*) It is thought that the observed isometrics of Timroth^-^'/ 



f r o m 2 to about 7 cm / g w e r e u s e d for th i s p u r p o s e . It i s i n t e r e s t i n g to note 
t ha t two equa t ions of s t a t e w e r e g iven in the 1952 T i m r o t h t a b l e s . The f i r s t 
equa t i on d e s c r i b e s the whole r a n g e of p a r a m e t e r s c o v e r e d by the t a b l e s wi th 
the excep t ion of t h o s e n e a r the s a t u r a t i o n l ine and the c r i t i c a l r e g i o n . The 
s e c o n d equa t ion d e s c r i b e s the r e g i o n n e a r the s a t u r a t i o n l ine a s we l l a s the 
s u p e r c r i t i c a l r e g i o n . Both equa t ions w e r e b a s e d on the spec i f i c h e a t d e t e r 
m i n a t i o n s of G e r m a n ( 5 6 , 5 7 j a^jj R u s s i a n l ^ l ) i n v e s t i g a t o r s . 

The F a x e n t ab l e v a l u e s w e r e conaputed by m e a n s of the equa t ion of 
s t a t e s u g g e s t e d by J u z a . ( 5 o ) Juza d e r i v e d the equa t ion f r o m c a l o r i m e t r i c 
m e a s u r e m e n t s m a d e in G e r m a n y ( 5 6 , 5 7 ) Eng l and , ( ^9 ) and Czechos lovak ia (50 ) j 
and f r o m v o l u m e m e a s u r e m e n t s m a d e in tlie Uni ted S t a t e s . (32) jsjo m e n t i o n 
was m a d e by F a x e n for the b a s i s of the v a l u e s for s u p e r h e a t e d v a p o r in the 
c r i t i c a l r e g i o n . 

The equa t i on of s t a t e by T a n i s h i t a ( " 0 ) ^ a s u s e d to c o m p u t e the v a l u e s 
l i s t e d for s u p e r h e a t e d v a p o r in the 1955 J . S . M . E . t a b l e s . (") In the c r i t i c a l 
r e g i o n , v a l u e s w e r e d e r i v e d by a g r a p h i c a l t echn ique f r o m the T h i r d I n t e r 
n a t i o n a l S t e a m T a b l e C o n f e r e n c e (̂  ^/ v a l u e s . 

The v a l u e s l i s t e d in the 1956 V.D.I , t a b l e s (8) w e r e t a k e n f r o m the 
1952 T i m r o t h t a b l e s , ("l) 

V a l u e s f r o m the v a r i o u s s t e a m t a b l e s a r e g iven in T a b l e s 29 to 34. 
A g r a p h i c a l c o m p a r i s o n i s g iven in F i g u r e 6. Solid l i n e s w e r e d r a w n t h r o u g h 
the K e e n a n and K e y e s values(J-) whi le b r o k e n l i n e s w e r e d r a w n t h r o u g h the 
1952 T i m r o t h v a l u e s . ( 4 ) 

The f igu re e m p h a s i z e s the l ack of s m o o t h e d v a l u e s of spec i f i c vo l 
u m e s a t suff ic ient ly c l o s e i n t e r v a l s in the c r i t i c a l r e g i o n . F u r t h e r m o r e , 
a p p r e c i a b l e d i f f e r e n c e s ex i s t be tween the v a l u e s g iven in the v a r i o u s s t e a m 
t a b l e s for t e m p e r a t u r e s up to about 752°F (400°C). 

E . S u m m a r y 

(1) With the excep t ion of the 1952 T i m r o t h tables! '*) the v a l u e s 
given in the v a r i o u s s t e a m t a b l e s w e r e d e r i v e d f r o m the c a l o r i m e t r i c e x 
p e r i m e n t s conduc ted in G e r m a n y , ( ^ 6 , 5 7 ) Eng land , (59 ) and C z e c h o s l o v a k i a p O ) 
and vo lume m e a s u r e m e n t s conduc ted in the Uni ted States.(-52) 

(2) E v e n though e x p e r i m e n t a l m e a s u r e m e n t s w e r e m a d e in the c r i t 
i c a l r e g i o n , v e r y l i t t l e spec i f i c vo lume da ta for t h i s r e g i o n a r e given in the 
v a r i o u s s t e a m t a b l e s . 



(3) T h e r e a r e a p p r e c i a b l e d i f f e r e n c e s b e t w e e n t h e s p e c i f i c v o l u m e 
d a t a g i v e n i n t h e v a r i o u s t a b l e s f o r t e m p e r a t u r e s u p to a b o u t 7 5 2 ° F ( 4 0 0 ° C ) 
( s e e F i g u r e 6 ) . 

(4) In t h e c r i t i c a l r e g i o n t h e v a l u e s of p r e s s u r e - v o l u m e - t e m p e r a 
t u r e f o r s u p e r h e a t e d w a t e r v a p o r g i v e n i n t h e v a r i o u s s t e a m t a b l e s w e r e 
d e r i v e d by g r a p h i c a l m e t h o d s . 

T A B L E 29 

P r e s s u r e - V o l u m e - T e m p e r a t u r e for Subcooled Wate r and S u p e r h e a t e d Vapor 
in the C r i t i c a l Reg ion f r o m 1952 T i m r o t h Tab le s (4 ) 

P r e s s u r e , p s i a 

T e m p e r a t u r e , 
°F 

662 
680 
698 
716 
734 
752 

P r e s s u r e , p s i a 

T e m p e r a t u r e , 
OF 

662 
680 
698 
716 
734 
752 
770 
788 
806 
824 
842 

2560 

0.1387 
0.1585 

-
-

3271 

0.02600 
0.02771 
0.03165 
0.0873 
0.1105 
0.1249 
0.1365 

-
-
_ 
-

2631 

0.1264 
0.1488 

-
-

3414 

0.02580 
0.02737 
0.03050 
0.0586 
0.0963 
0.1132 
0.1253 
0.1355 

-
_ 

-

2702 2774 

Specif ic V o l u m e , ft 

0.1124 
0.1390 

-
-

3556 

Specif ic \ 

0.0256 
0.02707 
0.02976 
0.03812 
0.08201 
0.1017 
0.1147 
0.1253 
0.1347 

-
-

-
0.1293 
0.1474 

-

3648 

Volume, ft 

0.02547 
0.02683 
0,02922 
0,03476 
0.06712 
0.09018 
0.1046 
0.1160 
0.1257 
0.1344 

-

2845 

yib 

-
0.1193 
0.1394 

_ 

3840 

yib 

0.02532 
0.02659 
0.02875 
0.03300 
0.05126 
0.07897 
0.09547 
0.1075 
0.1173 
0.1259 
0.1338 

2987 

_ 
0.0956 
0.1227 
0.1386 

3983 

0.02516 
0.02637 
0.02834 
0.03188 
0.04117 
0.06808 
0.08634 
0.09915 
0.1094 
0.1182 
0.1261 

3129 

_ 
-

0.1059 
0.1246 
0.1373 



TABLE 30 

P res su re -Volume-Tempera tu re for Subcooled Water and Superheated Vapor 
in the Cri t ical Region from the 1951 Vukalovich Tables^*^) 

P r e s s u r e , psia 

Tempera ture , 

680 
698 
716 
734 
752 
770 
788 
806 

P r e s s u r e , psia 

Tempera ture , 
o p 

662 
680 
698 
716 
734 
752 
770 
788 
806 
824 
842 

2560 

0.138 
0.159 

-
-
-
-
-

3271 

0.02609 
0.02792 
0.03165 
0.0873 
0.111 
0.125 
0.137 
0.147 
0.156 

-
-

2631 

0.126 
0.149 
0.1643 

-
-
-
-

3414 

0.02590 
0.02758 
0.03066 
0.0593 
0.0966 
0.113 
0.126 
0.136 
0.145 
0.154 

-

2702 

Specific 

0.112 
0.139 
0.156 
0.1688 

-
-
-

3556 

Specific 

0.02573 
0.02728 
0.02992 
0.0376 
0.0822 
0.102 
0.115 
0.126 
0.135 
0.144 
0.151 

2774 

Volume, f 

. 

0.129 
0.147 
0.1610 
0.1728 

-
-

3698 

2845 

tVlb 

. 

0.119 
0.139 
0.1534 
0.1655 
0.1759 

-

3840 

Volume, ftVlb 

0.02557 
0.02704 
0.02938 
0.0348 
0.0671 
0.0905 
0.105 
0.116 
0.126 
0.134 
0.142 

0.02542 
0.02680 
0.02891 
0.0341 
0.0556 
0.0796 
0.0953 
0.107 
0.117 
0.125 
0.133 

2987 

. 

0.0956 
0.123 
0.139 
0.152 
0.1621 
0.1716 

3983 

0.02526 
0.02657 
0.02850 
0.0324 
0.0412 
0.0687 
0.0859 
0.0984 
0.109 
0.117 
0.125 

3129 

. 

-
0.106 
0.125 
0.138 
0.149 
0.1589 
0.1677 

TABLE 31 

P res su re -Volume-Tempera tu re for Subcooled Water and Superheated Vapor 
in the Cri t ical Region According to Holser and Kennedy (^o) 

P r e s s u r e , psia 

Tempera ture , 

680 
716 
752 

2900.8 3626.0 

Specific Volume, 
ftyib 

0.02923 
0.132^ 
0.1597 

0.02718 
0.03611 
0.09701 



T A B L E 32 

P r e s s u r e - V o l u m e - T e m p e r a t u r e for Subcooled Wate r and S u p e r h e a t e d Vapor 
in the C r i t i c a l Reg ion f r o m 1953 F a x e n T a b l e s (7) 

P r e s s u r e , p s i a 

T e m p e r a t u r e , 
° F 

680 
698 
716 
734 
752 
770 
788 

P r e s s u r e , p s i a 

T e m p e r a t u r e , 
°F 

680 
698 
716 
734 
752 
770 
788 

2765 

0.02984 
0.1318 

-
-
-
-

3626 

0.02715 
0.02967 
0.03836 
0.07496 
0.09627 
0.1105 
0.1213 

2828 

0.02951 
0.1217 

-
-
-
_ 

3771 

0.02686 
0.02907 
0.03511 
0.06055 
0.08441 
0.1004 
0.1118 

2901 

Specif ic 

0.02918 
0.1112 
0.1325 

-
-
_ 

3916 

Specif ic 

0.02659 
0.02862 
0.03309 
0.04998 
0.07272 
0.09066 
0.1027 

3046 

Vo lume , 

0.02866 
0.08778 
0.1156 
0.1326 

-
-

V o l u m e , 

3191 

ftVlb 

0.02822 
0.03247 
0.09803 
0.1184 
0.1323 

-

ftVib 

3336 

0.02782 
0.03133 
0.07609 
0.1044 
0.1200 
0.1320 

3481 

0.02745 
0.03039 
0.04434 
0.08938 
0.1084 
0.1209 
0.1317 

T A B L E 33 

P r e s s u r e - V o l u m e - T e m p e r a t u r e for Subcooled Wate r and S u p e r h e a t e d Vapor 
in the C r i t i c a l Reg ion f rom 1955 J . S . M . E . T a b l e s (6) 

P r e s s u r e , p s i a 

T e m p e r a t u r e , 
° F 

680 
698 
716 
734 
752 
770 
788 
806 

2792 2845 2987 3129 3271 3414 3556 3698 

Specif ic Vo lume , f tVlb 

0.1123 
_ 
„ 

_ 
_ 
„ 

_ 
-

0.0295 
0.1189 

_ 
_ 
_ 
_ 
_ 
-

0.0288 
0.0948 
0.1221 

-
_ 
_ 
-

0.0283 
0.0338 
0.1062 
0.1248 

-
-
-
-

0.0279 
0.0319 
0.0873 
0.1107 
0.1253 

-
-
-

0.0276 
0.0307 
0.0601 
0.0963 
0.1134 
0.1257 

_ 
-

0.0273 
0.0300 
0.041Z 
0.0820 
0.1020 
0.1152 
0.1262 

-

0.0271 
0.0294 
0.0360 
0.0671 
0.0907 
0.1051 
0.1166 
0.1264 



T A B L E 34 

Va lues of P r e s s u r e - V o l u m e - T e m p e r a t u r e for Subcooled Wa te r and 
S u p e r h e a t e d W a t e r Vapor f r o m Keenan and Keyes S t e a m Tables^^z 

T e m p e r 
a t u r e , ° F 

P r e s s u r e , 
p s i a 

2700 
2800 
2900 
3000 
3100 
3200 
3206.2 
3300 
3400 
3500 
3600 
3700 
3800 
3900 
4000 

T e m p e r 
a t u r e , " F 

P r e s s u r e , 
p s i a 

2700 
2800 
2900 
3000 
3100 
3200 
3206.2 
3300 
3400 
3500 
3600 
3700 
3800 
3900 
4000 

680 690 700 705.4 710 720 730 740 

Specif ic Vo lume , f t y i b 

0.1137 

0.0288 

0.0281 

0.0274 

0.0265 

0.1299 
0.1141 

0.0311 

0.0298 
0.0293 
0.0290 
0.0287 
0.0285 
0.0282 
0.0279 
0.0277 
0.0275 

0.1416 
0.1281 
0.1143 
0.0984 

0.0334 
0.0320 
0.0312 
0.0306 
0.0301 
0.0297 
0.0293 
0.0290 
0.0287 

— 

0.0503 

0.0322 

0.0295 

0.1387 
0.1266 
0.1142 
0.1012 
0.0852 
0.0843 
0.0545 
0.0363 
0.0342 
0.0329 
0.0320 
0.0313 
0.0308 
0.0303 

0.1592 
0.1475 
0.1362 
0.1251 
0.1140 
0.1027 
0.1020 
0.0905 
0.0773 
0.0557 
0.0410 
0.0371 
0.0349 
0.0337 
0.0328 

-
0.1533 
0.1444 
0.1339 
0.1238 
0.1138 
0.1132 
0.1037 
0.0935 
0.0823 
0.0701 
0.0557 
0.0450 
0.0400 
0.0373 

0.1732 
0.1622 
0.1617 
0.1416 
0.1320 
0.1226 
0.1220 
0.1134 
0.1042 
0.0952 
0.0860 
0.0764 
0.0664 
0.0558 
0.0478 

750 760 770 780 790 800 820 840 

Specif ic V o l u m e , f t y i b 

0.1686 
0.1583 
0.1485 
0.1391 
0.1301 
0.1295 
0.1215 
0.1129 
0.1047 
0.0965 
0.0885 
0.0804 
0.0721 
0.0638 

0.1853 
0.1745 
0.1644 
0.1548 
0.1456 
0.1369 
0.1363 
0.1285 
0.1204 
0.1126 
0.1049 
0.0975 
0.0903 
0.0832 
0.0761 

0.1801 
0.1701 
0.1606 
0.1516 
0.1430 
0.1424 
0.1348 
0.1270 
0.1195 
0.1121 
0.1051 
0.0983 
0.0917 
0.0852 

0.1960 
0.1854 
0.1754 
0.1660 
0.1571 
0.1486 
0.1480 
0.1406 
0.1329 
0.1256 
0.1185 
0 . U 1 7 
0.1052 
0.0989 
0.0927 

0.1904 
0.1805 
0.1711 
0.1623 
0.1539 
0.1533 
0.1459 
0.1384 
0 . ' 3 1 2 
0.1243 
0.1177 
0.1113 
0.1052 
0.0993 

0.2059 
0.1953 
0.1853 
0.1760 
0.1672 
0.1589 
0.1583 
0.1510 
0.1435 
0.1364 
0.1296 
0.1231 
0.1169 
0.1109 
0.1052 

0.2150 
0.2043 
0.1944 
0.1851 
0.1763 
0.1681 
0.1676 
0.1602 
0.1529 
0.1458 
0.1392 
0.1328 
0.1268 
0.1210 
0.1155 

0.2235 
0.2128 
0.2028 
0.1935 
0.1847 
0.1765 
0.1760 
0.1687 
0.1613 
0.1543 
0.1477 
0.1414 
0.1354 
0.1297 
0.1243 



V. R E C O M M E N D E D VALUES OF P R E S S U R E - V O L U M E - T E M P E R A T U R E 
F O R WATER AND WATER VAPOR IN THE C R I T I C A L REGION 

A. G e n e r a l 

In Sec t ions III and IV it was conc luded tha t t h e r e w e r e a l a c k of 
s m o o t h e d da ta a t suff ic ient ly c l o s e i n t e r v a l s in the c r i t i c a l r e g i o n . F u r 
t h e r m o r e , it was shown in F i g u r e 6, a g r a p h i c a l r e p r e s e n t a t i o n of p r e v i o u s 
s m o o t h e d da t a , tha t t h e r e w e r e a p p r e c i a b l e d i f f e r e n c e s in the da t a . In v iew 
of t h i s an a t t e m p t h a s been m a d e in t h i s t h e s i s to d e r i v e da ta f r o m the v a r 
ious m e a s u r e m e n t s c i t ed and c o m p i l e d in S e c t i o n s III and IV. 

