Figure 6.22 Local HTC (z=1.117mm) — Power controlled, high pressure (G=300kg/mzs P=10bar ATj,,=10K)
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Figure 6.27 Overall HTC — Pressure drop. Power controlled, base case (G=300kg/m’s P=7bar AT,,,=10K)

Overall heat transfer is linked to pressure drop. Enhanched heat transfer comes on the cost of
increased pressure drop, this is once again confrmed. Flow instabilities, both mimicked (green)
and the natural DWO-mode (red), yields poorer heat transfer for a given pressure drop than the

stable cases (blue and black).

For the mimicked instabilities it is a bit unclear. But results indicates that the pressure drop
characterisitcs, has similarities to a stable situation at heat flux below the DWO threshold, and

similarities to a DWO situation at heat flux inside the ustable region.
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The previous stated observations are supported by the experimental series with high subcooling
(Figure 6.28) and high pressure (Figure 6.29). Though, the trends are a little less clear since the

experimental material is less comprehensive.

The instabilities which were imposed at heat flux too low for DWO to naturally occur shows
poorer overall heat transfer and less pressure drop than its stable counterpart.
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Figure 6.30 Overall HTC - Pressure drop. Power controlled, low flow rate (G=200kg/m2s P=7bar AT,,;,=10K)

Finally the low flow rate case (Figure 6.30), where the same trends are confirmed.

Increasing the heat flux increases the pressure drop of this two-phase in tube boiling system. It is
remraked that overall heat transfer shows good scaling with pressure drop. Experiments with
DWO are a little out of trend, and shows slightly poorer heat transfer for a given system pressure
drop. At the onset of DWO are both heat transfer and pressure drop simoltanesously reduced.
This can be seen by the placement of the red DWO with restriction points to the low left to the

black stable with restriction data points.

Flow oscillations, both self-sustained (DWO) and mimicked, tend to reduce the overall test

section pressure drop.
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The results of an experimental investigation by Tran et al. 1996 [34] showed that heat transfer
coefficient was independent of the local vapor quality and mass flux at X > 0.2. This is partly a
contradiction to the present study where mass flux seems to matter. It was indicated that nucleate
boiling was the dominant mechanism above this quality. Forced convective boiling was only

associated with small heat fluxes, thus low qualities.

Saitoh et al. 2007 [35] found that the heat transfer coefficient increased with increasing mass flux
or heat flux for a 3.1 mm tube. In the smaller 0.51 mm tube, the heat transfer coefficient
increased with heat flux, but was not significantly affected by the mass flux. It was concluded
that the contribution of forced convective evaporation to the boiling heat transfer decreases with

decreasing diameter.

Copetti et al. [37] found similar dependencies; the heat transfer coefficient increased with
increasing heat flux and mass flow rate, but the stronger heat flux dependency was mainly

observed in the low quality region.

Comparing the results on heat transfer coefficient in the saturated region shows overall good
agreement to the observations made by other researchers. The heat flux effect, which is relatively
constant over the range of vapor qualities, indicates that the nucleate boiling mechanism is
dominant. It is seen in the figure above that the low flow rate case has the lowest heat transfer
coefficient. Notice, however, that the heat flux also is equivalent lower, a fact hidden by the

choice of plotting heat transfer versus the quality.

Evaluating the flow rate controlled experiment in conjunction with the heat flux controlled is in
this respect invaluable. The independency of flow rate in the saturated region becomes more
evident by examine the results from the flow rate controlled experiment. Figure 7.2 shows local
heat transfer coefficient in the saturated region against vapor quality. Variations in vapor quality
do now origin from changes in experimental flow rate. The local heat transfer coefficient is

observed to be almost constant. Only exception is the experiments where DWO occurs.

