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Abstract

Despite the numerous supercritical heat transfer correlations have been proposed in the past
several decades, the predictions by using those correlations showed wide discrepancies each
other and were not satisfactory. Especially, in a mixed convection heat transfer regime, no
correlation was successful in producing accurate predictions. Under a strong buoyancy influence,
boundary layer structure is known to deform significantly at a wall temperature close to the
pseudocritical temperature. Recently, several correlations have been proposed for the prediction
of heat transfer coefficient in both a mixed convection and a forced convection. In this paper, the
applicability of those correlations was assessed against the data for CO, and water.

1. Introduction

In the development of an SCWR concept, heat transfer at supercritical pressures is one of the
most demanding research areas. Despite the numerous supercritical heat transfer correlations that
have been suggested in the past several decades, a search for a reliable and accurate correlation
continues, because the predictions of heat transfer rate by using those correlations showed wide
discrepancies each other. Especially, in the regime of strong buoyancy, no correlation was
successful in producing accurate predictions. The boundary layer structure is known to deform
significantly in an upward flow, as the wall temperature approaches the pseudo-critical
temperature at a sufficiently low mass flow rate. The heat transfer deterioration may be caused by
local flow properties but also by upstream flow history as well.

Watts and Chou [1] reported the results of a mixed convection heat transfer test using a
supercritical pressure water at 25 MPa, flowing either vertically upwards or downwards in two
test sections, respectively 2000 mm long x 25 mm bore and 2000 mm long x 32.2 mm bore. In
their experiment, a regime of deteriorated heat transfer was found in a vertical upward flow,
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commencing at the buoyancy parameter, Grp / (Re§‘7Prb )was increased above 107°; heat

transfer reached a minimum at a value of the buoyancy parameter of 4.5x107° and then
recovered steadily into the free convection region. In formulating correlations, they treated the
deterioration and normal regime separately and proposed correlations for each regime. As a
result, the suggested correlations returned two values for certain flow conditions. It should be
noted that their experiments were carried out with relatively large diameter tubes.
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Komita et al. [2] slightly modified the Watt and Chou’s correlation based on a test with
HCFC22, and have similar disadvantage to the Watts and Chou’s. Mori et al. [3,4] reported
comparisons of the test results between a tube, a single rod (annular channel), and a sub-bundle
channel having a hydraulic diameter of 4.4 mm, using HCFC22. Their test results showed a
suppression of heat transfer deterioration in a sub-bundle channel compared to a single tube and a
single rod compared to a tube. In a single tube, the deterioration was also suppressed in
downward flow. At a high flow rate in downward flow in a sub-bundle channel, they reported an
observation of oscillation of heat transfer in the region of the enthalpy higher than the pseudo-
critical point. A similar phenomenon was observed in the KAERI’s experiment concerning a
downward flow in an annulus channel, although the phenomena were not exactly similar to each
other. Their test geometry was nearly the same as that presented in this paper.

Pis’menny et al. [5] experimentally studied heat transfer to upward and downward flows of water
in a circular tubes with inner diameters of 6.28 and 9.5 mm. Their test data indicated a clear

dependency on the non-dimensional buoyancy parameter, Gr/Re’ . However, they did not attempt
to formulate a correlation covering a deterioration regime.

Bae and Kim [6] developed a set of correlations and evaluated against published data for water
and HCFC22. A fairly good agreement between the predictions and the data was shown, even
though it was developed from an experiment using CO; as a medium. The proposed correlation
produced reasonably accurate heat transfer rate in water and HCFC22 results, even in the range
of strong buoyancy. Bae [7] also assessed several correlations including the one in reference [6]
against the KAERD’s test data. As expected, Bishop [8] and Jackson and Hall [9] correlations
completely failed to predict the heat transfer rate in a mixed convection regime. The correlations
proposed by Watts and Chou [1] and Bae and Kim [6] reproduced the test data with a reasonable
accuracy. However, the accuracy of Watts and Chou was little bit low, and it probably was due to
the difference in the test medium. The onset of deterioration is known to depend on test medium
[10,11]. However, it is expected that the dependency of the criterion on the medium will
diminish, if not completely, if it were based on a proper non-dimensional parameter.

