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Preface

Chapter 1

Figures 1.1 — 1.2 were created by Michael T. Kivisalu with feedback provided by Prof.
Amitabh Narain. The main design features in Figs. 1.1 — 1.2 were originally developed
by M. Kivisalu. Figure 1.3 is taken from Nikhil Shankar's M.S. Thesis, and it is cited
accordingly in the caption and text. Figure 1.4 was created by M. Kivisalu at the
suggestion of Prof. A. Narain. It has been used as a back-up presentation slide by Prof.
A. Narain for invited abstract IMECE 2014-40851 at the 2014 ASME International
Mechanical Engineering Congress and Exposition, Montreal, Canada; it might also be

included in future publications or conference presentations.

Sections 1.4.1 — 1.4.6 and the corresponding entries in the list of references for chapter 1
were adapted from material provided by Prof. Amitabh Narain at Michigan Technological
University. Other than formatting changes, and updating the reference numbers, and
minor content changes approved by Prof. A. Narain, these sections are identical to
material provided by Prof. A. Narain. The remainder of this chapter is original, although
some details of referenced works are mentioned or paraphrased where relevant to the

discussion, particularly in section 1.5.

Chapter 2

This chapter is a journal article which is reproduced with permission of the publisher,
Elsevier. It has been reformatted, significantly modified from its published version,

and expanded. All such reformatting, modifications, and expansion were performed by
Michael.T. Kivisalu with minor editorial feedback from Prof. Amitabh Narain. These
changes are not endorsed in any way by Elsevier or the International Journal of Heat and

Mass Transfer.

Published Document

The order of authors was M.T. Kivisalu, P. Gorgitrattanagul, and A. Narain. Professor
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A. Narain developed the experimental objectives, and M. Kivisalu developed the
experimental procedures in consultation with Prof. A. Narain. The experiments were
supervised by M. Kivisalu. Patcharapol Gorgitrattanagul obtained most of the pictures
and video for the experiments and assisted with the data collection. He also operated the

flow loop when M. Kivisalu was absent from the laboratory.

Processing of the data was supervised by M. Kivisalu and accomplished by M. Kivisalu
and P. Gorgitrattanagul. Data-dependent figures were created by M. Kivisalu at the
direction of Prof. A. Narain. The tables were generated by M. Kivisalu. Schematics,
particularly Figs. 2.1 — 2.5 and 2.33, were created by P. Gorgitrattanagul at the direction
of M. Kivisalu and Prof. A. Narain. The literature review and theoretical considerations,
especially section 2.3.5, were written by Prof. A. Narain with minor feedback from M.
Kivisalu, P. Gorgitrattanagul, and other graduate students. The conclusions were mainly
developed by Prof. A. Narain and M. Kivisalu. Section 2.2 was written by M. Kivisalu
with feedback from P. Gorgitrattanagul and Prof. A. Narain. Writing of section 2.3 was
a collaborative effort of Prof. A. Narain and M. Kivisalu, with Prof. A. Narain providing
more of the theoretical discussion and M. Kivisalu providing experimental details related

to trends observed in the data-dependent figures.

Expansion and Modification from Published Version

Table 1 in the original document has been split into Tables 2.1 — 2.2, and the order of
cases has been revised to reflect a topical organization based on imposed pulsation
pressure amplitude rather than the chronological order as in the original publication, but

the original case names have been preserved.

Vapor velocity values were found to have been calculated incorrectly in the original
publication. The corrected values were small, so they were removed from Table 1,

and their ranges were reported in the text of section 2.3.1. A temperature-difference
representative of just the first 40 cm of the test-section was added in Table 2.1, and the

original AT value from Table 1 was renamed AT indicating the range of distances

0-88.5°
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from the test-section inlet over which it is representative. The temperature of the fluid
measured from the bottom at X = O cm was added to Table 2.1 as T. The value of
Ap,, 4, measured from the difference between absolute pressures at 10 cm and 90 cm

downstream of the test-section inlet, was also added to Table 2.1.