The w a t e r m o l e c u l e p o s s e s s a p e r m a n e n t d ipo le . As a c o n s e q u e n c e , 
the b e h a v i o r of w a t e r i s v e r y c o m p l i c a t e d , e s p e c i a l l y in the c r i t i c a l r e g i o n . 
In v iew of t h i s , g r a p h i c a l t e c h n i q u e s have been u s e d in th i s t h e s i s to d e r i v e 
new P - V - T v a l u e s in the c r i t i c a l r e g i o n . 

One r e a s o n for the l a c k of s m o o t h e d da ta is t h a t p r o p e r t i e s in the 
c r i t i c a l r e g i o n change r a p i d l y , m a k i n g it difficult to m a i n t a i n p r e c i s i o n in 
a n a l y s i s . F i g u r e 6 i n d i c a t e s tha t t h e r e a r e i n a r k e d c h a n g e s in the s l o p e s 
of i s o t h e r m s up to about 730°F. F r o m only a p r e s s u r e - v o l u m e plot it 
would indeed by v e r y difficult to i n t e r p o l a t e a c c u r a t e l y b e t w e e n the e x p e r 
i m e n t a l r e s u l t s of v a r i o u s i n v e s t i g a t o r s . 

The g r a p h i c a l m e t h o d u s e d in th i s t h e s i s to i n t e r p o l a t e b e t w e e n 
m e a s u r e m e n t s c o n s i s t e d of p lo t t ing the p roduc t of p r e s s u r e and spec i f i c 
v o l u m e (PVgp) a g a i n s t the spec i f i c v o l u m e (Vgp) wi th t e m p e r a t u r e a s a 
p a r a m e t e r . A h o r i z o n t a l l ine would r e s u l t if PVgp w e r e p lo t t ed a g a i n s t 
Vgp at c o n s t a n t t e m p e r a t u r e for a gas obeying the p e r f e c t gas l aw. F o r 
w a t e r v a p o r a plot of th i s type would y ie ld s l igh t ly c u r v e d i nc l i ned l i n e s . 
The a n a l y s i s wi th r e s u l t s ob ta ined for w a t e r and w a t e r v a p o r wil l now be 
d i s c u s s e d . 

B. D e r i v e d Da ta for P r e s s u r e - V o l u m e - T e m p e r a t u r e 

The e x p e r i m e n t a l m e a s u r e m e n t s of spec i f i c v o l u m e by Keyes 
et a l . , ( / K i r i l l i n et _al_. ,(53,54) a.nd v a l u e s ob ta ined f r o m c a l o r i m e t r i c 
m e a s u r e m e n t s by H a v l i c e k and Miskovskyi - ' ^ ) and O s b o r n e _et a l . ,^-^^/ 
w e r e u s e d to d e r i v e new da ta . T h e s e v a l u e s w e r e p lo t t ed a c c u r a t e l y to 
a few p a r t s in t e n t h o u s a n d and s m o o t h c u r v e s w e r e d r a w n th rough the 
po in t s , a s shown in F i g u r e 9. It w a s thought by the w r i t e r s tha t the 
e x p e r i m e n t a l v a l u e s c h o s e n w e r e the m o s t c o n s i s t e n t . 

At 7 l6 °F one m a y note the e x c e l l e n t a g r e e m e n t b e t w e e n the v a l u e s 
of Keyes _et a l . , H a v l i c e k and M i s k o v s k y , and K i r i l l i n et a l . , and the c o r 
r e s p o n d i n g s m o o t h c u r v e . F i g u r e 9 i l l u s t r a t e s the c a r e t a k e n to m a k e the 
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FIG. 9 PVsp-Vsp ISOTHERMS IN THE CRITICAL REGION 



l ines pass through all of the exper imenta l va lues . It may be concluded that 
the re is excellent agreement between all the m e a s u r e m e n t s shown in F ig 
u re 9- This is noteworthy since the m e a s u r e m e n t s of Keyes et a l . , and of 
Havlicek and Miskovsky were conducted some twenty yea r s ago. 

In Section IV appreciable differences were noted between the data 
given in the var ious s team tables for the specific volume of s t eam in the 
cr i t ica l region. In view of the good agreement between the var ious sets 
of experi inental m e a s u r e m e n t s as i l lus t ra ted by F igure 9 the reason for 
previous inconsis tencies is due to the choice of different "smoothing" 
methods and not e r r o r s in exper imenta l m e a s u r e m e n t s , as has been sug
gested by Timroth and Vargaf t ik '^ l ) and by other inves t iga tors fromi t ime 
to t ime. 

Values of the product of p r e s s u r e and volume (PVgp) were read 
from the i so the rms shown in F igure 9- The calculated p r e s s u r e s and 
specific volumes obtained from the PVgp - Vgp i so the rms a r e shown in 
F igure 10. Smooth curves were drawn through those values . One may 
note the excellent agreement between the var ious exper imenta l m e a s u r e 
ments and our smoothed curves . The enlargement of F igure 10 gives 
an indication of the re la t ive accuracy by which computed values r e p r e s e n t 
the var ious exper imenta l m e a s u r e m e n t s 

P r e s s u r e s computed from F igure 9 were next plotted against t e m 
pe ra tu re for constant specific volume, and some of these a r e shown in 
F igure 11 to i l lus t ra te the t e m p e r a t u r e dependence. F o r the range of 
p r e s s u r e s and t e m p e r a t u r e s shown it is in teres t ing to note that for specific 
volumes between 0.045 and 0.060 f t ^ l b the i s o m e t r i c s a r e l inea r . F o r 
specific volumes outside this range the i some t r i c s a re nonl inear . A 
s imi la r conclusion regarding the l inear i ty of i s o m e t r i c s in the c r i t i ca l 
region was miade by TimLroth(^9) in 1950 and by Kirillin(52) in 1955. 

F igure 11 indicates the very good agreement between the data ob
tained from the var ious exper imenta l i s o t h e r m s of different inves t iga tors . 
The values of Kir i l l in for the t e m p e r a t u r e of 730.4°F and for specific 
volumes between 0.040 and 0 051 ft / l b a r e evidently in e r r o r , since they 
a r e not consis tent with computed p r e s s u r e s obtained f rom the other i so 
t h e r m s of F igu re 9- F o r the range shown in F igure 10 it was concluded 
that Ki r i l l in ' s de terminat ions of p r e s s u r e between 3 750 and 395 0 ps ia a r e 
too high by as much as 30 ps i along the 730.4°F i so the rm. 

Values read f rom F igure 11 for t e m p e r a t u r e s f rom 702 to 752°F 
were plotted on a p r e s s u r e - v o l u m e d iagram shown in F igu re 12. It was 
poss ible to draw smooth curves through all of these values . In genera l , 
it is e s t ima ted that the deviation in p r e s s u r e frona the smoothed curve 
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FIG. 11 ISOMETRICS IN THE CRITICAL REGION BASED ON GRAPHICALLY SMOOTHED DATA 
OF VARIOUS INVESTIGATORS 
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amounted to about 5 pa r t s in ten thousand; however, in the subcooled liquid 
regions and for specific volumes l e s s than 0.040 ft / l b the uncer ta in ty in 
p r e s s u r e may be some 20 pa r t s in ten thousand. 

A discussion on the c r i t i ca l data for water der ived from F igu re s 11 
and 12 is given in the next section. 

C. Summary 

(1) There is excellent agreement between the exper imenta l values 
of p r e s s u r e - v o l u m e - t e m p e r a t u r e of Keyes et al.,W^/ Havlicek and 
Miskovsky,(50.) and Kir i l l in _et al . ' - '^ / for t e m p e r a t u r e s between 696 and 
752°F, for p r e s s u r e s between 3000 and 4000 psia and for specific volumes 
between 0.03 and 0.12 ftVlb. 

(2) The exper imenta l de terminat ion of p r e s s u r e along the 730.4°F 
i so the rm made by Kir i l l in appear to be too high by as much as 30 psi for 
p r e s s u r e s from about 3750 to 3950 psia . 

(3) F o r the f i r s t t ime a graphical tabulation at close in te rva l s of 
p r e s s u r e - v o l u m e - t e m p e r a t u r e has been made possible for water vapor in 
the c r i t i ca l region by util izing graphical techniques and the m e a s u r e m e n t s 
of Keyes et al.,(32) Havlicek and Miskovsky,(50) Osborne et al.jW^j ^nd 
Kiri l l in _et_al. (52-54) 

(4) The d i sc repanc ies between the p r e s s u r e - v o l u m e - t e m p e r a t u r e 
data of var ious s t eam tables a r e due to the use of inexact interpolat ion 
techniques or of inaccura te equations of s tate and not due to e r r o r s in the 
m e a s u r e m e n t s . 



VI. THE CRITICAL POINT 

A. General Studies 

Many of the ea r ly invest igations of cr i t ica l phenomena in the las t 
century were reviewed by P r e s t o n \°U The phenomena was f i rs t observed 
by la Tour in 1822. His appara tus consis ted of a bent sealed tube. A sample 
of water was contained in one a r m while a i r to indicate the p r e s s u r e was 
contained in another a r m . Mercury which separa ted the a i r and water , 
t r ansmi t t ed the p r e s s u r e f rom the water in one a r m to the air in the other 
a r m . A value of 688''F (362°C) was obtained for the c r i t i ca l t empera tu re of 
water . One of the r ea sons given for the low value is that a foreign substance 
was added to water to r e t a r d the leaching at tack on the g lass . The effect of 
m e r c u r y was not taken into account. 

In 1881 Cail letet and Hautefeuille, and Hannay conducted invest iga
tions with carbon dioxide Cai l le tet and Hautefeuille concluded from their 
exper iments that the re existed two phases above the c r i t i ca l point, while 
Hannay concluded that only one phase exis ted Pres ton(°^) was of the opin
ion that none of these exper iments proved or disproved the s imultaneous 
exis tence of two phases abo^'e the c r i t i ca l point. P r e s ton stated that all of 
the m e a s u r e m e n t s made up to that t ime showed that, as the c r i t i ca l t e m 
pe ra tu re and p r e s s u r e were approached, the density of the liquid approached 
the density of the vapor 

Several noteworthy exper iments on the c r i t i ca l point were subse
quently c a r r i e d out with p rec i s ion and ca re H. L. Cal lendar l"^) m e a s u r e d 
the p r e s s u r e - ' - o l u m e - t e m p e r a t u r e re la t ions of sa tu ra ted water in the vicin
ity of the cr i t ica l point. His exper i inents showed that the density of "sa tu
ra ted water" was about twice that of " sa tu ra ted ^^apor" at the t empe ra tu r e 
where the meniscus d isappeared , i.e , at 705.2°F (374°C). He fur ther ob
se rved that the density of the vapor became equal to the density of the 
liquid at 717°F (380 5°C) and 3650 psia (257 kg/cm^), which is considerably 
different f rom the mode rn day values of 705.5°F (374.15°C) and 3210 ps ia 
(225.65 kg/cm^) 

F r o m his volume exper iments Cal lendar postulated that the region 
between 705 2*̂  and 71 7°F was unstable He cons idered that the water vapor 
in his exper iments was very pu re , containing a i r in the proport ion of only 
1 pa r t out of 10 by volume. Cal lendar was of the opinion that an apprec i 
able amount of impur i ty in the water vapor would obl i tera te the unstable 
region. 

In 1929 H. L. Cal lendar( l 3) r epor ted on ca lo r ime t r i c exper iments 
which were conducted to invest igate the effect of a i r and other impur i t i e s 
on the equi l ibr ium between wate r vapor and water in the c r i t i ca l region. 
Specifically, he made enthalpy m e a s u r e m e n t s in the "unstable" region 



along the 709. 6°F and 711.5°F isothermis with water vapor containing about 
3 pa r t s in 10 by weight of a i r . He stated that during "condensation" in the 
unstable region the p r e s s u r e did not r ema in constant but inc reased uni 
formly. It should be pointed out, however, that t rends in the m e a s u r e d i so 
t h e r m s would be identical to that for a i r - f r e e water vapor in the region 
now accepted as superc r i t i ca l . 

Unfortunately, Cal lendar made no mention of m e a s u r e m e n t s of en
thalpy on a i r - f r e e water vapor in the "unstable" region. It appears to the 
wr i t e r that he made the conjecture that the i so the rms from 705.2° to 717°F 
(374° to 380°C) for pure water vapor would have a ve r t i ca l flat segment 
between the two "sa tura t ion l ines" on a enthalpy p r e s s u r e d iagram. T h e r e 
fore , it is to be concluded that Ca l l endar ' s conjecture is not valid, since he 
was not wholly justified in at t r ibut ing the m e a s u r e d uniforin inc rease of 
p r e s s u r e in the unstable region solely to a i r in the water vapor. 