Pure convective boiling, were experimental heat transfer coefficient is independent of the heat
flux, was not observed in out experiments for the range of parameters investigated. Behavior of

the stable restriction-less configuration is all well described in the open literature.
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Figure 7.3 will show comparisons of flow boiling heat transfer coefficients between experimental

data and existing correlations from the literature. Only data with inlet and outlet restrictions are

plotted, which consists of 177 data points, whereas markers are filled to indicate occurrence of
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Figure 7.3 Comparison of experimental results to two-phase boiling correlations

The correlation proposed by Lazarek and Black in (1982) [33] yields an accurate prediction of the

local heat transfer coefficient albeit having a relative simple form. The stable data falls inside a

10 % confidence interval. This matches the results of the single phase verifications and proves

the value of using an average of the temperature measured at the four circumferential distributed

thermocouples. Prediction of heat transfer falls mostly out of this tight band when DWO set, but

stays within a decent 20 %.

A modified version of the Lazarek and Black correlation was proposed by Kew-Cornwell (1997)

[39]. A term was added to compensate for the tendency of increase in heat transfer on increasing
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heat flux observed in larger channels. This essentially resembles the trend in current experiments
and should improve the accuracy of prediction. Owing that the original coefficient was spot on,
adding the correction term causes predictions to become a bit higher than the experimental data.
The Kew-Cornwell correlation does still perform relatively well. The stable data falls within a
15% error band, which is just as good as the fit of the authors had with their original data to the
correlation thy developed. Heat transfer data with DWO are found within 30 % of the predicted

value.

These correlations are developed for stable flows and, as it can be seen, they do not account for
the depreciation in heat transfer triggered by DWO. The two fist correlations were based on the

Boiling number and the Reynolds number.

The correlation of Tran et al. 1996 [34] overpredicts the local heat transfer coefficient by about
one and a half time the experimental. In particular the high pressure (blue diamonds) case, even
though the correlation indeed accounts for pressure by taking the liquid to vapor density ratio into
consideration. This correlation do also differs from the two previous by relying on the non-
dimensional Weber number instead of Reynolds. The Weber number describes the ration fluid’s
inertia to the surface tension, while the Reynolds number is a measure of the relative importance
inertial forces compared to the viscous forces. The choice of emphasizing surface tension in the

correlation shows that the correlation of Tran is worked out for mini-channels.

The channels of Tran et al. had a hydraulic diameter of 2.4 mm. This is not being much less than
the < 3 mm tubes used by Lazarek & Black and Ken & Cornwell, but it may make a difference.
Cheng and Wu (2006) [55] used the Bond number to distinguish macro- from mini- micro-scale.
Channels with Bo > 3 classifies as a macro-channel since surface tension is small in comparison
with gravitational force. Kandlikar and Grande (2002) [56] classified channels more trivially by
hydraulic diameter. Channels larger than 3 mm were defined as conventional, or macro, channels.
The channels of Tran et al. and Saitoh et al. are by this definition classified as mini-channels.
Which fluid, hydraulic diameter and pressure range correlations were based on is indicated in

each plot.

The correlation of Fan [42] (2013) is interesting as his work also took DWO in consideration. It
was found to astronomically overpredict the heat transfer coefficient. The correlation of fan is on

the same from that the one of Tran et al., but it is much more sensitive to Weber number. This
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Figure 7.4 Local HTC - vapor quality. Heated section outlet in heat flux controlled experiments.

The figure above shows the effect of heat flux on local heat transfer close to the outlet of the
heated section. As a continuation of the trend seen in the evaporating section (Figure 7.1), the
local heat transfer increases on increasing heat flux, until it literarily collapses. This is the so
called boiling crisis where the heated walls undergo a dry-out, and it appears to happen as the
vapor fraction proceeds towards one. The same sudden deficit in heat transfer at qualities
approaching one was also documented in the R134a horizontal tube experimental study by Saitoh
et al. 2007 [35]. To be more specific, the heat transfer coefficient started to decrease when the
vapor quality was 0.9 in the largest (3.1 mm) tube. This is in good agreement with the present

results.

