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Abstract—Heat transfer tests were performed for flow of water in a high-pressure test loop using a tube
7 m long with 24.69 mm i.d. that was heated on one side. For the simulation of one-sided heating the tube
was silver-plated over one-half of its circumference. The measurements were carried out for pressures
between 50 and 200 b, mass velocities between 500 and 2500 kg/m?s and hot-side heat fluxes up to
1157 kW/m?.

On the basis of the temperatures measured at the outer wall of the tube, the temperatures and the heat
fluxes on the inside of the tube were determined by means of one- and two-dimensional analysis. The
two-dimensional analysis, which was carried out with a relaxation method, showed that the circum-
ferential heat conduction in the tube wall from the hot to the cold side should be taken into consideration
for the evaluation of the post-dryout heat transfer results.

The location of the boiling crisis was determined by means of the measured wall temperature
distributions. It was shown that the location of the boiling crisis of tubes that are heated from one side
can be calculated using the equations developed for uniformly heated tubes.

The heat transfer in the post-CHF region was predicted using the WATHUN computer program which
was developed for uniformly heated tubes. It appears that the maximum inner wall temperatures can be
calculated fairly well when the tangential heat conduction in the tube wall is taken into account.
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INTRODUCTION AND LITERATURE REVIEW

In fossil-fired steam generators the heat is often supplied to only one side of the boiler tubes. By
contrast with the conditions in a tube heated uniformly over its circumference, there is a
non-symmetrical heat input. This may influence the occurrence of the boiling crisis and the heat
transfer in the post-CHF region.

Figure 1 illustrates the approximate heat flux distribution on the inside wall of a boiler tube,
which is heated from one side. The heat transfer coefficient was assumed to be constant over the
tube circumference.

From investigations performed to date it may be inferred that, due to the non-uniform heat flux
distribution, the circumferential mean heat flux when dryout occurs is smaller than with uniform
tube heating. On the other hand, the circumferential peak heat flux at dryout is greater than with
uniform heating.

For a cosine-shaped distribution of the heat flux Butterworth (1971) developed a model taking
into account the influence of the degree of non-uniformity on the mean critical heat flux measured
over the tube circumference. Using this model, the test results obtained by Alekseev et al. (1964)
and Miropolskii & Mostinskii (1958) can be predicted. The extensive test results obtained by
Chojnowski & Wilson (1972) can also be predicted if the term containing the length-to-diameter
ratio and the spreading coefficient is maintained at the same value as used in the tests of Alekseev
et al. Miropolskii & Mostinskii. This is the form in which the Butterworth model was included
in the VDI-Wirmeatlas (1984).

In 1970 Becker et al. carried out critical heat flux and post-CHF heat transfer measurements in
a 7m long tube with one-sided heating. The simulation of the one-sided heating was achieved by
means of silver-plating 180° of the circumference of the outer surface of the tube. This test section
was also employed for the present measurements.
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Figure 1. Heat flux distribution on the inner wall with one-sided heating.

Recent investigations made by Kitto & Wiener (1982) and Humphries et al. (1984) show that
the influence of a non-uniform heat flux distribution is considerably dependent on the local steam
quality. With low steam quality the peak heat flux of the non-uniform heating approaches the
critical heat flux of the uniform heating. In contrast, with high steam quality and non-uniform
heating, the mean heat flux over a tube circumference reaches the value which was measured with
uniform heating. This means that with low steam quality the occurrence of the boiling crisis
depends on the local variables and with high steam quality it depends on the average variables.
Such a relationship between local and integral heat flux effects was postulated also by Lahey &
Moody (1977) for a non-uniform axial heat flux distribution.

Since the previously published investigations only set trends, and as a direct application under
steam-generating conditions is possible in very few cases only, the need for additional experiments
was evident. The purpose of the present investigation is to provide measurements in the parameter
range, which is encountered in fossil-fired steam boilers.

EXPERIMENTAL INVESTIGATIONS

The experimental investigations were carried out at the Royal Institute of Technology,
Stockhom. They were made in a test loop with 1 MW heating capacity and a maximum pressure
of 250 b. Figure 2 shows the flow diagram of the test facility, which is described in detail by Becker
et al. (1984). The facility is designed such that the water always enters the test section subcooled.