Cal lendar es t imated that his t empe ra tu r e m e a s u r e m e n t s were 
accura te to about 0.01°C (0.018°F) and that his p r e s s u r e m e a s u r e m e n t s 
were accura te to about 0.02%. If these e s t ima tes a r e c o r r e c t , the accuracy 
is excellent even when compared to modern s tandards of m e a s u r e m e n t s . 
However, it appears that, since the m e a s u r e d values of enthalpy made by 
Cal lendar a r e not consis tent with those in the Keenan and Keyes t a b l e s , ( ) 
the a i r may have been contained in the water vapor in a l a r g e r propor t ion 
than es t imated . 

Similar conclusions regard ing Ca l l endar ' s work had been made 
some th i r ty yea r s ago. Jakob("-^) reviewed the work of Cal lendar and con
cluded that "Callendar s tands absolutely on his own feet - that is to say, 
he personal ly m e a s u r e d p rac t i ca l ly all of the p rope r t i e s in quest ion and a l so 
worked them out theore t ica l ly ." However, Jakob r eco rded the following 
objections of Davis and Keenan("'*) to the deductions made by Cal lendar : 

It may be ment ioned that the group of Ca l l enda r ' s points . . 
. .consti tute the only experinaental bas i s yet adduced for his 

s ta r t l ing suggestion that two misc ib le phases p e r s i s t at t e m p e r a 
tu re s above what is commonly r ega rded as the c r i t i ca l point. It 
s eems to us that this group of points while valuable is not c h a r 
ac te r i zed by a high enough p rec i s ion to enable anyone to d is t in
guish by means of them, between an i so the rma l with a flat segment 
[ ( ^ P / ^ v ) ' j ' = 0] and the ve ry slightly curved i so the rmal [(^p/Sv)^<0] 
which the accepted theory would predic t in this region. F u r t h e r 
m o r e , the apparent exis tence of t rue latent hea t in accordance with 
the Cal lendar suggestion and the exis tence of very l a rge specific 
heats in this region as r equ i red by c las s i ca l c r i t i ca l point theory, 
would be f rom the experiixiental point of view, two p ic tu res so 
near ly identical in every observable r e spec t as to be indis t inguish
able. Indeed we doubt if any poss ible m e a s u r e m e n t s of e i ther 
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spec i f i c v o l u m e s or l a t e n t t o t a l h e a t s and of p r e s s u r e a long any 
i s o t h e r m a l in t h i s r e g i o n would be e x p e c t e d to d i s t i n g u i s h b e t w e e n 
t h e s e two t h e o r i e s . We t h e r e f o r e s e e no r e a s o n for abandoning the 
t r a d i t i o n a l point of v iew as to what h a p p e n s at the c r i t i c a l point . 

E x p e r i m e n t s s u b s e q u e n t l y c a r r i e d out by H a v l i c e k and Miskovsky,(5*Jj 
G. S. C a l l e n d a r and Eger ton , ( ' ^3) and Koch' '°5} showed tha t only one p h a s e 
e x i s t e d above the c r i t i c a l point . 

It was m e n t i o n e d in Sec t ion 1 tha t m o s t p r o p e r t i e s of w a t e r and 
w a t e r v a p o r change r a p i d l y in the i m i n e d i a t e v i c in i ty of the c r i t i c a l poin t . 
R o s s i n i ( " " / and H i r s c h f e l d e r , C u r t i s s and B i r d ( ^ ' ) give a c c o u n t s of in 
v e s t i g a t i o n s on the c r i t i c a l poin t . T h e s e i n v e s t i g a t i o n s showed that c e r 
t a in p r o p e r t i e s change v e r y r a p i d l y with a few h u n d r e d t h s of a d e g r e e of 
the c r i t i c a l poin t . F o r i n s t a n c e , Wen to r f ( " ° ) m e a s u r e d the p r e s s u r e and 
v o l u m e a long i s o t h e r m a l s in the c r i t i c a l r e g i o n of c a r b o n dioxide at t e m p e r 
a t u r e i n t e r v a l s of 0.02°C. His m e a s u r e m e n t s i nd ica t e t ha t wi th in a few 
h u n d r e d t h s of a d e g r e e of the c r i t i c a l point the spec i f i c v o l u m e along the 
sa tura t io ,n l ine c h a n g e s by about lO'J-o. 

B . C r i t i c a l Da ta for W a t e j 

The m e t h o d s and r e s u l t s of v a r i o u s i n v e s t i g a t i o n s conduc ted in the 
p a s t twenty y e a r s to e v a l u a t e the c r i t i c a l c o n s t a n t s for w a t e r wi l l now be 
r e v i e w e d . T a b l e 35 s u m m a r i z e s v a l u e s for the c r i t i c a l c o n s t a n t s of w a t e r . 

TABLE 35 

Cri t ical Data for Water as Obtained by Various Invest igators 

No. 

1 

1 ' 

3 

4 

5 

6 

7 

Investigator(s) 
and Date 

Havlicek and 
Miskovsky, 1936 

Smith, Keyes 
and Ger ry , 1936 

Keenan and Keyes, 
1936 

Osborne, et a l . , 
1937 

Timroth, 1952 

Kiri l l in, 1955 

This Report, 1959 

Refer
ence 

50 

32 

I 

35 

4 

52 

-

P r e s s u r e 

psia 

Between 
3200 and 
3225 

3206.2 

3206.2 

3209.5 

3209.5 

3209.5 

3208 

kg/ cm 

Between 
225 and 
227 

225.41 

225.41 

225.65 

225.65 

225.65 

225.54 

Specific 
Volume 

ft^/lb 

0.0512 

0.0504 

0.05 

0.0529 

0.052Q 

0.0525 

cm^/'g 

3.1975 

3.15 

3.1 

3.3 

3.3 

3.28 

Tempera tu re 

°F 

706 

Between 
705.4 and 
705.6 

705.4 

705.5 

705.5 

705.5 

705.5 

°C 

374.5 

Between 
374.11 and 
374.21 

374.11 

374.15 

374.15 

374.15 

374.15 
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H a v l i c e k and M i s k o v s k y ( 5 0 ) c o n c l u d e d f r o m t h e i r m e a s u r e m e n t s of 
en tha lpy and spec i f i c h e a t t ha t t h e c r i t i c a l p r e s s u r e l i e s b e t w e e n 3200 and 
3225 p s i a (225 and 22 7 k g / c m ^ ) . They found tha t the en tha lpy of v a p o r i z a 
t ion w a s z e r o for t e m p e r a t u r e s g r e a t e r t h a n 706' 'F (374.5°C). 

S m i t h , K e y e s and G e r r y ( / d e r i v e d v a l u e s for the c r i t i c a l c o n s t a n t s 
of w a t e r by g r a p h i c a l l y obser-^-ing the t r e n d s in the i s o t h e r m s in the c r i t i c a l 
r e g i o n . No b a s i s i s g iven fo r t h e s o m e w h a t l o w e r va lue l i s t e d for t h e c r i t i 
ca l v o l u m e in the K e e n a n and K e y e s s t e a m tables.(•^) 

The m e t h o d u s e d by O s b o r n e _et a l . (•^5} to d e r i v e the c r i t i c a l c o n 
s t a n t s of w a t e r w a s not g iven HoweAer , it a p p e a r s tha t t he c o n s t a n t s w e r e 
e v a l u a t e d f r o m t h e i r s a t u r a t i o n p r e s s u r e ( 2 ' * ) and c a l o r i m e t r i c ( ^ 5 ) 
m e a s u r e n a e n t s . 

Timroth("*) and K i r i l l i n e t a l . ( ) u s e d i d e n t i c a l m e t h o d s to d e r i v e 
the c r i t i c a l v o l u m e for w a t e r f r o m t h e i r p r e s s u r e - v o l u m e - t e m p e r a t u r e 
m e a s u r e m e n t s . The m e t h o d u s e d by t h e m is b a s e d on t h e fac t t h a t the 
change of s a t u r a t i o n p r e s s u r e wi th t e m p e r a t u r e , ( d P / d T ) p m , i s i d e n t i 
ca l to ( d P / c ) T ) v cr i t* They a s s u m e d tha t the i s o m e t r i c s in the c r i t i c a l 
r e g i o n w e r e l i n e a r o v e r a l i m i t e d r a n g e of p r e s s u r e s and t e m p e r a t u r e s 
and t h u s w e r e ab le to e v a l u a t e the r e l a t i o n s h i p b e t w e e n t h e s l o p e s of the 
i s o m e t r i c s a n d the spec i f i c -^'olume B o t h T i n i r o t h and K i r i l l i n o b t a i n e d 
a va lue of 0 0528 f t / l b for the c r i t i c a l v o l u m e of w a t e r A v a l u e of 
21 .3 p s i a / ° R for ( d P / d T ) p -j w a s u s e d by K i r i l l i n e t a l . and by T i m r o t h . 

T h i s w a s ob t a ined by the d i f f e r e n t i a t i o n and e v a l u a t i o n cf E q (4) a t the 
c r i t i c a l poin t . Both u s e d v a l u e s for T,.. a n d P^, which w e r e i d e n t i c a l to 
t h o s e d e r i v e d by O s b o r n e £ t aJ. *> ' 

It w a s s t a t ed in the p r e v i o u s s e c t i o n t h a t t he i s o m e t r i c s shown in 
F i g u r e 11 r a n g i n g f r o m 0 045 to 0 060 f t ' / l b w e r e l i n e a r . S ince the v a l u e s 
for the c r i t i c a l v o l u m e d e r i v e d bv o t h e r i n v e s t i g a t o r s fal l s o m e w h e r e b e 
t w e e n 0.045 and 0.060 ft / l b , it m a y be c o n c l u d e d t h a t the c r i t i c a l i s o m e t r i c 
is l i n e a r for the r a n g e of p r e s s u r e s and t e i n p e r a t u r e s of F i g u r e 1 1 . The 
va lue o b t a i n e d for ( d P g / d T ) p m f r o m the O s b o r n e and M e y e r s F o r m u l a 

c, c 

(Eq. 3) i s 21.5 p s i a / ° R . T h e r e f o r e m t h i s r e p o r t the v a l u e of 21 .4 p s i a / ° R 
w a s t a k e n for ( d P g / d T ) p -j-

The fo l lowing e q u a t i o n w a s d e r i v e d for t h e c r i t i c a l i s o m e t r i c by 
a s s u m i n g v a l u e s of 3207.85 p s i a and 705 5°F for the c r i t i c a l p r e s s u r e a n d 
t e m p e r a t u r e ^ r e s p e c t i v e l y : 

P = 3207.85 + 21 4 (t - 705.5) , (21) 

w h e r e P i s the p r e s s u r e in p s i a and t i s the t e m p e r a t u r e in ° F . A va lue 
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of 0.0525 i 0.0005 f t y i b was der ived for the c r i t i ca l volume of water frona 
Eq. (21) in conjunction with F igu re 12. 

The p r e s s u r e at 0.0525 ftYlb along the 705.5°F i so the rm of F igure 12 
is 3208 psia . The close cor respondence between the values of c r i t i ca l p r e s 
sure read from Figure 12 and that obtained by taking the mean of the values 
l i s ted in the Keenan and Keyes tables('^) and in the Timroth tables(^/ is note
worthy. It is a lso ve ry noteworthy to find good ag reemen t between the value 
l i s ted for the c r i t i ca l volume in the Timroth tables and the value der ived in 
this repor t . The difference between these two values a r e within the e r r o r of 
calculation and exper iment . 

C. Summary 

(1) Ca l l enda r ' s postulate of the exis tence of a smal l unstable region 
above the c r i t i ca l point cannot be accepted at this t ime for the following 
r e a s o n s : 

(a) The m e a s u r e m e n t s of Cal lendar probably were not as p r e 
c ise as were es t ima ted in his paper . 

(b) There was a sys temat ic var ia t ion of a i r content in the 
water vapor between his volume m e a s u r e m e n t s and the 
enthalpy m e a s u r e m e n t s . 

(c) Subsequent c a l o r i m e t r i c and volumetr ic exper iments of 
seemingly equal or be t t e r accuracy show no evidence of 
an unstable region above the c r i t i ca l point. 

(2) Values of 0.0525 ftVlb and 3208 psia der ived for the c r i t i ca l 
volume and p r e s s u r e , respec t ive ly , were obta.ined by an analysis of p r ev i 
ous m e a s u r e m e n t s in the c r i t i ca l region. 



VII. T H E R M A L CONDUCTIVITY OF S U B C O O L E D WATER 
AND S U P E R H E A T E D VAPOR 

The t h e r m a l conduc t iv i t y of w a t e r and w a t e r vapo r a t m o d e r a t e 
t e m p e r a t u r e s and p r e s s u r e s h a s b e e n m e a s u r e d by s e v e r a l i n v e s t i g a t o r s . 
Two m e t h o d s have g e n e r a l l y b e e n u s e d , t ha t of the hot w i r e , and tha t 
of coax i a l c y l i n d e r s . In the f i r s t ixiethod an e l e c t r i c f i l a m e n t i s c e n t e r e d 
in the tube con ta in ing the s a m p l e of w a t e r . In the s e c o n d m e t h o d w a t e r 
is con t a ined in the ani iulus fornaed by two coax ia l c y l i n d e r s . 

A. T h e r m a l Conduct iv i ty of Subcooled Wate r 

The m o s t c o m p r e h e n s i v e s e t ol m e a s u r e m e n t s of t h e r i n a l c o n d u c t i v 
ity w e r e m a d e by the G e r m a n i n \ - e s t i g a t o r s Schmid t and Se l l s chopp("^ / and 
by the R u s s i a n i n v e s t i g a t o r s T i m r o t h and V a r g a f t i k . ( ' ^ / In 19 32, Schmid t 
and S e l l s c h o p p m e a s u r e d the t h e r m a l conduc t iv i ty of wEiter by the coax i a l 
c y l i n d e r t e chn ique up to a t e m p e r a t u r e of about 520°F (270°C) and a p r e s s u r e 
of 1070 ps i a (7^ k g / c m ) . Spec ia l c a r e was t a k e n to run a l l e x p e r i m e n t s a t 
cond i t ions w h e r e convec t ion effects w e r e n e g l i g i b l e . Tlie end h e a t l o s s e s 
w e r e eva lua t ed by m e a n s of the Schwa r t z - C h r i s t o f f e l equa t ion . Ca l cu l a t i ons 

a l s o ind ica t ed tha t the e r r o r s 
r e s u l t i n g f r o m e c c e n t r i c i t y w e r e 
neg l i g ib l e a m o u n t i n g to sonae 
0 .5%. 