In the superheated region (x >1) is the local heat transfer stabilizing at a much lower level. Under
these conditions, bulk fluid boiling does no longer occur. The heat transfer mechanism consists of
a combination of forced convection to the vapor and radiation; the later will gain dominance in

situations where the heated surface temperatures become immense.
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Encountering a dry-out when the vapor quality approaches one, or is in excess of one, is usually
expected. However, it is noticed that the occurrence of a dry-out upon increase in heat flux is

somewhat delayed when the flow is stabilized by removing the in- and outlet restrictions.

In practical applications, in particular those where a dry-out situation is fatal, avoiding flow
instabilities will to some extent enlarge envelope of safe operation. However, the gain is modest
or less. It can rather be said that operation in this high quality region is hazardous in either case.

Heat transfer will at this point become seriously hampered regardless of DWO flow instabilities.

Practical applications, such as once thorough evaporators, build to generate saturated or even
superheat vapor will encounter a dry-out situation by design. In this view, the main concerns

regarding DWO are mechanical vibrations and thermal fatigue by cycling of wall temperature.

It has to be reminded that discussion of present results addresses observations in a macro channel.
Kennedy et al. [40] demonstrated that the onset of flow instability was about 90% of the bulk exit
saturation heat flux in an experimental investigation in horizontal micro channels under uniform
heat flux. This DWO inception criterion aligns well with findings in the present study. When it
comes to the heat transfer and eventually a dry out, smaller geometries seems to behave

differently.

The literature on experiments in mini-channels, predicts that bubble confinement effects leads to,
higher heat transfer coefficients than what is achieved in conventional tubes, but the fact that dry-
out occurs at medium qualities (as soon as x >~ 0.4) is dramatically decreasing the performance.
[38]. Saitoh et al. [35] found the experimental heat transfer coefficient to start to decrease at
significantly lower qualities in the smallest geometries. Heat transfer reached its maximum at x

<=0.51n a 0.51 mm tube.
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Figure 7.6 Temperature difference — heat flux. Normal CHF and premature CHF

Fan [42] classified the critical heat flux into normal CHF and premature CHF. Normal CHF is
measured under stable flow operating condition while the premature CHF is accompanied with

flow oscillations. The two are therefore distinguished by the flow behavior in experiments.

In the present research, flow instabilities and premature CHF are always coexisting. Tracing the
thick connector lines from left to right, the driving temperature remains constant low for a while,
until it suddenly starts to increases rapidly marking the CHF. Closer examination of the plot
reveals that markers are becoming filled at the location of the premature CHF. This confirms that
the premature CHF is triggered by DWO. The normal CHF can be examined by tracing the
dashed lines connecting the small markers. The premature CHF is found to have lower value (5-
10 %) than the normal CHF at a constant mass flux. This phenomenon was also observed by Fan.
Experiments with FC-72 in mini-channels had more alarming trends, premature CHF could be

initiated at heat fluxes at only half of the normal CHF.

If the purpose of an application is cooling, encountering the critical heat flux will have
devastating consequences for its performance. There are three basically parameters of main

interest when one designs a generic heat exchanger intended to operate utilizing boiling heat
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Figure 7.7 Pressure drop — exit quality. For four heat flux controlled experiments.

Increasing the heat flux and consequently the exit quality, yields an increasing two phase pressure
drop. This is perfectly in agreement with two-phase theory and literature, since more vapor
means larger volume, increasing both velocity (the frictional loss) and flow acceleration (due to

expansion).

It is already pointed out that DWO is accompanied by reduced heat transfer, and it can be seen
from the figure that pressure drop suddenly drops on the onset of DWO. Lower pressure drop
implies a slightly higher outlet pressure since the inlet pressure is kept constant. This could lead
to the conclusion that higher pressure gives higher boiling temperature which causes the
superheated boundary to move a small distance downstream, but the opposite seems to be the
case. Occurrence of DWO moves the dry-out boundary a small distance upstream the heated

