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Improved Forced Convective Heat-Transfer Correlations
for Liquids in the Near-Critical Region

Afshin J. Ghajar* and Asadollah Asadit
Oklahoma State University, Stillwater, Oklahoma

The objective of this study was to compare the existing empirical approaches for forced convective heat
transfer in the near-critical region and improve their predictive capabilites. Heat-transfer correlations based on
accurate values for physical property inputs and accurate experimental heat-transfer data were developed for
carbon dioxide and water in turbulent pipe flows. The important result of this study was that turbulent forced
convective heat transfer to fluids in the near-critical region could be predicted by Dittus-Boelter-type heat-
transfer correlations while using the property ratio method to account for large variations of physical properties
in the near-critical region. The predicted results based on the developed correlations showed good agreement
with the available experimental data. The proposed correlations also show better accuracy when compared to

other correlations available in the literature.

Nomenclature
a,....d =curve-fitted constants, Eq. (1) and
Table 1

pse.nr€) =constants, Eq. (5)
Ayy.. €y = constants, Eq. (7)
Ao,Bo,Co,

a,b,c, = constants, Eqs. (2-4)
Ay, Ag

Aig,A11,A45,A4,  =constants, Eq. (6)
Asg,AszysAsgAa = constants, Eq. (8)
C, = specific heat at constant pressure
c, =integrated mean specific heat,

=i, — i)/ (T, —T)

D = diameter
G =mass velocity, =pV
h =heat-transfer coefficient
i =enthalpy
k =thermal conductivity
Nu = Nusselt number, =hD/k
P = pressure
Pr = Prandtl number, =uC,/k
R =gas constant
Re = Reynolds number, =pVD/pu
T = temperature
v = specific volume
| 4 =velocity
X5, X10,X11 = constants, Egs. (3) and (4)
a,y =constants, Eqs. (2-4)
P = absolute viscosity
) = density
Subscripts
b =evaluated at the bulk temperature
c = critical property
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pc =pseudocritical temperature,
temperature at which specific heat
assumes its maximum

=reduced property, as P,=P/P,

=evaluated at the wall temperature

=evaluated at a reference temperature

=zero- or low-pressure property

= 0

Introduction

EAT transfer to fluids in the near-critical region has

become important due to high heat-transfer rates possi-
ble in this region. Applications include the use of supercritical
steam boilers in power stations, supercritical hydrogen as a
working fluid for both chemical and nuclear rockets, methane
as a coolant and fuel for the supersonic transport, and super-
critical carbon dioxide as the working fluid in an entirely
supercritical turbine power cycle.!-?

For heat-transfer calculations, one needs reliable informa-
tion concerning a variety of physical properties, e.g., density,
specific heat, enthalpy, thermal conductivity, and viscosity.
Intense variation of physical properties in the near-critical
region for the slightest temperature or pressure change is
characteristic of fluids in this region. Figures 1 and 2 illustrate
typical variations of specific heat and thermal conductivity of
carbon dioxide in the near-critical region. Such changes in
fluid properties can effect large changes in the rates of convec-
tive heat transfer. Experimental investigations in this region
have confirmed that anticipated high rates of heat transfer
exist in both laminar and turbulent free and forced convection
conditions. For example, experimental data of Yamagata et
al.!® (Fig. 3) illustrates the typical behavior of turbulent forced
convective heat-transfer coefficients in the near-critical
region.

A variety of correlations have been developed and used for
prediction of forced convective heat-transfer rates®!0 (see
Table 1). Discrepancies exist between these correlations when
applied in the near-critical region. The most significant
sources of discrepancy appear to be the influences of 1) prop-
erty variations, 2) heat flux and buoyancy, and 3) the dif-
ferences in values of physical properties used by the various
investigators.