Table 2.2 contains new amplitude data taken from averaging multiple data files for

each case. These values were taken from a single data file for each case in the original
publication. Also, short-term averages from the dynamic data files considered for each
case have been averaged together and reported in Table 2.2. The time-period of averaging
has been reported as EB in Table 2.2. Time-averaged calculated film thickness estimates,

0,., 40 cm downstream of the test-section inlet, have also been added to Table 2.2. These

40°

values were not reported in the original publication.
Table 2 in the original publication has become Table 2.3 in this dissertation.

Figures 2.6 — 2.8 have been added to allow comparison of the response of the low DAQ
rate data in time at both frequency values investigated. Figures 2.9 — 2.11 have been
re-plotted using a lower cutoff frequency of digital filtering to further reduce noise and
aliasing effects, and the data have been reorganized from the published version. Time-
variations of absolute pressure measurements within the test-section, additional surface
temperatures, and temperature-differences absent from the original publication have been

included. Relevant discussion has been added to reflect these changes.

Figure 2.12 has been added to allow comparison of the condensing surface temperature
distributions at both frequency values inverstigated. Figure 2.13 has been re-plotted
with all of the cases of intermediate amplitude (only one N-IF case, one L-IF case, and
one H-IF case were plotted in the original publication). Discussion on implications of
condensing surface temperature variations with respect to heat-flux (and therefore
heat-flux enhancement) variations along the length of the condenser has been added.

'Nodes' and 'antinodes' in surface temperature variation due to heat-flux enhancement
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along the length of the condenser have been noted in the captions of Figs. 2.12 — 2.13,
consistent with expectations based on the hypothesized presence of approximately

‘standing’ acoustic waves in the vapor phase.

Figures 2.13, 2.15, and 2.17 have been added to allow comparison of representative time-
histories of the dynamic data between both frequency values investigated. Figure 2.14 is
new. Figures 2.16 and 2.18 have been re-plotted; the data have been organized differently
from the original publication and new flow variables have been added. Specifically,

the total test-section pressure-difference has been added to Fig. 2.16, and the calculated
film thickness values have been included in the same graph with the measured heat-flux
values. The time-histories of the N-IF and H-IF cases have been separated in Figs.

2.13 —2.18, whereas they were superposed in the original publication, and new cases
have been added. The L-IF case C6 was added to Figs. 2.14, 2.16, and 2.18. Figures 2.13,
2.15, and 2.17 contain all four cases (C1 — C4) from Tables 2.1 — 2.2. The discussions on

these figures have been expanded accordingly.

Figure 2.21 has been modified from its original version to show the points from each

of the individual dynamic data files superposed on the averaged response for each of
the two frequencies. Figures 2.22 —2.23 have been added to show alternative means of
characterizing pressure/flow pulsations within the test-section, and relevant discussion
has been added. The pressure amplitude data in Fig. 2.23 has not been previously
published anywhere. Figure 2.24 is completely new, and a discussion on the absorption
of acoustic energy by the liquid/vapor interface has been added. The pressure amplitude
data at 0 cm, 40 cm, and 99.85 cm in Fig. 2.24 have not been previously published

anywhere.

Significant discussion has been added related to the effectiveness of the thermoelectric
modules (TECs of Figs. 2.3 —2.5) in specifying the boiling surface temperatures in
Fig. 2.27. The original published article referred that discussion to this dissertation since

there was not room for it in the journal paper. It has not been published elsewhere.
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Figure 2.32 has been reformatted, and labels with relevant flow parameters have been
added to make it easier to identify trends between the several data sets. More detail has

been added to the caption of Fig. 2.32.

Videos 2-1 — 2-4 have been added. These videos originally appeared in technical
presentation HT2013-17477 at the ASME 2013 Summer Heat Transfer Conference,
Minneapolis, Minnesota. Video processing was done by P. Gorgitrattanagul at the

direction of M. Kivisalu with input from Prof. A. Narain.

Chapter 3

This chapter is a journal article which is reproduced with permission of the publisher,
Elsevier. It has been reformatted, significantly modified from its published version,

and expanded. All such reformatting, modifications, and expansion were performed by
Michael.T. Kivisalu with minor editorial feedback from Prof. Amitabh Narain. These
changes are not endorsed in any way by Elsevier or the International Journal of Heat and

Mass Transfer.