section. This is contra intuitive and accentuates the complex nature of the DWO phenomenon.
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Flow oscillations were successfully superimposed on a stable system by cyclic variations in the
pump drive speed. Generation of flow instabilities were hence allowed at vapor fractions less
than the threshold value of DWO inception. Oscillations of different amplitude were generated at
fixed inlet conditions and period, effectively insulating its impact from all other parameters.
Overall heat transfer was linearly decreasing with increase in oscillation amplitude. The same
technique could also be applied to shift the period of oscillation away from its natural frequency.
Elongation of period had negative influence on overall heat transfer coefficient. This stipulates
that the impact of oscillations with longer time scale, such as PDO, can be expected to have more
severe consequences on system heat transfer performance than indicated in the present work. A
limitation of the present study is that its scope is bound to DWO as the only instability mode,
while PDO was excluded by omitting an upstream compressible volume. Heat transfer
enhancement by shifting oscillations towards higher frequencies seems to be possible, though the
gains are subtle. Such approach comes on the cost of increased pressure drop. Correct choice of
amplitude and period in mimicked instabilities is essential in order to resemble the heat transfer

and pressure drop characteristics of the natural DWO mode.

Degree of inlet subcooling did not significantly influence local saturated boiling heat transfer, as
it is a property related to the upstream subcooled region. However, the effect of subcooling has
been disputed in the DWO literature. Findings in the present study can be summarized as follows.
Increasing the subcooling is found to increase the threshold heat input value of inception, but
oscillations becomes more violent at a given heat input in the unstable range. Subcooling has a

stabilizing effect on the system since inception is delayed by increasing the threshold heat flux.

Omitting inlet and exit restrictions, and closing the pump bypass valve, rendered the system
unconditional stable. This allowed for determination of the normal CHF and production of
reference data for pressure drop and heat transfer coefficient. The saturated boiling local heat
transfer, were dependent on, and increased with heat flux, indicating that nucleate boiling is the

dominant heat transfer mechanism.

A sudden drop in overall heat transfer is observed as the vapor quality approaches one. The onset
of DWO, defining the premature CHF, causes an abrupt deficiency in local heat transfer near the
outlet of the heated section. This event is somewhat delayed in a stable system distinguishing it as

the normal CHF. The premature CHF was triggered at heat fluxes about 90% of the normal CHF.
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More severe examples can be expected in less stable systems that are more prone to DWO

instability.

The boiling heat transfer coefficient in the saturated region is not directly affected by the onset of
flow instability, but shows diminishing performance in comparison to the stable case on further
increase in heat flux. It is suggested, but not confirmed, that DWO triggers short bursts of dry-out
of the heated surface in the low density part of its cycle. In flow visualization in the outlet of the
heated section a variety of flow patterns are observed within one DWO-cycle, in particular when

it commences. Categorization of flow patterns is a good starting point for further work.

Existing correlations for boiling flow heat transfer in macro channels showed predictions within a
narrow (10-15%) error band, but this error band is doubled in width (20-30%) when DWO sets.
Effects of flow rate and heat flux are well embedded in the present correlations. Increasing the
pressure was found to increase the local boiling heat transfer coefficient. Correlations developed
for micro channels were found unsuitable as the surface tension effects are much less prominent.
It is remarked that micro channels has received most attention in research focusing on the
influence of flow instabilities in heat transfer characteristics. Consequently, the same effort in
macro channels, and especially horizontal, are greeted Additional issues of flow distribution

instabilities may occur in systems with parallel channels, well beyond the scope of this study.

Overall heat transfer coefficient shows generally good scaling with pressure drop. A sudden drop
in pressure drop was also observed on the inception of DWO. Experiments with DWO are less
favorable than the stable as they are characterized by a lower heat transfer coefficient to pressure

drop ratio.

Applications built to generate saturated or even superheated vapor such as once thorough
evaporators, will encounter a dry-out situation by design. Heat transfer will consequently drop at
some point due to the CHF regardless of system stability. In this view, the main concerns
regarding DWO are mechanical vibrations and thermal fatigue by cycling of wall temperature. In
other applications where a dry-out situation is fatal, for instance a cooler, avoidance of flow
instabilities will to some extent enlarge the envelop of safe operation. The combined
consequences of saturated boiling heat transfer deterioration and premature CHF is what makes

occurrence of DWO delicate.
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