The objective of the present study is to identify an ap-
propriate forced convective heat-transfer correlation for the
near-critical region in turbulent pipe flows (similar to the ones
listed in Table 1) and improve its predictive capability by the
use of appropriate physical properties.
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Method of Approach

Identification of an appropriate heat-transfer correlation
was based on how well the correlations given in Table 1 could
predict the available near-critical heat-transfer experimental
data (see Table 2). The numerical constants in these correla-
tions were based on different sources of physical property in-
puts which, in most cases, did not properly represent the varia-
tions in the near-critical region. Therefore, for a meaningful
comparison, it was necessary to compare the correlations
based on the same physical property inputs. For this purpose,
the constants in the heat-transfer correlations were determined
by curve-fitting the equations to the experimental data based
on the best values available for physical property inputs.
Then, the predicted results were compared not only with the
experimental data of those authors who developed the specific
correlations, but also with the experimental data of others.
After sufficient study, it was decided that Eq. (I6) of Table 1
predicted all of the available experimental data better than the
rest of the correlations given in the table. For instance, the
authors suggested correlation (IS) for experimental data of
Ref. 8 for carbon dioxide. This correlation predicted 62 ex-
perimental data points with an average absolute error of 8.9%
and a maximum deviation of 31%, while Eq. (16) gave 6.4%
average absolute error and 24% maximum deviation. Also,
the rest of the correlations (see Table 1) were tested with ex-
perimental data of Ref. 8, and none of the correlations
predicted heat-transfer coefficients as accurately as Eq. (16).
For experimental data of Ref. 10 for water, the authors sug-
gested correlation (I7). This correlation predicted 67 ex-
perimental data points with an average absolute error of 15%
and a maximum deviation of 89%, while correlation (I6) had
7.1% average absolute error and a maximum deviation of
22%. Some of these results are also shown in Table 2. Further
details may be found in Ref. 18. Therefore, based on the find-
ings of this study, the following forced convective- heat-
transfer correlation is proposed for turbulent pipe flows:

d é n
Nu, =aRe}Pr; <p—w> ( ") )
Pp Cpb

where a, b, ¢, and d are curve-fitted constants and, for n, the
following criterion proposed by Jackson and Fewster® was
used:

For T, <T,<T, and T, >T,=1.2T,, n=0.4

For Ty < Ty < T\, n=0.4+0.2(T,/Ty.—1)

For T, =T,=1.2T, and T, <T,,

pe =
n=0.4+0.2T, /Ty, — D[1 = 5(T,/Tpe— 1]

Physical Properties

The expressions used to evaluate thermodynamic and
transport properties of water and carbon dioxide in the near-
critical region were taken from Refs. 19-22. Also, physical
properties of supercritical carbon dioxide beyond the range of
Refs. 19-21 were evaluated from different expressions given
by Refs. 23-25.

The appropriate thermodynamic and transport property in-
puts required by the proposed heat-transfer correlation were
determined by the following expressions.

Equation of State
In order to describe the thermodynamic surface in the near-
critical region, a simple Bendict-Webb-Rubin-type equation of
state proposed by Ref. 19 was used. This equation is of the
form
P=RT/v+ (ByRT—A,— Cy/T*)/v?
+(BRT—a)/v? + ac/v®

+ [e(1 + y/v?)Yexp(—v/v?)]/ (V¥ T?) )
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Table 1 Types of forced convective heat-transfer correlations

Correlation Eq. no. Ref. no.
Nu, =aRebPre, an 3
Nu, = aRe})Pré, (12) 4,5
where
Prin=Pry, Pr,<Pr,
=Pr,, Pr, <Pr,
Pw \¢
Nu,, = aRel, Pr, (I13) 6
Py
where
Pr,=u,C,/k,
Nuh:Null)(“[)/#w)u(kw/kh)h(C[)/Cpb)( (14) 7
where
Nuj=0.125:Re, Pr, /[12.7(/8)°3 (Pry/3 — 1) + 1.07)
£=1/(1.82 log,,Re, — 1.64)2
C[) = (lu Aib )/(Tw - Tb)
0w @ C b
Nu,,:Nut/,( ) (~”—> (1.5) 8
Py Cph
where Nuj, and C‘/, are the same as defined for
Eqg. (I14), and
b=0.4, at T, /Ty <1
or T,/T,. 2 1.2
=b;=0.22
+0.18(T,./T,.), at 1=T,/T, =25
=b, +(5b,-2)
X (1 =T,/T,), atl=T7,/T, <12
=0.7, atT,=T,
and 7,./T, =2.5
. d C, n
Nu,, =aRe}Pr, ( P > (—’—> (16) 9
[ (’p
and
n=0.4, for 7, < T, =T,
and 1.27, =T, <T,
=0440.UT, /T, —1), for T,=<T, . <T,
=04+0.X7, /Ty — 1)
X(1-5(Ty/Tpe = 1), for T, =T, =<1.2T,
and 7, < T,
Nu,, =aRe}Pri Fe an 10
where
E= Tnc B T/)
Tw_ Tb
Fc=1.0, for E>1
=0.67Pr,. "(C,/C, )", for 0<E=<!1
:(Cp/Cpb)"3, for E<0

ny=—-07701+1/Pr,)+ 1.49

ny=1.44(1+1/Pr )~ 0.53
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The eight parameters By, A,, Cy, a, b, ¢, «, and v are
numerical constants, which are different for different
substances. The units and constants to be used in the equation
of state for carbon dioxide and water, as reported by Ref. 19,
are given in Table 3. This table also gives the equation’s range
of application.