T A B L E 3t) 

T h e r m a l C o n d u c t i v i t y of S u b c o o l e d W a t e r a s 

M e a s u r e d by S c h m i d t .nid Se l l s rhoppl ' - ' ' " ' ) 

T e m p e r a t u r e , 

° F 

4 7 . 8 4 

"•4.58 

1 0 4 . 7 2 

l b 2 . 5 0 

1 6 7 . 0 0 

1 8 5 . 9 0 

1 9 4 . 0 0 
1 9 5 . 4 4 

2 0 4 . 4 4 

2 1 6 . b 8 

2 2 1 . 7 2 

222.t>2 

2 3 7 . 3 8 

2 5 1 . 9 D 

2 0 9 . 4 2 

2 8 8 . 3 2 

3 1 0 . 8 2 

510 .22 

33] .70 
3 3 5 . 3 0 

3 8 1 . 7 4 

3 8 6 . 2 4 

4t»9.58 

5 1 6 . 5 o 

P r e s s u r e , 

p s i a 

14 .22 

14 .22 

14 .22 

14 .22 

4 2 0 . 9 1 
40'-^.27 

10b.t>5 

2 7 7 . 2 9 
54 5 .52 

2 8 1 . 5 0 

2 1 0 . 4 b 

3 8 2 . 5 2 

3 o 9 . 7 7 

522.7'< 

3 3 9 . 8 b 

3 1 4 . 2 6 

2 7 0 . 1 8 

4 0 3 . 8 5 

3 1 8 . 5 3 
l b b . 3 7 

4 2 3 . 7 b 

4 8 7 . 7 5 

5 9 7 . 2 4 

1 0 7 7 . 8 8 

T h e r i n a l C o n d u c t i v i t y , 

B h r " ' F " * f t " ' 

0 . ) 51 3 

0 . 3 4 2 7 

O . 5 o 5 -

0 . 5 8 4 3 

U.38 50 

0 . 5 8 9 0 
0.5 '>31 

0 . 3 9 3 1 

0.5'>10 

0 . ; ')57 

U . i 9 71 

0 . 3 9 4 4 

0 .39 37 

0 .39 57 

U.39 57 

0 . 5 9 5 1 

0 . 5 9 24 

0 . 5'i57 

0 . 3 8 9 7 
0 .59 17 

0 . 3 8 7 7 

0 . -4877 

0 .3 t )55 

O . J4b7 

The m e a s u r e m e n t s of 
Schmid t and Se l l schopp^ " ' a r e 
g iven in Table 36 . They es t inaa te 
tha t t h e i r m e a s u r e m e n t s a r e a c 
c u r a t e to about ±1-|%. They 
conc luded tha t the t h e r m a l con
duc t iv i ty a long the s a t u r a t i o n l ine 
r e a c h e s a m a x i m u m at a t e i n p e r 
a t u r e of about 266°F (130°C), and 
a t 570'='F (300°C) the va lue c o r r e 
sponds to the va lue a t 32°F (0°C). 

In 1940 T i m r o t h and 
Varga f t ik m e a s u r e d the t h e r 
m a l conduc t iv i ty of subcoo led 
w a t e r up to a t e m p e r a t u r e of 
D 2 8 ° F (331°C) and to a p r e s s u r e 
of about 5670 p s i a (400 k g / c m ^ ) . 
The hot w i r e m e t h o d of m e a s u r 
ing the t h e r m a l conduc t iv i ty w a s 
enaployed by t h e s e i n v e s t i g a t o r s . 



A c a l c u l a t i o n i nd i ca t ed tha t the end h e a t l o s s a m o u n t e d to about 1%. 

T i m r o t h and Varga f t ik s t a t e t ha t the hea t ed w i r e was not exac t l y 
c e n t e r e d in the q u a r t z t u b e . Spec i a l e x p e r i m e n t s w e r e conduc ted on a i r and 
w a t e r a t low t e m p e r a t u r e s in an effor t to e v a l u a t e the e r r o r due to end hea t 
l o s s and e c c e n t r i c i t y . A i r and w a t e r w e r e c h o s e n b e c a u s e t h e i r r e s p e c t i v e 
c o n d u c t i v i t i e s a r e a c c u r a t e l y known a t low t e m p e r a t u r e s . The s p e c i a l 
e x p e r i m e n t s showed tha t a s the t h e r m a l conduc t iv i ty changes f r o m 0.27 to 
0.40 B hr"^F~^ft"^ (0.4 to 0.6 k c a l h r " ^ C " V - ^ ) , which c o r r e s p o n d e d to t h e i r 
r a n g e of t he rnaa l conduc t iv i ty d e t e r m i n a t i o n s ; the c o m b i n e d e r r o r due to end 
hea t l o s s a m o u n t e d to about 2%. This c o r r e c t i o n was appl ied to a l l of t h e i r 
m e a s u r e d v a l u e s . 

The r e s u l t of T i m r o t h and Varga f t ik a r e g iven in Table 37. They 
found good a g r e e m e n t be tween t h e i r m e a s u r e n a e n t s and those of Schmid t 
and S e l l s c h o p p . 

TABLE 37 

Thermal Conductivity of Subcooled Water as 
Measured by Timroth and Vargaftik^'*-' 

T e m p e r a t u r e , 
°C 

27.8 
29.3 
38.4 
39.6 
41.2 
47.8 

142 
141.3 
127.5 
152.5 
152.5 
215.4 
215.1 
321.3 
322.3 
331.0 

P r e s s u r e , 
k g / c m ' ' 

1 
400 

1 
300 

1 

1 
10 

400 
33 
37 

300 
58 

4 0 0 
400 
300 
166 

T h e r m a l Conduct ivi ty , 
kca l hr"» C"^ m"^ 

0.534 
0.5bl 
0.543 
0.558 
0.545 
0.557 
0.588 
0 .b l4 
0.587 
0.595 
0.607 
0.557 
0.594 
0.481 
0.451 
0.402 1 

for p r e s s u r e up to 1000 a t m o s p h e r e s the 

S e v e r a l n o t e w o r t h y e x -
per i ia ien ts have been conduc ted 
on w a t e r a t t e m p e r a t u r e s be low 
212°F (100°C). Jakob('71) in 1920 
m e a s u r e d the conduc t iv i ty of 
w a t e r b e t w e e n 31° and 176°F 
(0°to80*^C) and a t a p r e s s u r e of 
14.2 p s i a (1 k g / c m ^ ) . In t h e s e e x 
p e r i m e n t s the w a t e r was con
t a ined b e t w e e n two p a r a l l e l 
p l a t e s , one of which w a s h e a t e d . 
T i m r o t h and Varga f t ik found tha t 
the m e a s u r e m e n t s of J a k o b w e r e 
in good a g r e e m e n t with t h e i r own. 
Br idgman( ' ' ^z n a e a s u r e d the v a r i 
a t ion of conduct iv i ty wi th p r e s 
s u r e a t t e m p e r a t u r e s of 86° and 
167°F (30° and 75°C) with w a t e r 
f lowing con t inuous ly t h rough an 
annu lus f o r m e d by two coax i a l 
c y l i n d e r s . B r i d g m a n found tha t 

conduc t iv i ty i n c r e a s e d by about 1%. 

T i m r o t h and V a r g a f t i k found tha t the v e r y s m a l l effect of p r e s s u r e on 
t h e r m a l conduc t iv i ty a s m e a s u r e d by B r i d g m a n was a l s o b o r n e out in t h e i r 
e x p e r i m e n t s . H o w e v e r , the v a l u e s of B r i d g m a n a t one a t m o s p h e r e a r e about 
5% l o w e r than the v a l u e s of T i m r o t h and Varga f t i k . 

T i m r o t h and Vargaft ik^ •' d e r i v e d v a l u e s of t h e r m a l conduc t iv i ty 
f r o m t h e i r own r e s u l t s and t h o s e of Schm i d t and S e l l s c h o p p i " " ) and Jakob. ' ' ' 



71 

The v a l u e s for the t h e r n a a l conduc t iv i t y of subcoo led w a t e r in the c r i t i c a l 
r e g i o n a r e g iven in Tab le 38 . T h e s e v a l u e s a r e i d e n t i c a l to t h o s e in the 
Vuka lov ich s t e a m tables^^'-^^ and the 1952 T i m r o t h t a b l e s (4) 

TABLE 58 

r h e r m a l Conduct i \ ity of Sa tu ra ted and Subcooled Wstter 
Der ived b> T i m r o t h and Vargaftik( ' ' '^) 

P r e . s s u r e , ps ia 

T e m p e r a t u r e , 
op 

062 
680 
D 9 8 

Sa tu ra t ion 
P r e s s v i r e 

0.251 
0.206 
0 . 1 0"̂  

2845 

T h e r m a l Co 
B h r - ' F 

0.241 
0.211 

4267 

nduct ivi ty , 
_l f^_i 

~ 

0.2o5 
0.245 
0.219 

Thernaa l conduc t iv i ty v a l u e s in the 1958 T i m r o t h t ab les^ ) a r e g iven 
in T a b l e 39. T h e r e a r e s ign i f i can t d i f f e r e n c e s b e t w e e n the v a l u e s in the 
1952 and 1958 T i m r o t h t a b l e s , a s can be s e e n in F i g u r e 13. No m e n t i o n 
was m a d e of the b a s i s of the t h e r m a l conduc t iv i ty v a l u e s in the l a t t e r s t e a m 
t a b l e s . 

TABLE 39 

T h e r m a l Conductivi ty of Sa tu ra ted and Subcooled Water 
of 1958 T i m r o t h S team Tables(5) 

P r e s s u r e , p s i a 

T e m p e r a t u r e , 

662 
680 
b98 

2845 4267 

Sa tu ra t ion 
P r e s s u r e 

0.249 
0.228 
0.195 

T h e r m a l Conduct ivi ty, 
B h r - ' F"^ f t - ' 

0.261 
0.238 

0.282 
0.268 
0.253 

B . T h e r m a l Conduct iv i ty of S u p e r h e a t e d Wate r V a p o r 

M e a s u r e m e n t s 

The m o s t e x t e n s i v e t h e r m a l conduc t iv i ty n a e a s u r e m e n t s on w a t e r 
v a p o r w e r e naade by Varga f t ik and T i m r o t h . In 1937 V a r g a f t i k ( ^ ' ' u s e d the 
hot w i r e naethod to m e a s u r e the t h e r m a l conduc t iv i ty of w a t e r v a p o r up to 
a t e m p e r a t u r e of about 890°F (475°C) and a p r e s s u r e of about 720 p s i a 
(29 k g / c m ) . C a r e was t aken to c e n t e r the w i r e i n s i d e the g l a s s tube a c c u 
r a t e l y . P h o t o g r a p h s u n d e r a m i c r o s c o p e showed tha t the d e v i a t i o n of the 
f i l a m e n t f r o m the ax i s of the g l a s s tube was qui te i n c o n s i d e r a b l e . 



72 

0 3201 

0 300 

0 280 K 

0 2SO X ' \ . 

0 240 

0 220 

• A ; 

0 200 

0 180 

0 I GO 
\ 

TIMROTH I?52 
KEYES i SANDELL 
TIMROTH I9S8 
VUKALOVICH 1951 
VARSAFTIK ^ TIMROTH 1939 
WELUUAH 1955 

0 140 

0120 

0 100 

0 080 

: CRITICAL POINT 

*-.. 
-̂ %^ 

i 
OOfeOr 

0 040 

0 020 

0 0 0 0 — 
660 

Jl%^^ 
. _ , ^ -

680 700 720 740 760 780 

TEMPERATURE. 'F 

800 820 840 860 

FI&. 13 THE THERMAL CONDUCTIVITY OF WATER AND 

WATER VAPOR IN THE CRITICAL RE&ION 



73 

Vargaf t ik s t a t e d tha t e a c h m e a s u r e n a e n t w a s c a r r i e d out wi th c u r 
r e n t s of d i f ferent m a g n i t u d e to e s t a b l i s h w h e t h e r convec t i ve h e a t t r a n s f e r 
w a s e l i m i n a t e d . No m e n t i o n w a s m a d e of the s i z e of t e r m i n a l o r end h e a t 
l o s s e s . The m e a s u r e d v a l u e s of Varga f t ik at 14.2 p s i a (1 k g / c m ^ ) a r e g iven 
in T a b l e 40, whi le the r e s u l t s of h i s m e a s u r e m e n t s at h i g h e r p r e s s u r e s 
a r e g iven in T a b l e 4 1 . Spec i a l m e a s u r e n a e n t s on a i r w e r e c a r r i e d out b e 
fo re and a f t e r the t e s t s a t 1 a t m o s p h e r e to e v a l u a t e any d i s t o r t i o n c a u s e d 
by h igh t e m p e r a t u r e s . T h e s e showed a s y s t e m a t i c d i v e r g e n c e of t h e r m a l 
conduc t iv i ty of about 1.3%. Va rga f t i k t h e r e f o r e r e d u c e d the m e a s u r e d v a l u e s 
of conduc t iv i ty by 1.3%. 

T A B L E 40 

T h e r m a l Conduct i \ ity of Supe rhea ted Water Vapor at 
14.22 ps ia a s M e a s u r e d by Vargaftik^ ^ 

T e m p e r a t u r e , 
O F 

156 2 
164.7 
210.9 
220.1 
287.8 
297.3 
392.7 
402.6 
478.0 
487.6 
551.8 

T h e r m a l Conduct i \ ity, 
B h r - » F - l f t - ' 

0.01243 
0.01271 
0.01393 
0.01427 
0.01592 
0.01634 
0.01891 
0.01913 
0.02166 
0.02197 
0.0244 

T e m p e r a t u r e , 
° F 

562.5 
b07.1 
628.7 
635.0 
637.7 
678.2 
736.7 
7b5.5 
475.4 
890.1 

T h e r m a l Conduct ivi ty, 
B h r " lF~*f t " ' 

0.0246 
0.0262 
0.0269 
0.0271 
0.0272 
0.0285 
0.0324 
0.0316 
0.0322 
0.0383 

TABLE 41 

T h e r m a l Conduct ivi ty of Supe rhea ted Water Vapor a t 
M o d e r a t e P r e s s u r e s and T e m p e r a t u r e s as 

M e a s u r e d by Vargaft iki ' -^i 

T e i n p e r a t u r e , 
° F 

482.5 
508.5 
517.1 
529.0 
554.4 
560.3 
598.6 
620.8 
633.2 
630.7 
651.2 
670.1 
b62.5 
668.5 

P r e s s u r e , 
p s i a 

71.1 
213.4 
298.7 

71.1 
213.4 
284.5 

71.1 
213.4 
312.9 
398.3 

71.1 
213.4 
312.9 
398.3 

T h e r m a l Conduct ivi ty , 
B h r - l F " l f t " * 

0.022b 
0.0250 
0.0265 
0.0228 
0.0259 
0.02b9 
0.0262 
0.0275 
0.0294 
0.0299 
0.0278 
0.0289 
0.0302 
0.0305 

Jakob("^4) s t a t e s t ha t 
M o s e r ( ' ^ ) c a r r i e d out m e a s 
u r e m e n t s of t h e r m a l c o n 
duc t iv i ty on w a t e r v a p o r at 
a low p r e s s u r e and at t e m 
p e r a t u r e s of 1 1 5 ° a n d 2 1 2 ° F 
(46° and 100°C) by the hot 
w i r e m e t h o d . The va lue of 
0.0137 B hr"^F"^ft"^ m e a s 
u r e d by M o s e r at 212°F i s 
in v e r y good a g r e e m e n t 
wi th the m e a s u r e d v a l u e s of 
Vargaf t ik (73) ( see T a b l e 40). 