Published Document

The order of authors was M.T. Kivisalu, P. Gorgitrattanagul, A. Narain, R. Naik, and

M. Hasan. Professor A. Narain developed the experimental objectives, and M. Kivisalu
developed the experimental procedures in consultation with Prof. A. Narain. The
experiments were supervised by M. Kivisalu. Patcharapol Gorgitrattanagul obtained most
of the pictures and video for the experiments and assisted with the data collection. He

also operated the flow loop when M. Kivisalu was absent from the laboratory.

Processing of the data was supervised by M. Kivisalu and accomplished by M. Kivisalu
and P. Gorgitrattanagul. Data-dependent figures were created by M. Kivisalu at the
direction of Prof. A. Narain. The tables were generated by M. Kivisalu at the direction of

Prof. A. Narain. Schematics, particularly Figs. 3.1 — 3.2 and 3.4, were created by
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P. Gorgitrattanagul at the direction of M. Kivisalu and Prof. A. Narain. Figure 3.3 was
created using data from CFD simulations performed by Ranjeeth. Naik on the orifice
plate flowmeter of Fig. 3.2 following methods cited in section 3.3.1. R. Naik was also
responsible for the comparison of the experimental results with strictly steady simulation

results (section 3.5).

The introduction and terminology sections (sections 3.1 — 3.2) were mostly the work

of Prof. A. Narain, with feedback from M. Kivisalu, P. Gorgitrattanagul, and R. Naik.
Section 3.3 was written by M. Kivisalu with feedback from P. Gorgitrattanagul and Prof.
A. Narain. Section 3.4 was a collaborative effort of Prof. A. Narain and M. Kivisalu, with
Prof. A. Narain providing more of the theoretical discussion and most of the equations,
and M. Kivisalu providing discussions of the experimental data and their trends observed
in tables and data-dependent figures. The conclusions were mainly developed by Prof.

A. Narain. Dr. Mohammed Hasan served as the monitor for the NASA grant under which

these experiments, relevant simulations, and development of theory were conducted.

Expansion and Modification from the Published Version

Intermediate experimental cases were added to Tables 3.1 — 3.2. These were additional
high amplitude imposed fluctuation cases which had inlet pressure amplitudes that were
lower than those for the originally reported IF-HA cases but higher than those for the
IF-TA cases. Additionally, the time-averaged exit pressure P, was added to Table 3.1
because its trends were discussed in the text. A column for an estimate of the total heat
transfer rate within the test-section, q_'t'otal, was also added to Table 3.1. The column for
T, was removed from Table 3.1 because its values showed very little variation for all of

the cases; its value was reported in the caption for Table 3.1 instead.

Figure 3.3 was replaced with a version that also contained the dynamic mass flow
rate at the orifice meter exit taken directly from the flow simulation, behind the curve
for the dynamic mass flow rate estimated at the test-section inlet using the transient

compressibility correction method of reference [41] in chapter 3. Figures 3.9 —3.10
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have been added to allow comparison of the condensing surface temperature profiles
between the “passive” and “mixed” cooling conditions, and they have not been reported
elsewhere. Figure 3.11 is new, and it provides the dynamic response of the absolute
pressure at the test-section inlet, which is not reported elsewhere for these experiments.
Figures 3.12 — 3.13 have been re-plotted using data over the full time period considered
in the representative dynamic data file analyzed for each case. This was done to allow
low frequency absolute pressure variations in Fig. 3.11 to be properly represented, and to

maintain consistency between Figs. 3.11 — 3.13 for comparison purposes.

A more detailed discussion on the significance of pressure-difference fluctuations within
the flow condenser has been added to the text of section 3.4.3.1, and this has been used
to introduce the alternative heat-flux enhancement chart of Fig. 3.17. Figure 3.17 is new,
and it is not reported elsewhere. A new discussion of the mechanical energy supplied

to the condensing flow by the combination of pressure and flow pulsations within the

annular zone follows.