Because the equation of state is explicit only in pressure, it
was necessary to use a half-interval technique to obtain values
for density. Further details may be found in Ref. 21.

The same equation of state (2) with different coefficients
was used for supercritical carbon dioxide (T, =1.0~-3.5),
(P,=0.70108 - 1.7752). The coefficients were fitted by
Hsieh.? The units, constants, and range of application are
given in Table 4.

It should be pointed out that, in this study, the input density
and specific heat values of water in the critical region
(p =200-420 kg/m3 and T'=644-693 K) were not based on Eq.
(2). A computer program developed by Levelt Sengers et al.,?
for thermodynamic properties of steam in the critical region,
was used. Their expressions proved to provide more accurate
density and specific heat values in the critical region.

Specific Heat at Constant Pressure

Specific heat at constant pressure in the near-critical region
was obtained based on the expression proposed in Ref. 19.

AIAA JOURNAL
The form of the expression is as follows:
6Cop  6C
C,=Xo+ X, oT+X,,T* + + ——exp(—yp?)
p T T3y
3¢ 6¢c P \2 AP
+—gprexp(—vp?) ———+ T<—> / 2 (__
o 3
T(3 Tg’y oT /v ap T ( )
118.94 T T T —— T T T T T
CRITICAL CONSTANTS
107.05r P =462 kg/m3 B
P =73.83 bar
95.17p Tc=304.21K |
T,, 83.28
% 71.40
-
§ s9.51
P
o
G 47.63F
2
% gs.75f
23.86
11.98f
0.09 L " n L " L 1
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Fig. 1 Variation of specific heat vs temperature for carbon dioxide at
different pressures.

Table 2 Forced convection—experimental pools

Ref. Range of application Heat flux, Mass velocity, No. of Max./avg.
Fluid Year no. P/P, T,/T, W/em? g/cm’-s Eq. no.  points Constants dev.,%
CO, 1957 3b 1.12 0.97-1.06 3.2-32 54-220 (I — a=0.0266, b=0.77, —
c=0.55
CO, 1961 2 1.00-1.03 0.96-1.06 6.3-63 26-135 — — . — —
CO, 1961 7 1.20-1.46 0.98-1.15 3.4-12.0 68 (14) a=0.455, b=0.24, 22/7.3
c=0.65
— 28
(16)¢ a=0.0246, b=0.80, 17/6
c=041, d=0.257
CO, 1966 8 1.06-1.33 0.96-1.26 4.6-260 —_ (I5) a=0.32 31/8.9
(16) a=0.0245, b=0.79, 24/6.4
c=0.41,d=0.22
CO, 1967 120 1.06 0.987-1.02 1.43-5.20 50-100 — — — —
CO, 1969 132 1.003-1.03 — 18.7-73.5 45-65 — — — —
CO, 1970 142 1.008-1.398 0.956-1.17 0.8-35 31-170 — — — —
CO, 1972 15 1.35-1.42 0.93-1.19 310-1100 2000-2500 (15) a=0.32 27/10.6
— 35
(16)¢4 a=0.061, b=0.782, 13/5.1
¢=0.456, d=0.6
H,0 1957 4 1.04-1.19 — 18.7-73.5 45-65 (12) a=105, b=0.016, 25/14.2
— 23 c=0.68
(16)d a=0.0345, b=0.75, 23/11.2
c=0.25,d=-0.3
H,0 1957 5¢ 0.018-1.29 0.43-1.07 29-2320 17-3000 (12) — a=0.023, b=0.8, —
c=0.8
H,0 1958 16 1.09-1.41 0.58-1.25 870-1820 220-340 (I a=0.017, b=0.85, 83/10.2
c=0.015
— 25
(16)4 a=0.0055, b=0.53,
c=04,d=04 14/6.6
H,0 1965 6 1.03-1.88 0.54-1.31 20-182 54-218 13) — a=0.00459, b=0.923, —
c=0.613, d=0.231
H,0 1966 17 1.006-1.08 0.916-1.0t1 55.5-165 115-52§ — — —
(16)d 33 a=0.00147, b=1.02, 21/9.2
c=0.99, d= -0.23
H,O0 1972 10 1.035-1.36 0.77-1.12 11.6-93.0 31-183 17 a=0.002, b=1.0, 89/15
¢c=0.33
— 67
(16)4 a=0.0064, b=0.91, 22/7.1
c=0.48, d=0.6