In 1935 Milver tonC^^) 
m e a s u r e d the p r e s s u r e d e 
p e n d e n c e of the t h e r m a l 
conduc t iv i ty of w a t e r v a p o r 
b e t w e e n t e m p e r a t u r e s of 
183° and 205°F (84° and 96°C) 
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and between p r e s s u r e s of 2.4 and 14.2 in. Hg (6 and 36 cm Hg). Vargaftik 
s tates that the exaggerated p r e s s u r e dependence found by Milverton was 
caused by the neglect of the " t empera tu re jump" at the filament. 

(77) In 1939 Vargaftik and Timroth^ ' ex tended their measu remen t s of 
the t h e r m a l conductivity on water vapor to a p r e s s u r e of 4300 psia (300 k g / 
cm^) and to a t empera tu re of 1020°F. Again ca re was taken to operate at 
conditions which would exclude convection effects. To prevent end heat 
losses m e a s u r e m e n t s were c a r r i e d out with two tubes of identical d iameter 
but different lengths under identical conditions. At low p r e s s u r e s the " tem
pera tu re jump" between the wire and the vapor was included in correc t ions 
applied. 

Timroth and Vargaftik cor rec ted their measu remen t s for radiat ion 
on the basis of previous measurements^ ' of the coefficient of t he rma l con
ductivity. The cor rec t ion for radiat ion introduced by them was 2%. The r e 
sults of m e a s u r e m e n t s of Timroth and Vargaftik on the the rma l conductivity 
of s team a r e given in Table 42. They es t imate that the maximuin e r r o r in 
their m e a s u r e m e n t s did not exceed 3%. 

In 1950 Keyes and SandelB"^"/published new exper imental data for 
the t he rma l conductivity of s team, obtained using the coaxial cylinder me th 
od. Their r e su l t s general ly were lower than the Timroth and Varga f t i k ' ' ' / 
r e su l t s of 1940. The empi r ica l equation for conductivity deduced by Keyes 
and Sandell gives values which a r e lower than the older Timroth and 
Vargaftik data by about 30% at 1110°F along the 1-atmosphere line. 

TABLE 42 

Thermal Conductivity of Superheated Water Vapor at High P res su res 
and Temperatures as Measured by Vargaftik and T imro th^ ' ' ' 

T e m p e r a t u r e , 

492.8 
546.3 
590.0 
662.4 
631.6 
615.6 
566.1 
576.5 
765.5 
756.0 
723.0 
705.2 
882.7 
875.3 
865.8 
852.4 
839.5 

P r e s s u r e , 
p s i a 

284.47 
284.47 
284.47 
284.47 
568.94 
853.40 
853.40 
568.94 
284.47 
568.94 

1422.34 
2133.51 

284.47 
568.94 

1422.34 
2133.51 
2844.68 

T h e r m a l 
Conduct iv i ty 
B h r - ^ F - ' f f ^ 

0.0257 
0.0255 
0.0277 
0.0293 
0.0294 
0.0316 
0.0338 
0.0294 
0.0336 
0.0341 
0.0387 
0.0475 
0.0409 
0.0414 
0.0446 
0.0457 
0.0531 

T e m p e r a t u r e , 
°F 

820.0 
813.6 
884.8 
759.4 
745.2 
974.7 
970.2 
966.7 
958.6 
834.6 
814.1 
798.3 
792.1 
851.2 
875.7 
750.7 

P r e s s u r e , 
p s i a 

3555.85 
4267.02 

14.22 
853.40 

1422.34 
284.47 
853.40 

1422.34 
2133.51 
2133.51 
2844.68 
3555.85 
4267.02 
4267.02 
3555.85 
2844.68 

T h e r m a l 
Conduct ivi ty, 
B h r - ' F - * f t - * 

0.06749 
0.09093 
0.0393 
0.0367 
0.0402 
0.0488 
0.0502 
0.0517 
0.0524 
0.0454 
0.0541 
0.07065 
0.09818 
0.08018 
0.0591 
0.0572 



Varga f t i k and S m i r n o v a l ° 0 ) c a r r i e d out m e a s u r e m e n t s a t 14.2 p s i a 
( l k g / c m ) in o r d e r to c l a r i fy the r e a s o n for the d i s c r e p a n c y b e t w e e n the 
above two s e t s of m e a s u r e m e n t s . Both m e t h o d s , the c o a x i a l c y l i n d e r ixieth-
od and the hea t ed f i l a m e n t m e t h o d , w e r e u s e d . At the fifth i n t e r n a t i o n a l 
c o n f e r e n c e on the p r o p e r t i e s of s t e a m Vargaftik^"-'-/ s t a t ed tha t t h e i r c o a x 
ia l c y l i n d e r a p p a r a t u s w a s s i m i l a r to the one u sed by K e y e s excep t for one 
i m p r o v e m e n t . The a p p a r a t u s used by Keys and Sande l l did not have g u a r d 
h e a t e r s , whi le the coax i a l c y l i n d e r a p p a r a t u s of Varga f t ik and S m i r n o v a had 
g u a r d h e a t e r s which m i n i m i z e d end hea t l o s s e s . 

Spec i a l e x p e r i m e n t s w e r e conduc ted by Vargaf t ik and S m i r n o v a to 
e v a l u a t e the a m o u n t of end hea t l o s s . T h e s e showed tha t for an u n b a l a n c e 
in t e m p e r a t u r e of 1.8°F ( l°C) be tween the g u a r d h e a t e r s and the hea t ed 
f i l a m e n t the e r r o r in m e a s u r e m e n t of t h e r m a l conduc t iv i ty a m o u n t e d to 
about 1%. Spec i a l c a r e was t a k e n to conduc t m e a s u r e m e n t s with an u n b a l 
a n c e of only 0 .2°F ( O . r c ) . 

The t h e r m a l conduc t i \ i t i e s of w a t e r v a p o r and n i t r o g e n a t one a t m o s 
p h e r e m e a s u r e d by Varga f t ik and S m i r n o v a i " ^ / by m e a n s of a coax ia l cy l in 
d e r a p p a r a t u s and a hot w i r e a p p a r a t u s a r e g iven in T a b l e s 43 and 44 . They 
found v e r y good a g r e e m e n t a m o n g the t h e r m a l conduc t iv i ty m e a s u r e m e n t s by 
the two m e t h o d s . F u r t h e r m o r e , t h e i r n e w e s t m e a s u r e m e n t s w e r e found to 
be m v e r y good a g r e e m e n t with t h e i r o lde r m e a s u r e m e n t s conduc ted in 1937 
and 1940. 

The a p p a r a t u s u sed by K e y e s and Sandel l did not have gua rd h e a t e r s 
and h e n c e t h e i r m e a s u r e m e n t s w e r e conduc ted on a c o m p a r a t i v e b a s i s , u s ing 
n i t r o g e n as a s t a n d a r d . The thermzi l conduc t iv i ty da ta u sed by K e y e s and 
Sande l l for c a l i b r a t i o n p u r p o s e s w e r e the " l o w e r e d v a l u e s " of Wilner and 
B o r e l i u s . ' ° ' Wi lner and B o r e l i u s conduc ted e x p e r i m e n t s m an a p p a r a t u s 
w h e r e up to 75% of the to ta l hea t flow could have b e e n c h a r g e d to r a d i a t i o n . 

TABLE 4 3 

T h e r m a l Conduc t i \ i ty of Water Vapor at 14.22 ps ia a s M e a s u r e d by 
Vargaf t ik and Smi rnov a'.°*^' With a Coaxial Cyl inder Appa ra tu s 

T empe r a t u r e, "F 

In te rna l 
C5, I m d e r 

4b9.11 
604.49 
755.65 
841.5 

E x t e r n a l 
Cyl inder 

425.14 
568.7tj 
727.18 
814.75 

Water 
Vapor 

447.1 
580. t j 
741.2 
828.0 

T e m p e r a 
t u r e Dif-
leren<^e, 

op 

4 3.97 
35.73 
28.47 
2t).40 

lo fa l Heat 
T r a n s f e r 
Through 
Watc r 
Vapor 

27.0 
2o.8 
2 0 . 0 
Zb.3 

Heat 
T r a n s f e r 

by 
R a d i a 

tion 

0.2 
0.3 
0.4 
0.5 

Heat 
T r a n s f e r 

by 
Conduc

tion 

20.8 
2b.5 
26.2 
25.8 

T h e r m a l 
Conductivity , 
B h r ' ^ F ' ^ f t ' ^ 

0.0213 
0.0260 
0.0324 
0.0344 



TABLE 44 

Therinal Conductii. ity ot Water Vapor and Nitrogen at 14.22 psia as Measured by 
Vargaftik and Smirno'i a(*^0) ^Yî h a fjot Wire Apparatus 

Tempera tu re , 
"F 

350.4 
549.5 
b74.2 
850.8 
940.6 

Thermal Conductivity 
of Water Vapor, 

B h r - ' F - ' f t - i 

0.0185 
0.0246 
0.0281 
0.0349 
0.0380 

Tempera ture , 
=F 

126.3 
354.4 
527.2 
839.8 
990.1 

Thermal Conductivity 
of Nitrogen, 
B h r - ' F - ' f f l 

0.0163 
0.0210 
0.0242 
0.0293 
0.0324 

Varga f t ik and S m i r n o v a conc luded tha t the " l o w e r e d v a l u e " d a t a on 
the theriTial conduc t iv i ty for n i t r o g e n u sed by K e y e s and Sande l l to c a l i b r a t e 
t h e i r a p p a r a t u s led to t h e i r l o w e r v a l u e s on the t h e r m a l conduc t iv i ty of 
w a t e r v a p o r . K e y e s in 1952 pub l i shed new d a t a for n i t r o g e n , ( ° ^ ) which h a s 
b e e n repor ted '"• ' • ) to be in good a g r e e m e n t wi th the m e a s u r e d v a l u e s of T i m 
r o t h and V a r g a f t i k . Varga f t ik and S in i rnova m a d e the c r i t i c i s m tha t s i n c e a 
r e l a t i v e me thod was u s e d to d e t e r m i n e the t h e r m a l conduc t iv i ty of n i t r o g e n , 
K e y e s should have r e c o m p u t e d h i s d a t a on w a t e r v a p o r , m a k i n g u s e of new 
d a t a on n i t r o g e n . 

Varga f t ik and S m i r n o v a s t a t e tha t m e a s u r e m e n t s ^ ' ' of t h e r m a l 
conduc t iv i ty on w a t e r v a p o r have b e e n c a r r i e d out a t a p r e s s u r e of 14.22 p s i a 
( l k g / c m ^ j and up to t e m p e r a t u r e s of about l 6 5 0 ° F (900°C). A c c o r d i n g to 
Va rga f t i k ( ° " ) t h e s e i n e a s u r e m e n t s give a m o r e a c c u r a t e r e l a t i o n s h i p b e 
tween the t h e r m a l conduc t iv i ty and the t e m p e r a t u r e . 

C o m p i l a t i o n 

T a b l e s 45 to 48 give t h e r i n a l conduc t iv i ty v a l u e s for s u p e r h e a t e d 
w a t e r vapo r d e r i v e d by Varga f t ik and Timroth,C'"^) Vukalovich,^^) T i m 
roth,''**/ and T i m r o t h et al.^^' ' T h e s e t a b l e s have been compu ted f r o m e m 
p i r i c a l equa t i ons d e r i v e d f r o m the m e a s u r e m e n t s of Vargaf t ik ' ' ' and of 
Varga f t ik and Timroth,^'^' ' ') 

The following equa t ion was d e r i v e d by Vuka lov ich f r o m the m e a s u r e 
m e n t s of T i m r o t h and Vargaf t ik:^ '^ ' '^ '^) 

k = ktfp (22) 

w h e r e k i s the t h e r m a l c o n d u c t i \ i t y of w a t e r v a p o r in B hr~^F"'^ft~^, k^ i s 
the t h e r m a l conduc t iv i ty of w a t e r v a p o r at " z e r o p r e s s u r e , " and f i s a 
m u l t i p l i e r to a c c o u n t for the effect of p r e s s u r e on the t h e r m a l conduc t iv i ty : 

5,2167 X 10"* 
1 + 

^P = 
1 -

pV^ 1^ sp 
"6T246'in^r^ 

V 
s p 



TABLE 45 

Thermal Conductivity of Superheated Water Vapor at High P r e s s u r e s and 
Temperatures Derived by Vargaftik and Timroth!' ' ' ') 

P ressu re ,ps ia 14.22 
Temper

ature 
°F 

662 
752 
842 

0.0279 
0.0314 
0.0358 

284.6 

0.0293 
0.0329 
0.0379 

0.0306 

Thermal 

0.0306 
0.0341 
0.0392 

0.0324 2134 

Conductivity, B h r" ' 

0.0324 
0.0361 
0.0406 

0.0383 
0.0394 
0.0430 

2134 

F-ift^ ' 

0.0524 
0.0450 
0.0457 

2845 

0.0571 
0.0526 

3556 

0.0839 
0.0625 

TABLE 4b 

Thermal Conductivity of Superheated Water Vapor at High P r e s s u r e s and 
Temperatures from 1951 Vukalovich Steam Tables(2) 

P ressu re ,ps ia 
Tem
pera 
ture, 

°F 

662 
752 
842 

fSat^; 
ura-
tion 
P r e s , 

0.0647 

14.22 284.5 568.9 853.4 1138 1422 2134 2845 3556 4267 

Thermal Conductivity, B h r ' ^ ' ^ f f ' 

0.0296 
0.0330 
0.0365 

0.0308 
0.0340 
0.0375 

0.0321 
0.0353 
0.0387 

0.0336 
0.0367 
0.0401 

0.0355 
0.0382 
0.0413 

0.0381 
0.0401 
0.0430 

0.0506 
0.0465 
0.0478 

0.0554 
0.0546 

0.0893 
0.0647 0.0821 

TABLE 47 

Thermal Conductivity of Steam at High P r e s s u r e s and Temperatures from 
1952 Timroth TablesW 

Pressure ,ps ia - 14.22 284.5 568.9 853.4 1138 1422 2134 2845 3556 
Tem
pera 
ture , 

op 

662 
752 
842 

Sat
u ra 
tion 
P r e s 

0.0618 

4267 

Thermal Conductivity, B hr""'F"*ft ' 

0.0288 
0.0323 
0.0358 

0.0298 
0.0332 
0.0367 

0.0314 
0.0345 
0.0379 

0.0333 
0.0361 
0.0393 

0.0357 
0.0381 
0.0410 

0.0388 
0.0404 
0.0428 

0.0513 
0.0478 
0.0486 

0.0594 
0.0561 

0.0820 
0.0661 

0.159 
0.0800 

TABLE 48 

Thermal Conductivity of Steam at High P r e s s u r e s and TeiTiperatures from 
1958 Timroth Tables^^) 

P res su re ,ps i a 1422 284.5 568.9 853.4 1138 1422 2134 2845 
Tem
pera 
ture , 

°F 

662 
752 
842 

Sat
u ra 
tion 
P r e s , 

0.0618 
--
--

Thermal Conductivity, B hr'^F'-'ft"* 

0.0289 
0.0323 
0.0358 

0.0298 
0.0332 
0.0367 

0.0314 
0.0345 
0.0379 

0.0333 
0.0361 
0.0393 

0.0358 
0.0382 
0.0410 

0.0388 
0.0404 
0.0428 

0.0513 
0.0478 
0.0486 

0.0594 
0.0561 

3556 

0.0813 
0.0661 

4267 

0.154 
0.0800 



F u r t h e r 

kt = 32.153 r|t (400 Cp - 1 5 0 0 ) 

where T]̂  is the dynamic v iscos i ty of water vapor in lb sec/ f t at "zero pres
s u r e " and Cp is the molecular specific heat in BTU/lb mole °F at "zero 
p r e s s u r e . " 

u r 

The following equation was der ived by Vargaftiki^'^) from the meas-
ements of Timroth and Vargaf t ik:^ ' •^ ' ' ' ) 

k=k^+j^p-JOF , (23) 

where k is the the rma l conductivity in B hr'-^F'^ff^jk^ is the the rmal con
ductivity at 14.22 psia, Vgp is the specific volume in ft / l b , 

kt = 1.093 X 10~^T^-*^ 

with T the absolute t empe ra tu r e in °R, and A = 28.58 x 10" . 