An analytical approach has been suggested by Fewster and Jackson [12] and Jackson [13]. They
developed a recursive equation of Nusselt number, which needed an iteration to get a correct
Nusselt number or heat transfer rate. It successfully predicted heat transfer in an air flow through
a large bore pipe, but its applicability should be confirmed by comparing the predictions with
experimental data on heat transfer to water in a narrow tube.

Cheng et al. [14] derived a simple heat transfer correlation based on phenomenological
assessment of heat transfer behavior and a thorough evaluation of the test data base. A
dimensionless number, the acceleration number, =, =ﬂq/(ch), was introduced to correct the

deviation of heat transfer from its conventional behavior. The new correlation structure excluded
direct dependence of heat transfer coefficient on the wall surface temperature, and eliminated
possible numerical instability. They claimed that the correlation could be applied to both normal
and deteriorated heat transfer conditions.
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In this paper, the assessment of correlation will be focused on mixed convection heat transfer. In
this regards, only the correlations, which claimed to be applied to both normal and deteriorated
heat transfer conditions, will be evaluated against the test data for CO, and water.

2. Correlations and test data

The correlations suggested by Bae and Kim [6], Jackson [13], Cheng et al. [14], and a newly
proposed correlation, which is a slightly modified version of the one suggested in reference [7],
will be evaluated in this paper. The correlations are summarized in Table 1. It should be noted
that in the Bae and Kim’s correlation, the constant in the equation of Nu, was changed from

0.021 to 0.0183 for better correlation. The newly introduced correlation designated as Bae was
based on the test data obtained for upward flow in a tube with the inner diameter of 4.57 mm at a
pressure of 7.75 MPa; and it was formulated as simple as possible for easy use. For a
convenience, the correlations will be referred to as acronyms such as BK (Bae and Kim), JK
(Jackson), CH (Cheng et al.), and BA (present), respectively. JK was a semi-empirical
correlation, which was derived from a sound theoretical analysis together with empirical
equations. CH was claimed that it used only fluid propertied at bulk temperature in order to avoid
the iteration, which was inevitable, since the wall temperature and the Nusselt number were
inter-related.

In Figure 1, the experimental Nusselt numbers normalized by the forced convection correlation
Nu, and the predictions by using BA (solid line) were plotted against the non-dimensional

buoyancy parameter, Bu = Gry / Re} .
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Figure 1 Experimental Nusselt number normalized by forced convection correlation
versus non-dimensional buoyancy parameter.
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Table 1 Correlations evaluated in this paper

Author(s) Correlations

Bae and Kim [6]: | Nu=Nu,f(Bu)

lightly modifi 0.
slightly modified #(Bu)=(1+1.0x10° B ] ™ for 5.0x10™ < Bu<7.0x107
f(Bu)=0.00185x Bu ***  for 7.0x107 < Bu<1.0x107°
f(Bu)=0.75 for 1.0x107° < Bu<1.0x107°
£(Bu)=0.0119 x Bu~*% for 1.0x107 < Bu<3.0x107
£ (Bu)=32.4x Bu®* for 3.0x107° <Bu<1.0x107*
Nu, = 0.0183 R 2P (p, / p, (e, /) ’
_ _ _ = 3
Bu = Gro / (ReijPrg'Sj, Gry = 2\~ PRI
Hy
The index n can be found in the reference [6]
Jackson [13] _11[]%46
Nuy _ |\ +1875Bo,Fy,| Vs
Nu g Nu

Nu; = 0.023Re)* Pry ">

N/ — 05

G - p,Jed’

Bo, = zszsrb 7y G = pb(pb fW)g » By = £1-£
Rey ™ Pr, M Hy )\ Pb

Minus sign is for upward flow and plus sign downward flow.