2Data affected by high heat flux or buoyancy. bExperimemal data not available. ®Insufficient information given. dUsed in this work.
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Table 3 Units and constants for equations of state and specific heat in the near-critical region

Parameter Description Units Carbon dioxide Water
cm? —atm
C, Specific heat —_— — —
gmol —k
T Temperature K — —
P Pressure atm — —
v Specific volume cm?/gmol — —
em? —atm
R Gas constant —_— 82.05 82.05
gmol —k
B, Constant — 6.348170 x 10! 4.366083 x 10
Ag Constant — 2.978731 x 106 3.455640 x 10°
Co Constant — 1.411484 x 10! 1.403741 x 10'2
b Constant — 2.675216 x 103 —5.285869 x 107
a Constant — 1.050408 x 108 6.437270 % 10°
o Constant — 8.947460 % 10* 2.537106 x 10°
c Constant — 1.446193 x 1013 6.846662 x 1013
¥ Constant — 4.586636 % 10° 1.660691 x 10°
X, Constant — 1.441406 x 102 2.140282 x 10
X0 Constant — 5.460022x 10~ ! 9.095701 x 10~ 2
X1 Constant — —2.206477x 104 2.085410x 1073

2033

Range of application

Carbon dioxide Water

T,=T/T,
P,=P/P,

0.9801-1.1450
0.7018-1.7752

0.9779-1.1944
0.8107-1.3122

The appropriate constants are given in Table 3. Also, dif-
ferent coefficients were used for supercritical carbon dioxide
in the preceding equation. The coefficients were obtained
from Ref. 25. The deviation of density and specific heat
values, in this region, from tabulated data of Ref. 26, did not
exceed 1 and 5%, respectively. The units, constants, and range
of application are given in Table 4.

Enthalpy

In order to evaluate C‘p——integrated mean specific heat—
first an expression for enthalpy had to be developed. Follow-
ing the developments of Ref. 21, the final expression for
enthalpy, based on the equation of state and specific heat
equation, is of the form

X X
i=Xo(T—To)+—(T* - T+ (T =T +R(T—T)

Po=pan) = (10+5) (o-0:)
+( v— Ova) 0+ TQ P~ Pq

oy B s s
2(0 ;) 5(p pa)

3
-5 %lexp( —vp?) —exp(—yp3)]
3
- 72—[(02 +—>6Xp(— v0?)
1
- (p% + —) exp(—ye5 ] +i )
Y

where v, or 1/p,, is specific volume evaluated at (P,,7), and i,
is the enthalpy at the reference state (P;,T,).

In order to evaluate i,, the reference state (Py,7) for car-
bon dioxide was based on the value of zero for the perfect
crystal at the absolute zero of temperature.?” At Py=1 atm
and T, =300 K, the reference enthalpy i, is 193.5 kcal/kg. For
water, the reference state was chosen such that the saturated li-
quid enthalpy would be zero at the datum temperature,

T, =273.16K.?” The value of reference enthalpy i, for water,
from steam tables at 7, =273.16K and P;=6.03x 103 atm,
is 597.35 kcal/kg. The enthalpy values calculated from Eq. (4)
were in very close agreement with tabulated data given in Ref.
26. The units and constants for Eq. (4) are given in Tables 3
and 4.