The dimensions and instrumentation of the test tube, which is heated from one side, are shown
in figure 3. The flow through the electrically heated tube was vertical from bottom to top. To
simulate one-sided heating, the tube was silver-plated with a 0.41 mm layer over half of its
circumference. The ratio of the heat flux generated on the silver-plated side (hot side) to the heat
flux generated on the unplated side (cold side) was approx. 4.5. The wall temperatures were
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Figure 2. Flow diagram of the test loop.
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measured on the outside of the tube using thermocouples which were installed along the
silver-plated and unplated side of the tube.

The test parameters are also shown in figure 3. On account of the subcooled inlet condition, the
boiling crisis was reached for only a few tests in the pressure region between 50 and 100 b. The
investigations thus focused on the pressures between 150 and 200 b.

In all, 75 runs were carried out. Complete tables of the data and illustrations of all of the axial
temperature distributions are given by Becker er al. (1984). In the present paper only a few
characteristic examples of the results will be included.

TEST EVALUATION

From the values measured for current and voltage at the test tube and the temperatures measured
at the outer wall of the tube, the temperatures and heat fluxes at the inner side of the tube were
determined by means of a one-dimensional analysis, which only takes into consideration the heat
flux in the radial direction. Figure 4 shows examples of the wall temperature patterns on the hot
and cold sides of the tube. The boiling crisis was mostly observed on the hot side only. However,
for low mass velocities, dryout occurred on both sides of the tube. The dryout location for the two
sides differed significantly: the cold-side dryout occurring farther downstream of the hot-side
dryout position.

Whereas one-dimensional analysis is sufficent for the determination of the boiling crisis, the
calculation of post-CHF heat transfer necessitates the consideration of heat conduction in the wall
material from the hot to the cold side. As a consequence of this heat conduction, the heat flux
transferred to the coolant is decreased on the hot side and is increased on the cold side as compared
with the one-dimensional approach.

Thermocouple
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Fluid temperature: 365.7 °C
Heatflux  Unwetted Average heatflux: 516 kw/m?
Mass velocity: 1510 kg/m’s

. Heat flux ratio:
& =298
Ac
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Figure 6. Temperature field in the tube wall and heat flux on the inner wall in the partially wetted region
(relaxation method).
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Figure 7. Influence of circumferential heat conduction on the calculated inner wall temperature and heat

For the two-dimensional analysis of the tests a relaxation method was applied. As shown in
figure 5, the influence of the heat flux in the circumferential direction is only evident near the

flux.

borderline between the hot and cold tube wall if the inner side of the tube is entirely wetted. As
the isotherms near the instrumented lines H and C are in the shape of concentric circles, the heat
fluxes are not affected by two-dimensional effects along these lines. In contrast, with a partially

wetted inner side and great temperature differences between the hot and cold side, there is a

noticeable redistribution of the heat flux on the inside of the tube. As illustrated in figure 6, the
heat flux ratio ¢, /¢c may decrease from 4.5, originally, to approx. 3.
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Figure 8. Critical heat flux in a tube with one-sided heating.
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Figure 9. Critical heat flux in a tube with one-sided heating.
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At the boundary between the wetted and unwetted inner tube wall, the calculated heat flux
pattern is discontinuous. Since the discontinuity in the heat flux distribution is an unrealistic
condition resulting from the assumption of an abrupt change in the heat transfer coefficient, the
temperature distribution is shown as a broken line in this region. However, this local inaccuracy
has only a small effect on the computation of the heat flux on the hot and cold sides.

Figure 7 shows a typical comparison between a one- and a two-dimensional test evaluation.
Whereas a one-dimensional analysis suggests that the heat flux on the hot side increases when
dryout occurs, as a result of the temperature dependence of the electrical resistance, the
two-dimensional analysis shows that this effect is more than offset by the circumferential
conduction effect, so that the heat flux is actually reduced following dryout. The lower diagram
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Figure 10. Critical heat flux in a tube with one-sided heating.
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Figure 11. Critical heat flux in a tube with one-sided heating.

in figure 7 also illustrates that, due to the reduced heat flux, the two-dimensional analysis generally
yields higher inner wall temperatures in the post-CHF region on the hot side than were obtained
with the one-dimensional analysis.