A new discussion on the effect of the pulsations on the length of the annular flow regime
within the condenser has been added in section 3.4.3.2. Visual length estimates of the
annular flow regime for the cases in Table 3.1 have been provided in Fig. 3.18. Figure
3.18 is new, and it has not been published elsewhere. The non-annular zone heat load
variations are presented in Fig. 3.19, which is new and has not been reported elsewhere.
Large differences between the trends, for the two cooling conditions, of indirect
heat-flux estimates near the transition to non-annular flow regimes, reported in Fig. 3.19,

are discussed.

The FFT magnitude plot of inlet absolute pressure fluctuations has been added as

Fig. 3.20. This figure is important for showing that the harmonics of the frequency of
imposed fluctuations at the inlet of the condenser are not significant, and it has not been
reported elsewhere. The FFT magnitude plot of absolute pressure calculated at the

40 cm location within the condenser is added as Fig. 3.23. This figure is mentioned in
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the original text, but omitted from the original published paper for brevity, and it has not

been reported elsewhere.

New discussion on the interfacial phenomena behind the realization of the observed
heat-flux enhancement has been added in section 3.4.5, and details have been referred to
chapter 2. A potentially limiting factor on the maximum heat-flux enhancement that can
be realized, based on the nature of this caustive factor, has been added at the end of

section 3.4.5.

Videos 3-1 — 3-3 have been added. These videos originally appeared in technical
presentation IMECE2011-63281 at the ASME 2011 International Mechanical
Engineering Congress and Exposition, Denver, Colorado. Video processing was done by

P. Gorgitrattanagul at the direction of M. Kivisalu with input from A. Narain.

Chapter 4
This chapter combines hand-written notes from Prof. Amitabh Narain with original work

by Michael Kivisalu. The level of contribution was approximately evenly divided.

Chapter 5

This chapter consists of original work by Michael Kivisalu.
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Abstract

Space-based (satellite, scientific probe, space station, etc.) and millimeter — to — micro-
scale (such as are used in high power electronics cooling, weapons cooling in aircraft,
etc.) condensers and boilers are shear/pressure driven. They are of increasing interest

to system engineers for thermal management because flow boilers and flow condensers
offer both high fluid flow-rate-specific heat transfer capacity and very low thermal
resistance between the fluid and the heat exchange surface, so large amounts of heat may
be removed using reasonably-sized devices without the need for excessive temperature
differences. However, flow stability issues and degredation of performance of shear/
pressure driven condensers and boilers due to non-desireable flow morphology over
large portions of their lengths have mostly prevented their use in these applications. This
research is part of an ongoing investigation seeking to close the gap between science and

engineering by analyzing two key innovations which could help address these problems.

First, it is recommended that the condenser and boiler be operated in an innovative
flow configuration which provides a non-participating core vapor stream to stabilize the
annular flow regime throughout the device length, accomplished in an energy-efficient

manner by means of ducted vapor re-circulation. This is demonstrated experimentally.

Second, suitable pulsations applied to the vapor entering the condenser or boiler (from
the re-circulating vapor stream) greatly reduce the thermal resistance of the already
effective annular flow regime. For experiments reported here, application of pulsations
increased time-averaged heat-flux up to 900 % at a location within the flow condenser
and up to 200 % at a location within the flow boiler, measured at the heat-exchange
surface. Traditional fully condensing flows, reported here for comparison purposes, Show

similar heat-flux enhancements due to imposed pulsations over a range of frequencies.

Shear/pressure driven condensing and boiling flow experiments are carried out in
horizontal mm-scale channels with heat exchange through the bottom surface. The sides

and top of the flow channel are insulated. The fluid is FC-72 from 3M Corporation.
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1. Introduction

This work comprises two published journal articles which have been significantly
revised and updated. Before these articles is an introductory chapter (this chapter), giving
a general context for the work. After the articles is a chapter (chapter 4) devoted to
summarizing the results from the articles and presenting open research issues related to
the content of the articles. Ongoing, planned, and suggested research activities for Prof.
Amitabh Narain’s research group in continuation of the research presented here are also
briefly mentioned. The last chapter (chapter 5) brings together the earlier material in a

succinct list of conclusions.

1.1. Goals and scope of study
There are three main goals of this dissertation:

1. Report relevant experimental data collected from June 2011 through January 2013
as a summary of the observed experimental sensitivities of internal shear-driven
condensing and boiling flows to inlet pressure fluctuations (or pulsatile flows).
Report associated observed heat-flux enhancement phenomenon.

