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ABSTRACT

Using a combination of high-speed infrared thermography and electrical-conductance sensors, we observe
the surprisingly large effect of surface waves on the instantaneous heat transfer response at the heated wall
in nominally-steady upward annular flow of steam-water mixtures. While the heat flux applied at the wall
is constant, the passage of the waves causes significant periodic oscillations of the local heat transfer
coefficient and wall superheat in the forced convective evaporation regime, with amplitudes and periods
much higher than the fluctuations due to turbulent eddies. We discuss the physical mechanisms potentially
responsible for the experimental observations.
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1. Introduction

Two-phase flow and heat transfer are transport phenomena encountered in diverse industrial applications
ranging from power systems to refineries, from food factories to oil wells, from chemical plants to
refrigeration systems. A rich set of hydrodynamic and thermal instabilities may occur in two-phase flows:
density-wave oscillations, Ledinegg instability, Rayleigh-Taylor and Kelvin-Helmotz interfacial
instabilities, flow pattern transition instability, geysering, water hammering and the infamous boiling crisis
or critical heat flux, all of which have the potential to cause large, uncontrolled excursions of the thermal
and hydraulic parameters. A comprehensive review of these instabilities is provided in [1,2]. The common
understanding is that clever design and prudent operations can suppress or eliminate such instabilities, and
thus two-phase flow will exhibit a benign behavior with steady values of the important engineering
quantities, e.g., pressure drop, flow rate, and heat transfer coefficient (HTC).

Here we show that this is not necessarily true in the case of stable annular flow of steam-water mixtures
in diabatic channels. In such situation, there exists a continuous liquid film slowly moving along the wall
and a fast-moving steam core (sometimes laden with small droplets) occupying the center of the channel.
Heat transfer from the wall occurs via convection within the liquid film and by evaporation at the liquid
film surface. No bubble nucleation normally occurs in the film. The resulting heat transfer regime is known

*Corresponding author.

E-mail address: gysu@mit.edu


mailto:gysu@mit.edu

as forced convective evaporation, and is present, for example, in the tubes of fossil fuel boilers and the fuel
assemblies of boiling-water nuclear reactors. The wavy nature of the liquid film in annular flow is well
understood: rapid changes in film thickness can be caused by large disturbance waves, smaller ripple waves
or even wisps of liquid bridging the channel [3]. However, the effect of such changes on forced convective
evaporation heat transfer has long been ignored or thought to be negligible. This is somewhat
understandable: the vast majority of studies on the dynamics of the liquid film in annular flow are conducted
in adiabatic air-water systems [4-6], while measurements of forced convective evaporation heat transfer
typically use thermocouples or resistive temperature detectors, lacking the spatial and temporal resolutions
necessary to detect wall temperature oscillations associated with the waves [7,8]. It follows that the heat
transfer coefficient correlations for forced convective evaporation commonly recommended in textbooks
and literature [2, 9-11] can be used only to predict time-averaged quantities.

In this study, we address these shortcomings by using a modern multi-physics diagnostics combining
synchronized infrared (IR) thermography and electrical conductance-based liquid film thickness sensors
(LFS), integrated within a two-phase flow loop. Since such diagnostics provides the instantaneous 2D wall
superheat, 2D HTC and quasi-2D liquid film thickness, we are able to detect large-scale periodic
oscillations of the local wall superheat and HTC induced by waves at nominally steady-state annular flow.

2. Experimental setup and diagnostics

The experimental apparatus is shown in Fig. 1 (a). A specially-designed heater with an Indium-Tin-
Oxide (ITO) Joule-heated layer (~700 nm thickness, 9 mm X 94.5 mm area), deposited on a sapphire
substrate of 1 mm thickness (see Fig. 1 (¢)) is integrated into the test section having 1 cm X 1 cm square
cross section and 190.6 mm length (see Fig. 1 (b)). Using a high-speed IR camera, we measure the
temperature distribution on the surface of the heater with a spatial resolution of 100 pm at a frame rate of
2 kHz. Extracting the temperature distribution and heat flux to water from the IR signal requires a fairly
complex calibration procedure that accounts for the conjugate radiative and conductive heat transfer within
the heater. Details are reported in reference [12].