Thermal Conductivity

Thermal conductivity in the near-critical region was
evaluated based on an expression developed in Ref. 20. The
expression follows:

k=a, +bip+c,p+d;p> + e, [T*(1+0.9p*286 /T*)] 06 05

&)

where

i)
It

. ’ P =P
pe

Thermal conductivity of supercritical carbon dioxide, where
(P,=1.05-1.775) and (7,>1.1), was evaluated using the

138.04 T : :
CRITICAL CONSTANTS
128.34F FPo =462 kg/m3
P¢ = 73.83 bar
Te=304.21 K

118.64

108.94

99.24}

89.54F Ny -

79.84 =

70.15]

60.45

THERMAL CONDUCTIVITY, kW/m-K X 106

50.75}

41.05 L . L L " " n
299.85 301.74 303.62 305.50 307.38 309.26 311.15

TEMPERATURE, K

Fig. 2 Variation of thermal conductivity vs temperature for carbon
dioxide at different pressures.
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Fig. 3 Heat transfer to supercritical water flowing in horizontal tube
a) in relation to bulk temperature, and b) in relation to wall
temperature. Taken from Ref. 10.

Table 4 Units and constants for equations of state and specific heat
of carbon dioxide in the supercritical region

Parameter Description Units Carbon dioxide
dm? - atm
c, Specific heat =~ ——w—— —
gmol — k
T Temperature K —
P Pressure atm —
v Specific volume  dm?/gmol —
dm? —atm
R Gas constant _— 0.08205
gmol —k
By Constant - 0.499101 x 10!
Ag Constant — 0.273742 x 10!
Cy Constant - 1.385670x 107
b Constant — 0.721045x 102
a Constant — 1.368140 10!
a Constant — 0.847000% 10~4
c Constant — 0.149180x 10!
¥ Constant — 0.053940x 10!
X, Constant — 1.441406 x 10~
Xy Constant — 5.460022 % 10~*
X Constant — —2.206477% 1077

Range of application Carbon dioxide

T,=T/T. 1.0-3.5
P, =P/P, 0.70108-1.7752
p,=p/P¢ p,<1.8
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Fig. 4 Comparison of predicted heat-transfer coefficients with ex-
perimental data of Refs. 7, 8, and 15 for carbon dioxide.
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Fig. 5 Comparison of predicted heat-transfer coefficients with ex-
perimental data of Ref. 10 for water.

following expression from Ref. 23:

k=k,+107% X (A,p+ A% + A3p® + Ayp*) (6)

where k, is obtained from
k,=ky(0)M
and
k,,=355.7%x10"7 cal/cm-s-deg
6=1/273.15 (K)
ny=As+ A0+ A,0° + A3

According to Vakuluvich and Altunin,?® the accuracy of
Eq. (6) is within + 5% of the experiemental data. The units
and constants to be used in Eqs. (5) and (6), as well as their
range of application, are given in Tables 5 and 6.
Viscosity

Viscosity in the near-critical region was evaluated based on
an expression similar to Eq. (5) developed in Ref. 20. The
resulting equation is

p=a+byp+ 0% + dyp?

+&,[T*(1 +0.9p*286 /T*)] -06 05 (7)
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Viscosity of supercritical carbon dioxide, where (P,=
1.05-1.775) and (7,=1.062), was evaluated by the following
expression from Ref. 24:

LnL: E

Uy i=1j

Ao, ®

1
=0
where

p, =VT, (A3 —B;/T,+C;3 /T x 107

According to Altunin and Sakhabetdinov,?* the constant
parameters in the equation were obtained based on the most
reliable experimental data, and the deviation of the data of the

100

[REYNOLDS NO. RANGE t '/7
80r1.4 X 105<Rep <3.9 X 105 Yyye
| Yy
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~ s d J
X Ve oo/
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s 215%| /07 1
K] Q 0.
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//cp a=0.025
/&59 b=0.8
c=0.417
10 . ,4-0.32 g
10 20 40 60 80 100

hexp. (kW/m2-K)

Fig. 6 Comparison of predicted heat-transfer coefficients (using cor-
relation developed for carbon dioxide) with experimental data of Ref.
10 for water.
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various authors from the values predicted by Eq. (8) did not
exceed 1.5-2%. The units and constants to be used in Egs. (7)
and (8), as well as their range of application, are given in
Tables 7 and 8.

Experimental Data Used

An intensive literature survey was carried out to obtain the
available forced convective experimental data in the near-
critical region.'® In this study, water and carbon dioxide were
chosen for the development of heat-transfer correlations.
These fluids were chosen because of the availability of reliable
experimental heat-transfer data and accurate physical prop-
erty expressions.

The available experimental studies for the fluids under
study are summarized in Table 2. This table lists, for each
substance under study, the year the experiments were
reported, the source references, the range of reduced pressure
and temperature, the heat flux, the mass velocity, the in-
vestigators’ developed heat-transfer correlations, the number
of experimental heat-transfer data points, the accuracy of
their correlations based on physical property expressions of
Refs. 19-25 and, finally, the proposed heat-transfer correla-
tions along with their accuracy.