Chengetal. [14] | Nu=0.023Re**Pr'/3F
F=min(F,F,), F =0.85+0.776(z,-10°]"

Fy=— 08 ol 1-Ta|, g, =Bl
( 3 .55 T . Ge
T4, pe 10 )I 4,pc psb

Bae Nu=Nu,F

F=(1-7000Bu)*"  for Bu<2x10~°

F =0.00386Bu"">" for 2x107 <Bu<1x10"*
F = 44.4By"! for Bu>1x107*

035 3
—0. _
Nu; =0.021Re}* Pr, SS(&J , Bu=Gr,/Re}", Gr, = 256y fw)gd
‘ Hp
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The experimental data showed highly irregular behavior in the transition regime,

10 < Bu <10™*. The normalized Nusselt number did not monotonically increase to unity, but
they showed a sinusoidal behavior before reaching a fully forced convection regime.

For the CO, data, the KAERTI’s test result for upward flow in a 4.57 mm ID tube was used. The
data for water were obtained from three different sources; Yamagata et al. [15], Shitsman [16],
and Vikhrev et al. [17] were used to evaluate the selected correlations. The Yamagata’s data was
for normal heat transfer and the other two groups of data were for deteriorated heat transfer.

3. Result of evaluation

The experimental cases selected for comparison with predictions are summarized in Table 2.
Since we are focusing on mixed convection regime, most of the selected cases were for severe
or mild deterioration of heat transfer.

In Figure 2, the heat transfer coefficients predicted by using the selected correlations in Table 1
are overlapped on the experimental values for CO,. CH wholly failed to predict the experimental
data for CO, in most cases, except for the case E of G = 800 kg/m’s and q = 50 kW/m’. It
severely under or over-predicted around the pseudo-critical temperature. It probably indicated an
inadequacy of acceleration parameter in analyzing mixed convection with strong buoyancy. The
acceleration parameter is determined by the properties at bulk conditions, and it, consequently,
fails to reflect the flow conditions at the wall, which are considered to be a very important factor
for characterizing the heat transfer with strong buoyancy. Since the change of heat transfer rate
will be influenced by the property change near a wall, a proper prediction of heat transfer rate
should be based on properties near a wall as well as bulk properties. As expected, BK, BA were
in reasonably good agreement with the experimental data, since they were compared with the
experimental data, from which they were derived. The correlation JK generally over-predicted in
most cases, regardless of whether the heat transfer was deteriorated or not. Exceptionally good
performance of BK and BA was shown in the cases of strong buoyancy or low mass flux (cases

Table 2 Selected experimental cases

. Flow G Qw
Case | Fluid direction d (mm) (ke/m’s) | (kW/m?) P (MPa) Author(s)
A 100 15
B 200 38
C 400 30 KAERI
-1 €O 4.57 200 0 7.75
E 800 50
F Upward 800 120
G 75 1260 233 245 |y o
H | g 10 1260 465 245 & '
I atet 12 375 348 245 Shitsman
J 20.4 495 570 26.5 Vikhrev et al.
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A, B, and D). However, noticeable deviations from the experimental values were shown in the

cases C, E and F. Those cases corresponded to the region 1077 < Bu < 4x107° (see Figure 1). An
overshoot (Nu/ Nuy >1) in this region may be a reason for this large discrepancy. The transition

from near natural convection regime (Bu>10"") to forced convection regime (Bu<107")
through transition regime was such uncertain that the transition path seemed to highly depend on
a local flow condition. The good prediction performance of BK and BA in normal heat transfer
regime

Upward flow, CO,, d = 4.57 mm, p = 7.75 MPa Upward flow, CO,, d = 4.57 mm, p = 7.75 MPa
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Figure 2 Heat transfer coefficients versus bulk enthalpy at various combinations of mass and

(e): case E

(f): case F

heat fluxes: upward flow of CO,, d =4.57 mm, p = 7.75 MPa.
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has been reported earlier [6, 7]. It is interesting to note that CH and JK generally over-predicted
the CO, data.