The following equation was der ived by Keyes and Sandell f rom their 
t he rma l conductivity measurements :^ "•' 

k = ko + C(e«'P/T* . 1) , (24) 

where k is the the rma l conductivity in B hr^^F^^ft" , k0 is the the rma l con
ductivity at "zero p r e s s u r e : " 

2.79 X 10~^T^^^ X IO2IO6/T 

(T X lO^l-^/Tj ^ 3127 

T is the absolute t e m p e r a t u r e in °R, 

C = 2.65 X 10-^ 

a = 1.54 

and p is the p r e s s u r e in ps ia . 

F igure 13 gives a compar i son between the var ious values der ived 
from the rma l conductivity m e a s u r e m e n t s . The figure indicates that the tie 
in between the liquid and vapor phases in the c r i t i ca l region is ve ry unsa t 
i s fac tory . More values a r e requi red in the c r i t i ca l region to adequately 
desc r ibe the change of t he rma l conductivity with t empe ra tu r e at a constant 
p r e s s u r e . 



C. Summary 

(1) In view of the most thorough investigation of Vargaftik and 
Smirnova,\°^ ' ' the var ious Russian values for the the rmal conductivity of 
s team a re to be p r e f e r r ed . 

(2) Three empi r ica l equations^ ' •' ' have been der ived from the 
m e a s u r e m e n t s of VargaftikA'-^i and of Vargaftik and Timroth.("77) All three 
equations give appreciably different values for the the rmal conductivity in 
the cr i t ica l region. 

(3) The empi r ica l equations in Ref. 4 and 77 fail to r e p r e s e n t the 
measu red values of the rmal conductivity in the cr i t ica l region. 

(4) New m e a s u r e m e n t s of the rmal conductivity a r e required in the 
immedia te vicinity of the c r i t i ca l point to accura te ly desc r ibe the functional 
relat ion of t he rma l conductivity with t empera tu re and p r e s s u r e . 



VIII. DYNAMIC VISCOSITY 

A. Genera l 

The viscosi ty of water and water vapor has been m e a s u r e d for the 
mos t pa r t by the capi l lary method. The following re la t ion, der ived by 
Hagen and Poiseu i l l e , is used to calculate the viscosi ty from observat ions 
of flow ra te and p r e s s u r e difference in a capi l lary tube: 

« = f ^ • («) 

where Q is the volume flow per unit t ime , AP is the p r e s s u r e difference, 
L. is the length of the capi l la ry , r is the rad ius of the capi l la ry , and 7| is 
the v iscos i ty . This re la t ion is valid only for l aminar flow through a tube. 
F o r turbulent flow the p r e s s u r e difference ceases to be proport ional to the 
f i r s t power of the mean velocity (and the volume ra te of flow) and becomes 
approximately propor t ional to the square of the mean velocity. 

Some m e a s u r e m e n t s on the v iscos i ty of water and water vapor differ 
significantly frotn al l of the other s tudies . These differences may be a t t r i b 
uted t6 inco r rec t theor ies used to compute the viscosi ty from the exper i 
menta l observa t ions . 

It is known that mos t of the formulat ions proposed for the viscosi ty 
of water vapor do not r e p r e s e n t accura te ly available exper imenta l data in 
the c r i t i ca l region. The differences between exper imenta l and computed 
values in this region may amount to as much as 10%, which is usual ly 
g rea t e r than the exper imenta l i n a c c u r a c i e s . In a p r e l i m i n a r y survey, s ig
nificant differences were found between computed values l is ted in var ious 
s team tab les . This does not n e c e s s a r i l y indicate that the re is d iscord 
among the var ious se ts of m e a s u r e m e n t s . Instances will be cited in this 
section where th ree different formulat ions were der ived from the same 
exper imenta l data, giving appreciably different values in the c r i t i ca l region. 

The experimiental values obtained by var ious inves t iga tors have been 
reproduced^ since m o r e "accu ra t e " values will likely be obtained if r e c o u r s e 
is made to them ins tead of the formula t ions . 

B. Measu remen t s 

A s u m m a r y of the extent of the m e a s u r e m e n t s and of the methods 
used in some of the m o r e recen t invest igat ions on the v iscos i ty of s t eam is 
given in Table 49, Compar ison with the m e a s u r e m e n t s made by other inves
t iga tors will be given in a l a t e r section. 
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T A B L E -19 

\ i s < . ,>,it\ Ml d ^ u r t m c n t s or b u b t u d t d W d t e i m d S u p t r H e a t c d W a t e r \ a p o i 

In\< s t j g i t u r ^ s ) 

a n d D a t e 

S c h u g a j e v , 1934 

S c h u g a j e v a n d 
b o r o k m , 1 9 j 4 

Sig\%"irt, 1 9 ^ ^ 

I m i r o t h , 1 9 4 0 

B o m la t l a ] , 
1950 

B t .n iUd e t a l , 
19Jt) 

G c u i g i a Jntot i tutc 

!9i'=> t o l y s s 

U i a \ i r s n ul 

Gla-.>gou, 1 ^-^s 

Re t( rt,nc<. 

87 

88 

b'^ 

90 

J l 

92 

q4 

M f t h o d 
U s e d 

R a n i v i n t 
\ i S L o m e t t r 

Ran iv in t 
\ i s c o m t t< r 

G c i p i l h t r \ l u b e 

C a p i l l a r s l u b t 

Capl^la^^, T u b t 

C a p i l l a r \ l u b t 

\ 1' a l u s - t v p t 
\ i s c o m e t e r 

P a r - k m i 

\ 1 & c o n 1111 

P r t s i u r c 

p s i a 

14 2 t o 1 J 2 0 

l o 4 0 0 0 

!'=.(} to 3S10 

1400 l o 1200 

\ t U 7 

A t U 7 

fa 1 L to l-^^^ 

2 8 J ^ ttj 1 4 , 0 0 0 

Rd,UL,t 

1 g c m-^ 

1 u, •'>i 

T o 2 8 0 

10 - t o 270 

100 t o 3 0 0 

A t 1 03 

J At 1 03 

4 
4 b t o 31 b 

2 00 to lUOO 

I t n i p t l a tu i f c RdJ^ge 

= F 

212 to 7'=;2 

5&4 to 7 5 3 

2 11 to 720 

° C 

100 t o !00 

2 9 5 t o 100 5 

U 7 t o 383 

6 D t o 1 1 2 0 1 8 9 t o b 0 1 -y 

847 to 2 1 9 7 4 s 3 to 1201 5 

4 i 7 to 2 6 1 0 2 2 5 to 1 JiiO 

4-^^ to 8t>0 2 2 3 t o 4 b j 

1 

2 0 0 to 1 0 0 0 377 t o 5 1 0 

In 1934, S c h u g a j e w ' " ' ^ i n v e s t i g a t e d the v i s c o s i t y of s u p e r h e a t e d 
w a t e r v a p o r wdth a Rank ine v i s c o s m e t e r for p r e s s u r e s to 93 a t n a o s p h e r e s 
and t e m p e r a t u r e s to 752°F (400°C) He conc luded tha t : 

(a) the v i s c o s i t y i n c r e a s e s l i n e a r l y wi th t e m p e r a t u r e f r o m 212° to 
752°F a t one a t m o s p h e r e , and 

(b) the effect of p r e s s u r e on v i s c o s i t y was s m a l l , and for p r e s s u r e s 
f r o m 14.2 to 1320 p s i a did not e x c e e d 6%. 

In 1939 Schugajew and Sorokin(88) rnade f u r t h e r m e a s u r e m e n t s of 
v i s c o s i t y in the c r i t i c a l r e g i o n . They e s t i m a t e d tha t the a c c u r a c y of t h e i r 
v i s c o s i t y d e t e r m i n a t i o n s was about + 6%. T h e i r v i s c o s i t y r e s u l t s a r e 
g iven in Tab le 50. They found tha t the s m a l l effect of p r e s s u r e o b s e r v e d 
by Schugajew was in a c c o r d a n c e with t h e i r n e w e r m e a s u r e m e n t s . 

In 1936 S i g w a r t ( ° 9 ) m a d e e x t e n s i v e m e a s u r e m e n t s of the v i s c o s i t y 
of w a t e r and w a t e r v a p o r in the c r i t i c a l r e g i o n ; he e s t i m a t e d tha t the e r r o r 
in a b s o l u t e p r e s s u r e d e t e r m i n a t i o n was about j a t m o s p h e r e and the e r r o r in 
t e n a p e r a t u r e m e a s u r e m e n t was about |% S i g w a r t thought t ha t the t o t a l 
e r r o r in h i s e x p e r i m e n t s was a p p r o x i m a t e l y 3% The v i s c o s i t y da ta of 
S i g w a r t i s g iven m T a b l e s 51 and 52 for s u b c o o l e d w a t e r and s u p e r h e a t e d 
w a t e r v a p o r r e s p e c t i v e l y 

In 1940 T i m r o t h ' " ^ ) r e p o r t e d v i s c o s i t y m e a s u r e m e n t s for w a t e r and 
w a t e r vapo r a t h igh t e m p e r a t u r e s and p r e s s u r e . He e s t i m a t e d tha t t e m p e r a 
t u r e s w e r e m e a s u r e d with an a c c u r a c y of 0.04°F (0.025°C) and c o n t r o l l e d 

file:///apoi


TABLE 50 

Viscos i ty of Superheated Water Vapor a s M e a s u r e d by Schugajew 

Specific Volume, 
in.ykg 

Satura t ion 
specific vo lumes 

0.0045 

0.006 

0.0072 

T e m p e r 
a t u r e . °C 

371 
361 
331.5 
329 
295 
288 

381 
380 
377.5 
373 
372.6 

395 
383 
374 

395 
385 
372 
361 

Dynamic 
Viscos i ty , 
10"^ poise 

43.49 
31.30 
23.49 
23.98 
19.94 
19.93 

37.14 
37.16 
41.44 
41.09 
42.44 

33.25 
31.60 
31.04 

30.73 
29.71 
29.88 
28.48 

Specific Volume, 
in.ykg 

0.009 

0.012 

0.018 

T e m p e r 
a t u r e , °C 

399 
375 
361 
352 

400.5 
391 
376.6 
369 
351.5 
342 

396 
391 
384.5 
383.5 
369 
368 
358 
332.5 
330.5 
326 

Dynamic 
Viscos i ty , 
10"^ poise 

30.82 
29.42 
26.69 
26.15 

29.12 
26.96 
28.22 
26.69 
25.28 
24.32 

24.30 
25.46 
23.82 
23.78 
23.13 
22.93 
24.09 
21.38 
21.69 
21.48 

TABLE 51 

Viscosi ty of Subcooled Water a s M e a s u r e d by Sigwart ( ° ' / 

T e m p e r 
a t u r e . "F 

242.4 
247.5 
306.7 
306.9 
310.6 
351.1 
361.4 
428.9 
470.5 
488.9 
532.4 

P re ' s su r e 
ps ia 

149 
164 
327 
178 

191 
412 
260 
462 

1220 
856 

1320 

Dynamic 
Viscos i ty , 

lO 'Mb sec ft"^ 

5.131 
5.018 
3.799 
3.769 
3.705 
3.304 
3.138 
2.591 
2.349 
2.294 
2.143 

T e m p e r 
a t u r e . "F 

590.0 
616.5 
661.6 
665.4 
682.3 
683.6 
698.0 
698.7 
698.9 
700.5 

P r e s s u r e 
ps ia 

2090 
2320 
2770 
2539 
3020 
2990 
3230 
3430 
3240 
3600 

Dynam.ic 
Viscos i ty , 

10" ' lb sec ft"^ 

1.98 
1.86 
1.58 
1.50 
1.37 
1.32 
1.20 
1.27 
1.19 
1.31 
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T e m p e r a t u r e , 
T 

530.2 
528.4 
529 .7 
529.2 
529.2 

573 1 
573.4 
571 .0 
573 .8 
572 
571 6 
572 .0 
571 .6 
573 .8 

617.7 
617.0 
617 .2 
617 .2 
017 .9 

664 
663.0 
663 .6 
663 .6 
b62 .9 
D b 3 . b 

o63.1 
t>63.6 

T A B L E 52 

V i s c o s i t y of S>iperhea ted W a t e r V a p o r a s M e a s u r e d by S i g w a r t ^° ' 

P r e s s u r e 
p&ia 

363 
505 
097 
839 
846 

391 
633 
8ol 
1040 
1145 
1 150 
1210 
1220 
1220 

711 
1050 
1370 
1520 
1710 

384 
576 
782 
1500 
1810 
1810 
2055 
2310 

D y n a m i c Vi&co&ity 
10-^ lb s e c ft"^ 

0.4 04 
0.40O 
0.401 
0.404 
0.414 

0.420 
0.41 0 
0.430 
0.432 
0 .440 
0 426 
0 .430 
0 .438 
0.43O 

0.451 
0.4ol 
0.473 
0.405 
0.403 

0 .463 
0.471 
0.471 
0 .483 
0.48O 
0 .485 
0 .488 
0.502 

T e m p e r a t u r e , 
" F 

084 
o83 .o 
o83 ,4 
082 .9 
084 

OS3.4 
083.2 
OHi 0 

o83.2 
u83.o 
D 8 4 

707.7 
707.4 
708.1 
708.1 
707.7 
708.4 
707.7 
708.4 
708 .8 

707 .3 
707 .0 
708.1 

720 .9 
720 .9 
720 .5 
720 .9 
720.9 
721 .2 
720 .5 
720 .5 
721.2 

P r e s s u r e 
p s i a 

398 
782 
1170 
IfaOO 
1850 

2130 
2296 
2400 
2510 
2550 
2020 

548 
1050 
1370 
1373 
1740 
2120 
2480 
2570 
2610 

2790 
2970 
3100 

1780 
2176 
2550 
2890 
3210 
3340 
2300 
3840 
3840 

D y n a m i c V i s c o s i t y 
10"^ lb s e c ff^ 

0 .473 
0.477 
0 .488 
0 .498 
0 .494 

0.494 
0.502 
0.506 
0.522 
0 .528 
0.543 

0.481 
0.504 
0.510 
0 .516 
0.522 
0.531 
0.545 
0.541 
0.535 

0.549 
0.557 
0 .588 

0.512 
0.524 
0.531 
0.547 
0.600 
0 .623 
0.805 
1.25 
1.2b 

to 1.8°F (1°C), and that viscosi ty measu remen t s were accura te to about 3%. 
T imro th ' s viscosi ty deterjninations a r e given in Table 53. 

f91 92) In 1951 and 1956, Bonilla et al . , ' ' ' ' m e a s u r e d the viscosi ty of 
superheated water vapor at one a tmosphere and over a range of t emper 
a t u r e s . Their la tes t measu remen t s (92) below 1Z90°F (700°C) a r e severa l 
per cent higher than their or iginal m e a s u r e m e n t s . (91 ) Tables 54 and 55 
give the resul ts of both invest igat ions. 