As expected, the redistribution of the heat flux on the inner wall is influenced by the angles of
the wetted and unwetted parts of the circumference. A sensifivity study showed that there is a

strong spreading of the unwetted part immediately after dryout on the hot side. Therefore, it can
be assumed that the unwetted zone covers the hot side entirely.
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Figure 12. Calculated and measured wall temperature distribution on the hot side.
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Figure 13. Calculated and measured wall temperature distribution on the hot side.

CRITICAL HEAT FLUX

With the aid of the measured axial wall temperature distributions the location of the boiling crisis
was determined on the hot and—where applicable—the cold sides. Figures 8-11 show the measured
critical heat fluxes as a function of the local steam quality, as well as the critical heat fluxes
calculated by means of the Kon’Kov (1966) and Doroshchuk et al. (1975) correlations. For uniform
heating, Drescher & Kohler (1981) proposed that a combination of the Kon’Kov and Doroshchuk
et al. equations yielded satisfactory predictions; the dryout conditions being covered by the former
equation and the film boiling conditions by the latter equation. As shown in figures 8-11, this
procedure may also be applied for tubes heated from one side. With the critical steam quality
measured here, ranging from 0 to 0.4, the occurrence of the boiling crisis is apparently dictated
by the local variables.

POST-CHF HEAT TRANSFER

The measured axial wall temperature distributions in the post-CHF region were compared with
calculations performed with the WATHUN code, which is explained in detail by Hein & Kdhler
(1984). This computer program is based on experiments with inside-cooled tubes in the pressure
range of 50-250b. It takes into account a thermal non-equilibrium between steam and water
droplets.

The vapour superheat is calculated by means of an energy balance. The unknown quantity in
the energy balance—the product of the surface area of the droplets and the heat transfer coefficient
between the water droplets and steam—is determined with an empirical equation as a function of
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Figure 14. Caiculated and measured wall temperature distribution on the hot side.

the mass flow rate and the Laplace constant. This procedure avoids the necessity of knowing the
size distribution of the droplets and the phase slip for all the parametric conditions of interest.
Calculating the vapour superheat in this manner, one of the well-known single-phase heat transfer
correlations is applied for determination of the wall temperatures. In this form WATHUN is
recommended in the VDI-Wirmeatlas (1984).

The calculations were carried out employing both one- and two-dimensional analyses. For
determination of the thermal non-equilibrium or the vapour superheat in the post-CHF region
WATHUN used the mean circumferential heat flux. As illustrated in figure 12, the two-dimensional
test evaluation provides considerably better agreement between the calculations and the
measurements. On account of the heat flux from the hot to the cold side, the calculated wall
temperatures are lower than with the one-dimensional analysis. Moreover, the two-dimensional
calculations predict the measurements even better, as a result of the higher inferred inner wall
temperatures which were obtained by this method. However, there are still significant differences
between measurements and calculations, especially in the high enthalpy region. This is also
illustrated by figures 13 and 14. While it is generally possible to predict the maximum wall
temperatures with a high degree of accuracy—except for cases with high mass velocities—the
calculated wall temperatures are mostly too high in the case of higher flow enthalpies. This may
be explained by the presence of the liquid film on the cold side of the tube, which causes cooling
of the hot side by means of tangential flow of water in the liquid film as well as tangential heat
conduction in the tube wall.
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CONCLUSIONS

On the basis of the present investigation the following conclusions were obtained:

1. On account of the circumferentially non-uniform heating there are great
differences in the post-CHF region with respect to the axial wall temperature
distributions on the hot and cold sides. As a consequence, part of the heat flux
generated on the hot side in the wall material flows to the cold side. Therefore,
a two-dimensional analysis is necessary for the determination of the tube wall
temperatures and the heat fluxes on the inner wall of the tube.

2. For the determination of the critical heat flux, one-dimensional analysis may
be used. In the parameter ranges covered by the present investigation the
measured critical heat fluxes were predicted fairly well by means of the equations
developed by Kon’Kov (1966) and Doroshchuk ez al. (1975) for uniformly heated
tubes.

3. The measured heat transfer conditions in the post-CHF region were in fair
agreement with the WATHUN computer program, which was developed for tubes
with uniform heating. While the maximum wall temperatures can usually be
predicted with a high degree of accuracy—except for cases with higher mass
velocities (2500 kg/m? s)}—there are greater differences between the calculations
and the measurements in the case of higher enthalpies of the fluid.
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