In Figure 3, the distribution of heat transfer coefficients predicted by using the selected
correlations are compared with the experimental data for water. For the case G of normal heat
transfer, BK, and BA showed excellent prediction performance, while JK and CH slightly under-
predicted. As the heat flux increased with keeping mass flux constant (case H), the prediction
performance of JK and CH improved, especially in the high enthalpy region, while BK and BA
highly under-predicted over the entire region. In the case I of heat transfer deterioration, JK
showed the best performance, but it severely over-predicted the Shitsman’s data for high
enthalpy. In this case, BK and BA predicted, in a very similar manner to JK, the experimental
data quite closely; however, the prediction started to deviate as soon as the wall temperature
became higher than the pseudo- critical temperature. On the contrary, the prediction performance
of CH in the case I was the better when the wall temperature was higher than the pseudo-critical
temperature. In the case J of more strong buoyancy, JK showed the best performance. The
correlation CH also showed a good performance in this case; however, it started over-predicting
the data for the enthalpy greater than 800 kJ/kg. BK and BA greatly under-predicted, and did not
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Figure 3 Heat transfer coefficients versus bulk enthalpy at various combinations of
mass and heat fluxes: upward flow of water.
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even follow the trend of heat transfer variation.

In general, the prediction performance was not good enough in the region of recovery from the
highly buoyancy-influenced region (nearly natural convection-like region). Comparing the cases
G and I with the cases H and J, the prediction performance of JK and CH seemed improving as
the tube diameter increased, while BK and BA was getting worse. The tube size, on which the
data for the correlations were based, may be an explanation for the different ranges of good
prediction performance. Although JK failed to accurately predict the experimental data, it was
encouraging that the distributions of the predictions by using JK were very similar to those of the
data. It may indicate that a further improvement in JK hopefully provide us a better correlation.

In Figure 4, the Nusselt numbers calculated by the selected correlations are compared with the
experimental data for both water and CO,. All correlations evaluated here failed to predict the
experimental data within +30% error range. JK and CH were not much satisfactory in
reproducing the experimental data. BK and BA, which were formulated with heuristic approach
showed better prediction performance than JK and CH. As can be seen in Figure 1, the
normalized Nusselt numbers were distributed with a high degree of scattering. Therefore, any
correlations were not expected to be able to predict the data belonged to this region with

1000 o 1000 o

ae-Kim

100 o

T T T T
10 100 1000 10 100 1000

1000 1000

100 o

Nu,,, (present)

T T
10 100 1000 T T T
10 100 1000

(c) Cheng et al. (d) Present
Figure 4 Predicted Nusselt number versus experimental Nusselt number.
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sufficient accuracy.

CH was claimed to correlate experimental data against a simple acceleration parameter
7, =Pq /(c pG), which precluded any variables at a wall temperature. The fluid properties at a bulk

temperature will not interpret the heat transfer at a supercritical pressure, which has been shown
in many previous literatures a function of a wall temperature, and consequently, of fluid
properties at a wall. The semi-empirical correlation JK was expected to perform very nicely,
since it was derived from a sound theoretical basis as well as empirical equations; but the result
was not as satisfactory as expected. Considering, an inevitable iteration in order to reflect an
influence of property variation near a wall and a partial success of JK, BK or BA can be utilized
as an alternative to a supercritical heat transfer correlation to appear in the future.

4. Conclusion

Four supercritical heat transfer correlations were evaluated against the experimental data for
water and CO;. As a result of evaluation, following conclusions were drawn.

- Although BK and BA were derived from the data for CO,, they predicted both water and
CO,; data with reasonable accuracy.

- JK and CH showed good prediction performance for water data obtained with larger tube
diameter. JK’s prediction performance was especially good enough for water, except the
data of heat transfer deterioration in a small tube with inner diameter of 10 mm. It may
indicate that a diameter effect should be incorporated in the correlation in any way.

- All correlations failed, partially or wholly, to predict the data in the region of strong
buoyancy, since the deviation was too large to be accommodated by a single correlation.
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