In 1959, Thomas and Jackson^" -̂  m e a s u r e d the viscosi ty of super 
heated water vapor with an annular- type v i scometer . Their resul ts(94) in 
the cr i t ica l region a re given in Table 56. They stated that the average de
viation of the data from the equation developed for low densit ies was 1.88% 
and that the maximum deviation was about 6%. Thomas and Jackson made 
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TABLE 53 

Viscos i ty of Subcooled Water and Superhea ted Water Vapor as M e a s u r e d by T i m r o t h (90) 

T e m p e r a t u r e , 
" F 

66.0 
144.5 
149.0 
272.1 
272.1 
396.7 
396.7 
456.8 
455.0 
505.4 
501,8 
569.3 
569.3 
627.8 
036.8 
635.0 
049.4 
649.4 
675.9 
675.9 
075.0 
085.4 
684.9 
o96.2 
094,4 
696,2 
710,0 
719,6 

725.9 
723.2 
716.0 
747.5 
750.2 
748.4 
749.3 
752.0 

P r e s s u r e , 
ps ia 

1422.3 
2854.6 
2844.7 
2915.8 
1365.4 
5049.3 
1422,3 
4964.0 
2790.6 
5020.8 
1422.3 
4006.6 
1422.3 
1329.8 
4978.2 
2851.8 
5049.3 
2858.9 
5156 
3570.1 
2887.3 
4267.0 
2972.7 
2126.4 
2126.4 
2873,0 
1413.8 
3612,7 
49<»2.4 
4281.2 
3570.1 
1450.8 
2901.6 
4267.0 
3548.7 
2076.6 

Dynamic Viscos i ty , 
10"* lb sec ft-^ 

21.38 
9.56 
9.32 
4.59 
4.55 
3.05 
2.91 
2.54 
2.50 
2.36 
2.21 
2.07 
1.92 

.461 
1.85 
1.71 
1.76 
1.63 
1.68 
1.57 
1.49 
1.54 
1,38 
0,522 
0.518 
0,582 
0.508 
1.01 
1.51 
1.32 
1.11 
0.514 
0.563 
0.989 
0.653 
0.533 

T e m p e r a t u r e , 
" F 

834.8 
840.2 
847.4 
847.4 
847.4 
932.0 
929.3 
933.8 
933.8 
940.1 
977.9 
979.2 
979.7 
982,4 
982.9 
989.6 
987.1 
984,2 
987.8 
987.8 
986.0 

P r e s s u r e , 
ps ia 

4331.0 
3541.6 
2826.2 
2150.6 
1318.5 
4281.2 
3534.5 
2837.6 
2147.7 
1436.6 
1372.0 
3541.6 
2863.2 
4309.7 
4338.1 
2069.5 
1493.4 
4373.7 
3541.6 
ISZi.i 
2126.4 

984.2 ' 1493.4 
1112.9 4217.2 

Dynamic Viscosi ty, 
1 0 " ' lb sec ft"^ 

0.707 
0.625 
0.604 
0.588 
0.5o9 
0.696 
0.655 
0.651 
0.637 
0.610 
0.703 
0.694 
0.668 
0.713 
0.715 
0.O45 
0.637 
0.723 
0.696 
0.670 
0.643 
0.633 
0.784 

M e a s u r e i n e n t s Along Satura t ion Line 

588.2 
645.8 
087.2 
694.8 
703.4 
705.2 

1422.3 
2133.5 
2830.5 
2986.9 
3097.9 
3203.1 

i 

0.494 
0.547 
0.647 
0.674 
0.697 
0.850 

TABLE 54 

VLbCosit^/ of Superhea ted Water Vapor 
a t One A t m o s p h e r e M e a s u r e d by 
Bonil la , Brooks and Walker(91) 

TABLE 55 

T e m p e r a t u r e , 
o p 

847.89 
1117.7 
1387.6 
1654.0 
1924.6 
2194,7 

D\-namic Viscos i ty 
I 'o" ' X lb sec ft-^ 

0,5042 
0.6358 
0.781O 
0.8799 
0.9831 
1.070 

Viscos i ty of Superhea ted Water Vapor 
a t One A t m o s p h e r e M e a s u r e d by 

Bonil la , Wang and Weiner (92) 

T e m p e r a t u r e , 
o p 

6 1 8 
072 

759 
769 
84 5 
9 3 8 

9 5 8 
1090 
1122 
1212 
1245 

Dynamic Viscos i ty , 
1 0 " ' X lb sec ft"^ 

0.42950 
0.45323 
0.49226 
0.49611 
0.53119 
0.47370 
0.58456 
0.63646 
0.65991 
0.69726 
0.71946 



l A B L E 5b 

Thonia.s and Jack.son'b V i scos i t y Data ('"*) 
a t High P r e s s u r e s and T e m p e r a t u r e s 

T e m p e r a t u r e , 
° F 

729.7 
728.2 
730.3 
714.0 
788.2 
722.3 
741.5 
841.6 
697.5 
727.1 
730.5 
732.5 
718.0 
722.0 
739.3 
752.0 
866 
7 4 5 
7 7 i . 3 
7b l . 5 

P r e s s u r e , 
ps ia 

2985 
3040 
3025 
3205 
3265 
35b5 
4020 
4070 
4035 
3315 
3350 
3420 
3500 
3520 
3715 
4115 
4250 
4290 
4415 
1525 

Vi scos i t y -v 
P o i s e 

24.44 
24.41 
24.02 
27.32 
25.37 
44.55 
37.31 
33.59 
86.50 
26.73 
26.83 
28.27 
45.07 
39.85 
33.23 
44.13 
31.29 
43.50 
37.75 
50.09 

no m e n t i o n of the dev ia t ion of the da ta f r o m the equa t ion deve loped by t h e m 
for h igh d e n s i t i e s , i . e . , in the c r i t i c a l r e g i o n . 

It is i n t e r e s t i n g to note t ha t Schugajew(8'7) conc luded tha t the effect 
of p r e s s u r e on v i s c o s i t y was s m a l l and is l e s s than b% for p r e s s u r e s to 
1320 p s i a . H o w e v e r , he s t a t e d tha t p r e c i s e m e a s u r e m e n t s w e r e n e e d e d to 
e v a l u a t e the s m a l l but v e r y def ini te p r e s s u r e d e p e n d e n c e . Hence i t 
a p p e a r s to the w r i t e r tha t the m e a s u r e m e n t s of J a c k s o n and T h o m a s for 
p r e s s u r e s be low 1550 p s i a a r e a c c u r a t e to abou t 6%. 

In 1958, i n v e s t i g a t i o n s w e r e conduc ted a t the U n i v e r s i t y of 
G la sgow(95 j in which t e m p e r a t u r e s w e r e d e t e r m i n e d a c c u r a t e l y to abou t 
1 .8°F (1°C). The v i s c o s i t y da ta f rom t h e s e i n v e s t i g a t i o n s a r e g iven in 
T a b l e 57 and i t was e s t i m a t e d tha t the m a x i m u m e r r o r in m e a s u r e m e n t 
was not g r e a t e r than 2%. 

C. C o m p a r i s o n s 

The r e m a r k s and c o m p a r i s o n s m a d e by d i f fe ren t i n v e s t i g a t o r s wil l 
now be no ted . It i s qu i te s ign i f i can t tha t c o n s i s t e n c y was found be tween the 
m e a s u r e m e n t s of S i g w a r t , (^9) Schugajew and Sorok in , (88) and T i m r o t h . (90) 



TABLE 57 

Viscosity Data Obtained at 
University of Glasgow (95) 

Temperature, 

377 
378 
380 
380 
428.5 
428 
427 
430 
430.5 
542 
538 
539.6 
540 
541 
540 

P r e s s u r e , 
kg/cm^ 

300 
300 
500 
700 
200 
300 
400 
600 

1000 
200 
300 
300 
500 
500 
700 

Kinematic Viscosity, 
10" cm / sec 

1.2 
1.226 
1.231 
1.242 
3.346 
1.827 
1.352 
1.22 
1.237 
5.42 
3.50 
3.51 
2.01 
2.01 
1.59 

These three invest igators used essent ia l ly the same method (capillary 
method) to m e a s u r e the viscosi ty of subcooled water and superheated 
water vapor. 

At a p r e s s u r e of one a tmosphere Schugajew(87) found good a g r e e 
ment between his measu remen t s and those of Speyerer /96) Smith, (97) and 
of Braune and L.inke.(98) He also found that the large p r e s s u r e dependence 
found by Speyerer was not borne out by his measurements . 

Sigwart found that the p r e s s u r e dependence and viscosi ty values for 
superheated water vapor repor ted by Schugajew(87) corresponded approxi
mately with his own r e s u l t s . He(°9) at tempted to explain the differences 
between his measu remen t s and those of Speyerer by correc t ing the data of 
Speyerer for "end effects." Sigwart found that the co r rec ted data of 
Speyerer corresponded very well with accepted values at one a tmosphere 
and showed no appreciable p r e s s u r e dependence. 

Timroth(90) found no ser ious discord between his measurenaents 
and those of Schugajew,(87) Schugajew et al.,(88)and of Sigwart. The large 
p r e s s u r e dependence found by Hawkins, Solberg and Pot ter (•'•OOJ was not 
borne out in the above invest igat ions. HawkinSj Solberg and Pot te r ob
served the ra te of fall of a body in a medium of superheated water vapor. 
According to Timroth and Vargaftik, (97) Schugajew cr i t ic ized this work 
and recalculated the data of Hawkins et a l . , taking into account eddy effects. 
It was repor ted that there was sat isfactory agreement between the r e c a l 
culated data and the measu remen t s of Schugajew. 



Thomas and Jackson(93) found an even sma l l e r p r e s s u r e effect than 
that found by Timroth.(90) 

In genera l , the m e a s u r e m e n t s of the Universi ty of Glasgow(95) were 
found to be m good ag reemen t with those of Timroth , However, at about 
4200 psia (300 kg/cm^) and 800°F (430°C), the Universi ty of Glasgow value 
of viscosi ty was about 6% lower than that of Timroth . It was thought(95) 
that incipient turbulence in the exper iments of Timroth at this condition 
was the cause of the d iscrepancy, 

A review of existing viscosi ty data of water vapor and subcooled 
water was made by Kestin and Moszynski(l 01 ) in 1959» They concluded 
that the data of Timroth(90,1 02) were probably mos t consis tent , since it 
showed the smal l e s t sca t te r except at 111 0°F ( 600° C), 

D. Empi r i ca l Equations 

There have been a vast number of empir ica l equations proposed for 
the viscosi ty of water vapor However, in view of the compar i sons and con
clusions reachedby Schugajew,(87) Schugajew and Sorokin,(o8)sigwart,(89) 
Timroth . (90)Timroth and Vargaftik,(99) and finally by Kestin and 
Moszynski, (1 01 ) it appears that the p r i m a r y data obtained by Speyerer , (96 j 
Schiller,(102) Hawkins, Solberg and Pot ter , (100) and Thomas and Jackson(94) 
a r e in e r r o r . Therefore , only the empi r i ca l equations der ived from the 
Russian and German (Sxgwart) exper imenta l values will be noted in this 
sect ion. 

The ear ly Russ ian formulat ions were al l based on the concept that 
water vapor behaved as a van der Waals gas . Using this equation of s ta te , 
Schirokov(l 03) der ived the following theore t ica l dependence of v iscosi ty on 
p r e s s u r e : 

T]p = a ( P + | ) ^ . (26) 

where a is the coefficient accounting for existence of mutual a t t rac t ions 
between molecules of a gas , and b is the covolume. Equation (26) reduced 
to 

Up . a RT ( - ^ J , (27) 

where R is the gas constant . 

The equation indicates that the viscosi ty is a function of both p r e s 
sure and t empera tu re , and at very low p r e s s u r e s the viscosi ty is a function 
of only the t empera tu re Equation (27) also indicates that for constant 
volume the viscosi ty is propor t ional to t e m p e r a t u r e . Equation (27) may be 
rewri t ten in the following form: 
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^ p - ^ t b - r (29) 

where T}^ is the viscosi ty at low p r e s s u r e s , and [v/(v - b)] may be thought 
of as a mul t ip l ier to take into account the effect of p r e s s u r e . 

Schugajew and Sorokin(88) ut i l ized Eq. (29) in setting up tables of 
viscosity for superheated water vapor. They proposed the following 
Sutherland equation for the viscosi ty at 14.22 psia (1 kg/cm^): 

r]t=''lo ( T / T O ) [1 + ( C / T O ) ] / [ 1 + (C/T)] (30) 

where r|o = 0.189 x 10"^ lb sec ft~^ 
C= 986°R , 

To= 492°F . 

Schugajew proposed a value of 0.01481 ft / l b for the covolume, which was 
based on known values of viscosi ty for water and water vapor at 39°F (4°C). 
The viscosi t ies of superheated water vapor as derived by Schugajew and 
Sorokin from Eqs . (29) and (30), a r e given in Table 58. 