Determination of the Numerical Constants

The constants in the proposed heat-transfer correlation [Eq.
(1)] were obtained by curve-fitting the expression to the ex-
perimental heat-transfer data of carbon dioxide”%!® and
water.*!0:1617 For this purpose, a nonlinear least-squares fit
was used. The constants to be used in the proposed heat-
transfer correlation are given in Table 2.

It shouid be pointed out that, in the determination of the
constants of the heat-transfer correlation, the experimental
data which might have been affected by high flux relative to

Table 5 Units and constants for thermal conductivity in the near-critical region

Parameter Description Units Carbon dioxide Water
k Thermal conductivity W/m-K e —
M Molecular weight kg/kg-mole 44.016 18.016
T. Critical temperature K 304.21 647.05
P, Critical pressure kPa 7.383 % 103 2.209 x 10*
Pe Critical density kg/m’ 4.64 % 10 3.22x 102
a; Constant — —4.406180x 102 1.822742x 1072
b, Constant — 5.981447x 1074 8.095208 x 10~ ¢
¢ Constant — ~1.331925x 1078 —1.340863 x 107°
d Constant — 1.022006 x 10~° 1.995175x10™°
e Constant — 2.739334x 1073 1.581311x 1072
Range of application Carbon dioxide Water
T,=T/T, 0.98-1.1 0.98-1.1
p,=p/p, 0.38-2.0 0.27-1.99

Table 6 Units and constants for thermal conductivity of carbon dioxide in the super-
critical region

Parameter Description Units Carbon dioxide
0 Density kg/m? —
k Thermal conductivity cal/cm-s-C —
A,y Constant — 0.42163 x 10°
A, Constant — 1.17385x 103
A Constant — —1.77174%x 1076
Ay Constant — 1.29644 % 10~°
As Constant — 1.58960 x 10°
Ag Constant — —0.22458 x 10°
A, Constant — 3.80755 x 10
Ag Constant — -2.52350% 1073

Range of application

Carbon dioxide

T,=T/T,
pr=p/p,

1.1-3.2
0.0-2.0
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Table 7 Units and constants for viscosity in the near-critical region

Parameter Description Units Carbon dioxide Water
" Viscosity N-s/m? — —
M Molecular weight kg/kg-mole 44.016 18.016
T. Critical temperature K 304.21 647.05
P, Critical pressure kPa 7.383 x 103 2.209 x 10*
P Critical density kg/m? 4.64 % 10? 3.22 % 102
a, Constant — 1.232416 x 107 1.705897 x 1073
b, Constant — 3.097380x 108 5.650212x 1078
e Constant — —3.265285x 10712 3.508322x 107!
d, Constant — 6.713438 x 10714 3.228201x 10~
ey Constant — 1.449306 x 108 2.577068 x 1078
Range of application Carbon dioxide Water
T,=T/T, 1.0-1.062 0.999-1.05
o, =p/p¢ 0.38-1.6 0.4-1.8

AIAA JOURNAL

Table 8 Units and constants for viscosity of carbon dioxide in the
supercritical region

Parameter Description Units Carbon dioxide

u Viscosity g/cm—sg —

P Density g/cm3 _

T Temperature K —
X0 Constant — 0.248566120
X1 Constant — 0.004894942
Xy Constant — —0.37330066
X Constant — 1.22753488
X3 Constant — 0.363854523
X3 Constant — —0.774229020
X9 Constant — 0.0639070755
X4 Constant — 0.142507049
A, Constant — 2.72246461 x 103
B, Constant — 1.66346068 x 10°
C, Constant — 4.66920556 X 107

Carbon dioxide

1.0-6.57
0.014-40.0

Range of application
T,=T/T,
0, =p/pc

the mass velocity (where deterioration in heat transfer was
observed) or buoyancy was excluded. The criterion used for
no buoyancy effect was that of Refs. 28 and 29.