The liquid film thickness is measured by a LFS, either installed separately downstream of the IR heater
(Fig. 1 (d)) or integrated onto the IR heater (Fig. 1 (e)). We use the separate LFS at all the test conditions,
while implement the (much more delicate) integrated LFS at a single selected condition to validate the
results of the separate sensors. Such LFS provides measurements at 8 longitudinal locations and 8
transversal locations. The sampling frequency for this sensor is 10 kHz, with a precision of 2.5 pm and an
overall uncertainty of 13 um on the measured thickness of the film. A small amount of KNOs is added prior
to each test, to obtain an aqueous solution with conductivity ~200 pS-cm™, which enables accurate
measurement by the LFS. All the thermo-physical properties of the solution are essentially identical to
deionized water; we also verify that neither KNO; deposition nor other scale formations occur on the heat
transfer surface during the experiments.

The test section is incorporated in a flow loop capable of generating upward annular flow of steam and
water mixtures with carefully-controlled values of the governing parameters within the following ranges:
mass flux G from 700 to 1400 kg:m?-s!, and steam quality x from 0.01 to 0.08, for a total of 11 tests. At
each test, the imposed planar heat generation rate at the wall ¢ ”can vary from 0 to 2000 kW-m™. The tests
are conducted at conditions for which bubble nucleation in the liquid film does not occur. The system



pressure is slightly above atmospheric for all tests. The supplemental material contains additional details
on the experimental apparatus and instrumentation setup.
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Fig. 1. Experimental Apparatus: (a) schematic of the flow loop; (b) test section with the high speed IR

camera setup; (c) configuration of the IR heater; (d) configuration of the separate LFS; (e) configuration
of the integrated LFS.



3. Results and discussion

3.1. Separate IR heater and LFS

Fig. 2 shows (a) typical time histories for the measured wall superheat (averaged over a transversal
chord on the heater), (b) the heat flux to water (averaged over the same transversal chord), and (c) the
corresponding heat transfer coefficient (defined as the ratio of heat flux to water to the wall superheat).
Note that the large-amplitude oscillations of the temperature, the heat flux to water and the heat transfer
coefficient, are well beyond the measurement uncertainties, i.e., 0.49 °C for the surface temperature, 1.7%
for the heat flux to water and 6% for the heat transfer coefficient. Such oscillations are not due to a two-
phase flow instability, i.e., the pressure drop and mass flux throughout the loop are steady, and the imposed
planar heat generation rate is constant. These large oscillations are also not due to turbulent eddies in the
liquid film, for which we estimate the maximum turbulent temperature fluctuations using the mixing length
model for turbulence [2,13]. The estimated temperature fluctuations induced by turbulence is of the order
of 1 °C in the test condition shown in Fig. 2, occurring on a time scale that is much shorter than the period
observed. More detailed information on the turbulent temperature fluctuation estimate is in the
supplemental material.

In Fig. 2 (d), the plot shows the oscillations of the liquid film thickness due to surface waves measured
with a separate LFS at a location 193.6 mm downstream of the IR heater. Such film thickness oscillations
are expected in annular flow [3]. There is a time shift between the temperature reading and the film
thickness reading, because they are not co-located spatially. The shift is calculated from the cross-
correlation of the two readings, c;,:

t1+At

c12(7) = éft [y1(®) = y11ly2(t + 1) — ¥,]dt (1
1

where At is the time interval of interest, T is the time shift, y; (t) and y,(t) are two univariate time
series, y; and ¥, are their means, respectively. The resulted time shift for the film thickness signal in Fig.
2 (d) is about 0.0595 s. The transit velocity calculated from this time shift is 3.25 m-s™!, which is within the
range 4.56 = 2.24 m-s”! typically measured for liquid film waves at such flow conditions [14, 15]. Similar
results are obtained for all tests conducted. Therefore, we surmise that the temperature oscillations are due
to the passage of the waves, i.e., the crests of the liquid film thickness appear to coincide with the crests of
the temperature and the troughs of the heat flux and HTC.
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Fig. 2. Time history of (a) the chordal average wall superheat, (b) the chordal average heat flux to water,
(c) the chordal average heat transfer coefficient, and (d) the liquid film thickness. The dashed lines show
that peaks of the wall superheat correspond to minima of the heat flux to water and the heat transfer
coefficient. This test is for G = 1050 kg-m2-s™!, x.= 0.016, and planar heat generation rate ¢" = 493 kW-m?.

Due to the non-co-located test setup, the aforementioned interpretation of the heat transfer oscillations
may be questionable. The above interpretation would be accurate under two assumptions: first, the film
characteristics do not change as the film travels from the location of IR camera to the location of the LFS;



second, the film and wave velocities are known and constant. To remove the ambiguity in the interpretation
of the heat transfer data, we conduct a test with a co-located IR heater and LFS, as explained next.