2. Update and combine previous publications by the author (which used these data
sets) to provide a basis for comparison and further analysis that is not possible
within the context of the original publications.

3. Extend the analysis from these relevant publications to reflect more recent
discovery and provide additional understanding and insight. Report relevant detail

that was previously omitted for brevity.

1.1.1. Experimental work covered

The experimental data reported here were collected on June 15, 2011; June 18 — 19,
2011; January 30 — 31, 2013; February 17, 2013; and June 15 — 16, 2013. They cover
the response of 3 classes of internal phase-change flows to imposed upstream pressure
pulsations at various dominant amplitudes and frequencies: complete flow condensation,

annular flow condensation, and annular flow boiling with dry-out near the boiler exit.
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Complete shear-driven flow condensation, in which a pure vapor flows into the condenser
and pure liquid flows out of the condenser, was investigated in the June 15 — 16 and

June 18 —19, 2011 experiments. Annular shear-driven flow condensation, a subset of
incomplete flow condensation in which the annular flow regime covers the entire length
of the flow condenser and its inlet flow is pure vapor, was investigated in the January

30 — 31, 2013 experiments. Annular shear/pressure-driven flow boiling, in which liquid
and vapor were separately injected at the flow boiler inlet and all the liquid was boiled off
within the length of the flow boiler — yielding predominately annular flow throughout

its length — was investigated in the February 17 and June 15 — 16, 2013 experiments.
Only relevant subsets of these data are reported here. These subsets were chosen from

the available experimental data to show the response of the flows to various amplitudes
of inlet vapor pressure pulsations at two or more frequencies for each class of internal,
shear-driven phase-change flow. Particular attention is given to those conditions which
led to the highest observed enhancements in time-averaged local heat-flux at the

measurement location.

The data reported here represent examples of these flow classes; they are not
comprehensive for the working fluid and experimental configuration, and they do not
represent the total of similar data acquired from the same experimental flow loop and

its modifications. They were chosen because they clearly demonstrate the observed
heat-flux enhancement phenomenon and enable a preliminary analysis of its potential
causes and applications. Since the annular flow conditions are more desirable in practical
applications, especially for shear/pressure-driven flow boiling, as described in section
1.2, this dissertation does not cover any flow boiling experiments in which only pure

liquid enters the boiler (see section 1.5.3.1).

1.1.2. Revision of published material
The material published in [1] has been updated and included as chapter 2, providing an
overview of the author’s research on innovative partially condensing and boiling

shear-driven flows and their sensitivity to pressure/flow fluctuations. The material
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published in [2] has been updated and included as chapter 3, providing an overview of the
author’s research on completely condensing flows and their sensitivity to pressure/flow
fluctuations. Chapter 4 summarizes the material in chapters 2 — 3, and it explains some
open research issues with suggestions for future work. Chapter 5 provides a list of

conclusions relevant to this entire dissertation.

1.1.3. New Material

New figures and tables augment those appearing in the original publications, allowing
for a more thorough analysis. A specific description of what is meant by “pulsatile flow”
is provided in section 1.3. Relevant details on the experimental system and methods are

added to chapters 2 — 3, which were not published previously for sake of brevity.

Some of the reported data in chapter 2 are replaced with data processed using more
comprehensive methods. Table 2.2 reports statistically averaged values of relevant
measured and calculated pulsatile flow variable amplitudes for the annular flow
condensation cases. These flow variable amplitudes were previously published using
only one representative dynamic data file for each case (set of operating parameters).
Chapter 4 1s entirely new material, athough some of its summary refers to previously
published material within chapters 2 — 3. Conclusions in chapter 5 have been re-written
from similar published material to reflect a more holistic analysis based on the revised

versions of chapters 2 — 3.

1.2. Applications

Flow condensers and flow boilers may be found in many common devices, such as
refrigerators, air conditioners, and power plants. These gravity-influenced millimeter
— macro-scale applications are well-established, and in most cases thermal resistances
outside the phase-change flow channel(s) or tube(s) dominate heat transfer, greatly
reducing the usefulness of improvements based on the research reported here.