TABLE 58 

Viscosity of Superheated Water Vapor Derived by Schugajew and Sorokin (^8) 

P r e s s u r e , 
lb/in.2 

14.22 
1422 
2845 
3556 

Saturation 
Temperature, 

210.4 
589.1 
687.6 

Saturated 
Water Vapor 

0.268 
0.473 
0.651 

Temperature (°F) 

680 716 752 788 824 

Viscosity x 10^, lb sec ft~^ 

0.463 
0.502 

0.477 
0.514 
0.600 

0.492 
0.526 
0.594 

0.504 
0.541 
0.598 
0.649 

0.518 
0.553 
0.606 
0.645 

Timroth and Vargaftik(99) considered that the extrapolation made 
by Sigwart(89) was quite unrel iable . They proceeded with Sigwart 's m e a s 
u rements and were able as a resu l t to propose a value of 0.00977 ft / lb for 
the covolume appearing in Eq. (29). The viscosi ty of superheated s team 
derived by Timroth and Vargaftik from the resu l t s of Sigwart and Eq. (29) 
a r e given in Table 59. They did not mention the basis for the viscosity 
values at 14.2 psia (1 kg/cm^). 

Timroth(90) proposed a mean value of 0.0120 ft / l b for the covolume 
appearing in Eq. (29), on the basis of his exper imental r e s u l t s . The v i s 
cosity values of superheated water vapor derived by Timroth from his 
measu remen t s and Eq. (29) a r e given in Table 60. No basis was given for 



TABLE 59 

Viscosity of Superheated Water Vapor 
Derived by Timroth and Vargaftik(99) 

from the Results of Sigwart(89) 

T e m p e r a t u r e , 
° F 

662 
662 
662 
662 
662 
662 

752 
752 
752 
752 
752 
752 
752 

842 
842 
842 
842 
842 
842 
842 

P r e s s u r e , 
ps ia 

14.22 
2 8 4 

569 
8 5 3 
1422 
2134 

14.22 
2 8 4 

569 
853 
1422 
2134 
2845 

14.22 
2 8 4 

569 
8 5 3 
1422 
2134 
2845 

V i s c o s i t y , 
lb sec ft"^ X 10 ' 

0.457 
0.461 
0.465 
0.469 
0.480 
0.506 

0.492 
0.496 
0.500 
0.504 
0.510 
0.531 
0.551 

0.527 
0.531 
0.535 
0.539 
0.545 
0.561 
0.580 

-fe 

TABLE 60 

Viscosity of Superheated Water Vapor and Subcooled Water 
Derived by Timroth (90) 

P r e s s u r e , 
p s i a 

T e m p e r a t u r e , 
° F 

662 
680 
698 
716 
734 
752 
770 
788 
806 
824 
842 

14.22 ?84.5 568.9 853.4 1139 1422 2134 2845 3556 4267 

Viscos i ty x 1 0** lb sec ft"^ 

45.06 
45.88 
46.70 
47.52 
48.34 
49.16 
49.98 
50.80 
51.82 
52.64 
53.46 

45.47 
46.29 
47.11 
47.93 
48.75 
49.57 
50.39 
51.41 
52.43 
53.05 
53.87 

46.08 
46.90 
47.72 
48.54 
49.36 
50.18 
51.00 
51.82 
52.84 
53.66 
54.48 

46.70 
47.52 
48.34 
49.16 
50.00 
50.80 
51.61 
54.43 
53.25 
54.07 
54.89 

47.31 
48.13 
48.95 
49.77 
50.59 
51.41 
52.23 
53.05 
53.87 
54.69 
55.51 

48.13 
48.95 
49.57 
50.39 
51.21 
52.02 
52.84 
53.46 
54.48 
55.30 
56.12 

r 
51.41 
51.61 
52.23 
52.84 
53.46 
54.07 
54.69 
55.50 
56.33 
57.14 
57.96 

155.7 
141.3 

58.37 
56.94 
57.14 
57.14 
57.55 
58.17 
58.99 
59.60 
60.22 

1 
159.8 
151.6 
137.2 
110.6 

68.61 
63.29 
61.65 
62.06 
62.47 
62.67 
63.08 

168.0 
157.7 
147.5 
135.2 
116.7 

92.17 
78.86 
72.71 
68.82 
66.57 
65.95 
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TABLE 61 

Viscosity of Saturated Water and Water Vapor 
Derived by Timroth (90) 

Tempera tu re , 
° F 

608 
626 
644 
662 
680 
698 

P r e s s u r e , 
psia 

1637 
1866 
2119 
2398 
2708 
3054 

Viscosity x 1 0 

Saturated Water 

1.78 
1.70 
1.62 
1.52 
1.39 
1.19 

lb sec ft"^ 

Saturated 
Water Vapor 

0.512 
0.533 
0.557 
0.582 
0.623 
0.684 

the v i s c o s i t y v a l u e s a t 
14.22 p s i a (1 k g / c m ^ ) ; 
h o w e v e r , the v a l u e s a s 
s u m e d w e r e c l o s e to t hose 
of B r a u n e and L inke . (98) 
T i m r o t h s t a t e d tha t Eq . (29) 
i s not va l id a t h igh p r e s 
s u r e s and for the r e g i o n 
n e a r the s a t u r a t i o n l i n e . 
The v i s c o s i t y of w a t e r and 
w a t e r v a p o r a long the s a t 
u r a t i o n l ine d e r i v e d g r a p h 
i c a l l y by T i m r o t h i s g iven 
in Tab le 6 1 . 

Vuka lov ich(^ ) u s e d r e l a t i o n s of the form, given by E q s . (29) and (30) 
to d e r i v e v i s c o s i t y da ta for w a t e r v a p o r . The fol lowing coef f ic ien ts of 
E q s . (29) and (30) w e r e e v a l u a t e d f r o m the e x p e r i m e n t a l da ta of T i m r o t h , ( 9 0 ) 
Schugajew _et a l . , (88 ) and a l s o of S i g w a r t , (89) 

b = 18.7 X 10"^ (t - 248) 
7]o = 0.171 X 10"^ lb s e c ft"^ 
C = 1730, 

t be ing the t e m p e r a t u r e in "'F. In eva lua t i ng t h e s e c o n s t a n t s Vuka lov ich 
gave p r e f e r e n c e to the e x p e r i m e n t a l da ta of T i m r o t h . V a l u e s of d y n a m i c 
v i s c o s i t y of s u p e r h e a t e d v a p o r and subcoo led l iquid d e r i v e d by Vuka lov ich 
a r e given in Tab le 62, whi le s a t u r a t i o n v a l u e s a r e g iven in T a b l e 63 . 

TABLE 62 

Viscosity of Superheated Water Vapor and Subcooled Water 
Derived by Vukalovich (2) 

P r e s s u r e , 
psia 

Tempera tu re , 
° F 

662 
680 
698 
716 
734 
752 
770 
788 
806 
824 
842 

14.22 

0.458 
0.466 
0.474 
0.483 
0.491 
0.499 
0.507 
0.515 
0.523 
0.531 
0.539 

1422 2133 2844 

Viscosity x l o ' , lb se 

0.477 
0.486 
0.494 
0.503 
0.511 
0.520 
0.529 
0.537 
0.546 
0.555 
0.563 

0.496 
0.503 
0.511 
0.519 
0.527 
0.536 
0.544 
0.553 
0.562 
0.570 
0.579 

1.54 
1.41 
0.581 
0.569 
0.553 
0.559 
0.567 
0.574 
0.582 
0.591 
0.599 

3556 

c ft-== 

1.60 
1.51 
1.37 
1.11 
0.695 
0.655 
0.634 
0.607 
0.613 
0.619 
0.626 

4267 

1.68 
1.58 
1.47 
1.35 
1.17 
0.941 
0.799 
0.757 
0.717 
0.696 
0.696 



TABLE 63 

V i s c o s i t y of S a t u r a t e d Water and Wate r Vapor 
of Vukalovich S team Tab le s (2) 

T e m p e r a t u r e , 
° F 

662 
680 
698 

Dynamic V i s c o s i t y x 10 , lb s e c ft~^ 

S a t u r a t e d Wate r 

1.52 
1.39 
1.19 

S a t u r a t e d Wate r Vapor 

0.577 
0.621 
0.707 

The following empir ica l equation derived by Vargaftik from the ex
per imenta l data of Timroth was used to compute viscosi ty values for super 
heated vapor in the 1952 and 1958 Timroth tables : (4,5) 

rip =ri/^ + ( B / V ™ ) (31) 

where Tj is the viscosi ty in lb sec ft~^ at a p r e s s u r e P , T)/t is the viscosi ty 
at t empera tu re f^F at 14.22 psia , and v is the specific volume in ft / l b , 

B = 1.77 x 10~^° 
m = 1.48 

Values of viscosi ty fromi the 1952 and 1958 Tim.roth tables a r e given in 
Tables 64 and 65. 

TABLE 64 

V i s c o s i t y for Subcooled Liquid and Supe rhea t ed Wate r Vapor 
f rom 1952 T i m r o t h Tab le s (4) 

P r e s s u r e , 
p s i a 

T e m p e r a t u r e , 

662 
680 
698 
716 
734 
752 
770 
788 
806 
824 
842 

14.22 

0.461 
0.471 
0.479 
0.487 
0.498 
0.506 
0.516 
0.524 
0.535 
0.543 
0.553 

1422 

Viscos 

0.485 
0.494 
0.500 
0.508 
0.516 
0.526 
0.535 
0.543 
0.551 
0.559 
0.567 

2134 

ity X 1 C 

0.522 
0.524 
0.520 
0.535 
0.541 
0.547 
0.553 
0.559 
0.567 
0.576 
0.584 

2845 3556 

) ' , lb sec ft"^ 

1.61 
1.47 
0.604 
0.589 
0.581 
0.584 
0.586 
0.590 
0.594 
0.600 
0.606 

1.68 
1.59 
1.45 
1.16 
0.715 
0.664 
0.647 
0.639 
0.637 
0.637 
0.639 

4267 

1.73 
1.66 
1.57 
1.44 
1.26 
0.967 
0.799 
0.735 
0.711 
0.696 
0.690 
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TABLE 65 

Viscosity for Subcooled Liquid 
and Superheated Water Vapor 
from 1958 Timroth Tables(5) 

P r e s s u r e , 
psia 

Temperature, 
° F 

662 
680 
698 
716 
734 
752 
770 
788 
806 
824 
842 

2845 

Viscosity 

156.5 
144.2 

60.42 
58.78 
58.37 
58.37 
58.58 
58.99 
59.40 
60.01 
60.63 

3556 

x l0* , lb 

161.4 
151.6 
138.9 
113.9 

71.48 
66.32 
64.72 
63.90 
63.70 
63.70 
63.90 

4267 

sec ft"^ 

165.7 
157.3 
147.5 
136.2 
119.6 

94.22 
79.88 
73.53 
71.07 
69.64 
69.02 

a p p r e c i a b l y f r o m the 1952 T i m r o t h 
g iven for the v i s c o s i t y v a l u e s l i s t e d 

A g r a p h i c a l r e p r e s e n t a t i o n 
of the v a r i o u s s m o o t h e d da ta i s 
g iven in F i g u r e 14. Solid l i n e s w e r e 
d r a w n t h r o u g h the d e r i v e d v a l u e s of 
the 1958 T i m r o t h t a b l e s . ( 5 ) The da ta 
in the 1952(4) and 1958 T i m r o t h t a b l e s 
a r e i d e n t i c a l for p r e s s u r e s be low 
2845 p s i a and a t h i g h e r p r e s s u r e s 
a r e s o m e w h a t d i f fe ren t . T h i s i s s u r 
p r i s i n g in v iew of the fac t t ha t E q . (31) 
was u s e d to c o m p u t e the v a l u e s of 
v i s c o s i t y for s u p e r h e a t e d vapo r in 
both t h e s e t a b l e s . 

A do t ted l ine w a s d r a w n 
t h r o u g h s a t u r a t i o n v a l u e s of v i s c o s i t y 
f r o m the 1952 T i m r o t h t a b l e s . The 
v a l u e s d e r i v e d by S igwar t , (89) 
Schugajew et a l - = ^^^) T i m r o t h , ( 9 0 ) 
J a k o b , (104) and Vukalovich(2) differ 

s t e a m tab le v a l u e s . ( ^ ) No b a s i s i s 
by J a k o b . 

A b r o k e n l ine w a s d r a w n t h r o u g h v a l u e s ob t a ined f r o m a f o r m u l a -
tionC'') b a s e d on the da ta of H a w k i n s , S o l b e r g and P o t t e r . ( 1 0 0 ) F i g u r e 14 
i n d i c a t e s the m a g n i t u d e of the e x a g g e r a t e d p r e s s u r e d e p e n d e n c e found by 
t h e s e i n v e s t i g a t o r s and the v e r y m u c h s m a l l e r p r e s s u r e dependence found 
by S igwar t a t the v a r i o u s R u s s i a n i n v e s t i g a t o r s . 

The d e r i v e d v a l u e s of v i s c o s i t y l i s t e d in the t a b l e s of T imro th(4»5 ,90} 
and of Vuka lov ich(2) a r e e s s e n t i a l l y b a s e d on the s a m e m e a s u r e m e n t s . ( 9 0 ) 
It was m e n t i o n e d p r e v i o u s l y tha t t h e r e w e r e a p p r e c i a b l e d i f f e r e n c e s b e t w e e n 
t h e s e d e r i v e d v a l u e s . It can be s e e n tha t in the v i c in i ty of the c r i t i c a l poin t 
t h e s e d i f f e r e n c e s m a y a m o u n t to a s m u c h a s 10%. 

T i m e did no t a l low the w r i t e r to s m o o t h the c o m b i n e d m e a s u r e m e n t s 
of S i g w a r t , (89) Schugajew and Sorok in , (88) and T i m r o t h . T h e r e f o r e , for the 
t i m e be ing i t i s r e c o m m e n d e d tha t v a l u e s of v i s c o s i t y f r o m the 1958 T i m r o t h 
t a b l e s be u s e d un t i l the above a p p r a i s a l b e c o m e s a v a i l a b l e . 

E . S u m m a r y 

(1) T h e r e i s good a g r e e m e n t be tween the m e a s u r e m e n t s of 
Schugajew,(87) Schugajew et a l . , ( 88 ) S igwar t , ( 89 ) and T i m r o t h . ( 9 0 ) 
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(2) F igure 14 indicated that the values obtained from the different 
formulations do not r ep re sen t adequately the exper imental values of v i s 
cosity in the cr i t ica l region. 

(3) It is recommended that a detailed analysis be made of m e a s u r e 
ments of viscosi ty in the c r i t i ca l region. Better values will be obtained if 
the measu remen t s of Schugajew, et al. ,(88) Sigwart,(89) and Timroth(90) a r e 
reappra i sed . 

(4) The exaggerated p r e s s u r e dependence found by Schil ler , by 
Speyerer , and by Hawkins, Solberg and Pot ter were caused by systemat ic 
e r r o r s which were not taken into account. 
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