3.2. Integrated IR heater and LFS

The integrated IR heater and LFS is shown in Fig. 1 (e). It allows obtaining first-of-kind heat transfer
and liquid film data in annular flow that are both synchronized (within £250 ps) and co-located (within
+625 pum). In Fig. 3, the temperature and HTC signals and the liquid film thickness signal at g"= 341.3
kW/m? are superimposed for ease of interpretation, where the measured quantities are from the same
location. It can be seen that the temperature peaks correlate very well with the liquid film thickness peaks.
The highest HTC occurs immediately after the passage of a wave, while the lowest HTC occurs at the peak
of the liquid film thickness. In addition, the HTC gradually decreases until the passage of the following
large wave, which leads to a slow recovery of the wall temperature. Such dynamic process is identical to
our observation for the tests with the separate LFS set-up shown in Fig. 2, which gives confidence in the
separate IR and LFS measurements.
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3.3. Mechanism and model

We hypothesize that the local liquid film mass flow rate also oscillates in unison with the oscillations of
the liquid film thickness, according to the so-called triangular relationship of liquid film thickness, liquid
film mass flow rate and local pressure gradient [3]. When a wave crest approaches, the liquid velocity in
the flow direction decreases due to the sharp rise in liquid film thickness, which results in impaired heat



transfer, high wall superheat, and low HTC. Conversely, when a wave crest departs and a trough is present,
the liquid velocity increases due to the sharp drop of the film thickness. In such condition, heat transfer is
promoted and thus wall superheat reaches a minimum value, which in turn maximizes the HTC. This
acceleration effect diminishes before the following wave crest approaches, which results in a gradual
decrease of heat transfer and slow recovery of the wall superheat. In addition, the HTC signal exhibits a
time delay with respect to the film thickness signal, likely due to the postulated local mass flow rate
oscillation.

To examine the plausibility of our hypothesis, we develop a one-dimensional model that simulates the
time-dependent fluid flow and conjugate heat transfer within the film and the heater, including the effect of
the waves. The momentum and energy conservation equations assume the following forms.

In the liquid film:
W ov Vi Vi
[SM(YI) + E] 3y, - [1 500 +7 500 2)
T, 0 {[ +a aT,} 3
3t oy, en() + ay 3y (3)
In the heater:
oT,  9°T,
s _ 4
at " ayz @

where y is the coordinate perpendicular to the wall, ¢ is time, ¢ is the instantaneous thickness of the film, v
is velocity within the liquid film, 7 is temperature, y is viscosity, pis density, zis shear stress, ¢ is thermal
diffusivity, &y and gy are the turbulent momentum and heat diffusivities, respectively; the subscripts /, s,
w and i stand for liquid, solid (heater), wall, and steam-water interface, respectively. More information is
in the supplemental material.

Since the local instantaneous liquid film mass flow rate is not measured in this work, we postulate that
it follows the history of the film thickness signal, while conserving the time-averaged value, which of course
is measured. In addition, the model takes the measured instantaneous film thickness from the integrated
LFS as input and solves the equations to get the instantaneous velocity and temperature distributions within
the liquid film and the heater. We found that a 15 ms time delay of the mass flow rate with respect to the
film thickness gives the best agreement with the measured wall temperature and HTC in average value,
oscillating amplitude, frequency, phase and shape, as shown in Fig. 4. Such agreement lends credence to
the postulation of an out-of-phase liquid mass flow rate oscillation.




Fig. 4. Comparison of heated wall HTC and temperature between experiment (Exp) and simulation
(Sim) at G = 1050 kg-m™-s™!, x.= 0.016, and planar heat generation rate q"= 341.3 kW/m’.

4. Conclusions

In conclusion, our experiments suggest that the passage of liquid film waves in steady-state upward
annular flow of a steam and water two-phase mixture produces large, and hitherto undetected, oscillations
of the local heat transfer on the heated wall. We hypothesize that the combined effect of thickness and mass
flow rate oscillations of the liquid film leads to the heat transfer oscillations in the forced convective
evaporation regime. Direct measurement of the velocity field in the liquid film, e.g., by particle image
velocimetry (PIV), would be required to conclusively confirm our hypothesis. Such large wall temperature
oscillations (> 5°C) and the accompanying liquid film mass flow rate oscillations may induce thermal
fatigue and potentially trigger early local dry-out at higher heat flux, which often lead to system failure in
industrial applications such as coal-fired boiler tubes or nuclear reactor fuel assemblies.
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