Nevertheless, exceptions may exist, as refinement in the design of compact heat



exchangers continues to reduce thermal resistances within and around these devices.

However, shear/pressure-driven (gravitational forces small compared to other forces
acting on the fluid) flow condensers and flow boilers are being considered for future
thermal management in space-based devices such as satellites, space stations, and
scientific probes to provide cooling or heating to onboard equipment. They are also being
considered for cooling of high powered electronics and waste heat recovery. In these
applications, they are being considered due to the high heat transfer coefficients which
may theoretically be attained with phase-change flow. However, they have not yet been
effectively realized in these applications due to specific challenges which the research

reported here seeks to address.

These challenges may be summarized as:

(i) difficulty managing the distribution of phases within the condenser or boiler —
especially for space applications, where gravitational forces cannot be used to
maintain phase separation,

(i1) difficulty maintaining steady flow within the condenser or boiler — condensing
and boiling flows which rely on pressure drop to move the liquid and vapor phases
within the device tend to experience large flow transients and instabilities,

(ii1) problems with degraded heat transfer and high thermal resistance for certain
non-annular arrangements of the liquid and vapor phases, and

(iv) for certain condenser or boiler geometries and working fluids, unacceptably high

pressure drops associated with the non-annular flow regimes.

Annular flow is defined by a pure vapor flow in the interior of the flow channel, with
the liquid phase forming a thin film on one or more inside surfaces of the flow channel.
Annular films may be wavy, but they are no longer considered to be annular if the waves
break or curve such that there are multiple liquid-vapor interfaces between the inside
surface on which the film is flowing and the center of the flow channel at a particular

cross-section of the flow.



The experiments reported here address two important issues related to these challenges,
namely the control of the liquid-vapor flow morphology (shape of the liquid-vapor
interface) within a shear/pressure-driven condenser or boiler (to a desirable stable
annular configuration), and the enhancement of otherwise low heat transfer coefficients
in condensers and boilers in which liquid flow must be driven primarily by the adjoining
vapor flow through the shear stress that it provides to the liquid at their interface. This
vapor flow is driven by the pressure-drop across the device; however, the local vapor
flow rates within the device (driven by pressure variations along the length of the
device) become very low in low-vapor-quality regions of the device, leading to eventual

destabilization of the annular flow regime (see chapters 2 — 3).

These shear-driven internal condensing and boiling flows are of interest because they
occur in horizontal, micro-gravity, and micro-meter scale hydraulic diameter ducts. As
previously mentioned, such ducts have applications in next generation space-based and
military aircraft thermal management systems, as well as in high power electronic cooling
applications [3 — 4]. On the component level, these flows are of interest in allowing stable

operation of condensers and boilers in space-based thermal management systems.

The heat-flux enhancement phenomenon reported here may be utilized to help to
significantly reduce the required size of condensers and boilers in these space-based
thermal management systems, while at the same time improving component reliability
and predictability of performance. This is necessary to allow the thermally efficient
phase-change cycles to be utilized for space-based thermal management. This
application provided the impetus for NASA funding through grants NNC04GB52G and
NNX10AJ59G, which provided a significant portion of the funding for the research
reported here, the balance being funded through NSF grant NSF-CBET-1033591.

System design concepts were prepared for further technology development work

proposed to NASA as a result of the work reported here. These system concepts, which



were prepared for discussions with personnel at the NASA Glenn Research Center

in September, 2011, are schematically represented here in Figs. 1.1 — 1.2 on the next
page, which have been adapted from their original form for clarity. For some thermal
management systems which do not require a vapor compression cycle, the configuration

of Fig. 1.2 may be used without the turbine or generator.
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Figure 1.1. Innovative vapor compression cycle for space-based applications. For this cycle,

the condenser pressure, P, is greater than the boiler pressure, pg, such that heat rejection

temperature, T, is greater than heat absorption temperature, T_ . The work input to the

compressor, W, , drives the fluid flow, supplying the energy necessary to move heat from the

lower T to the higher T

source sink®
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Figure 1.2. Innovative Rankin power cycle for space-based applications. For this cycle, the

boiler pressure, p,, is greater than the condenser pressure, p, such that heat absorption

temperature, T_ ., is greater than heat rejection temperature, T_ . Energy extracted by the

turbine, W_, from the fluid vapor as it flows from the higher pressure, p,, to the lower pressure,

P, drives equipment, such as the generator shown here.