Results and Discussion

The fit of the proposed expression for heat transfer to the
available experimental data was good for both substances.
The results of comparison with seven different experimental
works are summarized in Table 2. Some of these results are
also shown in Figs. 4-6, along with the appropriate constants
for the heat-transfer correlations and their Reynolds number
ranges. As indicated in Table 2, for carbon dioxide, the pro-
posed correlation predicts the 28 experimental data points of
Ref. 7 with an average absolute error of 6%. The majority of
the data points (93%) were predicted with less than 15%
deviation. The Reynolds number range was 2x10*<
Re;, < 8.6x 10%. For the 62 experimental data points of Ref. 8,
the average absolute error was 6.4%. The majority of data
points (92%) had deviations less than 15% and 98.5% less
than 20%. The range of Reynolds number was
8 x 10* <Re,<5x10°. Finally, the 35 experimental data
points of Ref. 15 for carbon dioxide were predicted with an
average absolute error of 5.1%. The majority of data points
(95%) deviated by less than 15%. The range of Reynolds
number was 6 X 10° < Re, < 1.2 X 10¢. Since experimental data
of Refs. 7,8, and 15 were obtained at about the same range of
Reynolds numbers, and were not affected by high heat flux or
buoyancy, it was decided to combine these data. Figure 4 com-
pares the predicted heat-transfer coefficients with 125 data
points of Refs. 7,8, and 15. The correlation predicts 86% of

the data with less than 15% deviation and 97.6% with less
than 20%. The maximum deviation was 32%, with an average
absolute error of 6.8%.

For water, Eq. (1) predicts the 23 experimental data points
of Ref. 4 with an average absolute error of 11.2%. Eighty-
seven percent of the data had deviations of less than 20%. The
range of Reynolds number was 7 x 10* <Re, < 1.7 x 10°. For
25 experimental data points of Ref. 16, the average absolute
error was 6.6%. For this case, 72% of the data had less than
10% deviation and the rest had less than 15%. The Reynolds
number range was 3.7x108<Re,<1.1x107. The 35 ex-
perimental data points of Ref. 17 were predicted with an
average absolute error of 9.2%. The equation correlates 82%
of the data points with less than 15% deviation and 97% with
less than 20%. The experimental Reynolds number was
1.5x10° <Re,<4.7x10°. Finally, Fig. 5 compares the
predicted heat-transfer coefficients with the 67 experimental
data points of Ref. 10. The proposed correlation predicts the
experimental data with an average absolute error of 7.1%.
The majority of the data (95%) had deviations of less than
15% and 97% less than 20%. The range of Reynolds number
was 1.4 X 10° < Re, <3.9x 10°.

Comparison of heat fluxes and mass velocities of ex-
perimental data of water reveals that data of Refs. 4, 16 and
17 were obtained at higher heat fluxes (compared to mass
velocities) than the experiments in Ref. 10. For instance, ex-
perimental data of Dickinson and Welch!® were obtained at
heat fluxes three times higher than the experiments in Ref. 10
and at higher mass velocities. The criterion for buoyancy ef-
fect was not violated in any of the experiments. Therefore, the
correlation obtained for the data of Ref. 10 is recommended
for water (see Fig. 5).

In order to generalize the outcome of this study, the correla-
tion that was curve-fitted to the experimental data of Refs. 7,
8, and 15 for carbon dioxide (see Fig. 4 for the curve-fitted
constants) was used to predict the experimental data of
Yamagata et al.!® for water. The preferential use of this cor-
relation was due to the fact that more confidence was felt with
the carbon dioxide data. As shown in Fig. 6, the 67 experimen-
tal data points of Ref. 10 were predicted with a maximum
deviation of 19.3% and an average absolute error of 9.3%.
The equation correlates 88% of the data points with less than
15% deviation.

Conclusions

The proposed heat-transfer correlation based on best
available values for physical property inputs used in this study
showed that the predicted values are in good agreement with
the experimental data of turbulent forced convection to water
and carbon dioxide. The average absolute errors between the
predicted results and the experimental data of carbon dioxide
and water were below 6.5 and 11.5%, respectively. This single
correlation also shows better accuracy when compared to
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other correlations available in the literature (see Table 2 and
Figs. 4-6).

The correlation proposed for carbon dioxide (see Fig. 4)
proved to be general, so as to predict heat transfer to water in
the near-critical region with good accuracy (see Fig. 6).

The important result of this study was that turbulent forced
convective heat transfer to fluids in the near-critical region
could be predicted by Dittus-Boelter-type heat-transfer cor-
relations (Nu, =0.023 Re92Pry*) while using the property
ratio method to account for large variations of physical prop-
erties in the near-critical region.
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