The systems in Figs. 1.1 — 1.2 have two main innovative features that enable high
precision, adaptability, and robustness of their performance in the difficult micro-gravity
and zero-gravity environments. First, the use of independent re-circulating vapor flow
loops for the condenser and boiler allow control of the range of vapor quality within
each device, enabling stabilization of the annular flow regime throughout the length of
the condenser and boiler over a wide range of operating conditions. Second, the use of
separate pulsators for the boiler and condenser enables the pulsations in the vapor phase
to be tuned individually for each device to maximize the heat transfer enhancement

realized in the boiler and condenser over a wide range of operating conditions.

The optional pulsation dampeners remove unwanted pulsations from certain flow

loop components, such as the compressor of Fig. 1.1. and the turbine of Fig. 1.2. Such
pulsation dampening could also be supplied to the liquid pump of Fig. 1.2 if necessary.
Optional pulsation reflectors shown in Figs. 1.1 — 1.2 help confine the deliberately
imposed pulsations to the desired device and potentially amplify the imposed pressure
pulsations. The optional liquid accumulator allows the effective charge of the refrigerant
or working fluid to be adjusted, allowing the system to adapt to a wider range of

source and sink temperatures. The flow meters allow system monitoring and control, in
conjunction with pressure transducers (not shown in Figs. 1.1 — 1.2) measuring boiler
and condenser vapor pressures p. and p, and their fluctuations. The dynamic flow meters
(FM’_, and FM'’;,) and either FM_,, or FM,, may be removed for certain non-scientific

implementations of the flow loop design.

The knowledge gained from these experiments also has profound scientific value in
expanding the current level of human knowledge on the interaction between the liquid
and vapor phases in an internal condensing or boiling flow. This, in turn, has implications
for the design of horizontal condensers and boilers in earth-based vapor compression
cycle, Rankin cycle, and electronics cooling. It is expected that the principles discovered
here will aid in the design of reliable and thermally efficient micro-scale boilers and, as

necessary, condensers for closed loop gravity-insensitive electronics cooling systems.



These applications provided the impetus for NSF funding of the remainder of the research

reported here through grant NSF-CBET-1033591.

This dissertation establishes the reported pressure-fluctuation-induced heat-flux
enhancement effect as a viable potential solution for reducing thermal resistances and
providing stability of flow condensers and flow boilers operating under shear-driven
flow conditions. More research is needed to quantify the improvements expected from
this approach throughout the length of a flow condenser or a flow boiler and optimize
its implementation. This document reinforces previous work by P. Gorgitrattanagul
[5], which covered the realization and control of annular flow condensation without the

imposition of upstream pressure fluctuations as reported here.

The very large heat-flux enhancements reported here for a representative location within
the condenser or boiler are shown to occur over a range of frequencies at sufficiently
high amplitudes of imposed inlet vapor pulsations. Moderate enhancement is inferred to
occur over the entire length of the device using variations in the heat-exchange surface
temperature and thermal resistance considerations for the heat-exchange surface. These
enhancements are shown to occur for all-annular boiling flow and all-annular and
completely condensing flows, and they have been repeated multiple times over a

2 — 3 year period of time. Experiments in all-annular boiling and condensing flows used
to produce the data reported in chapter 2 were performed in January, February, and June
2013. Experiments in completely condensing flow used to produce the data reported in

chapter 3 were performed in June 2011.

Nikhil Shankar, in his MS thesis [6] published a schematic of a flow regime map for
mm-scale 2-phase and phase-change flows. Flow regime maps like this one (included
as Fig. 1.3 on the next page) should be used to guide selection of re-circulating vapor
flow rates in innovative condensers and boilers such that the resulting flow is within the
annular flow regime over the entire device length. It is reproduced here for purposes of

commentary.
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Figure 1.3. Non-dimensional flow regime schematic for two-phase flow. This figure was first

published as Fig. 3.12 in [6]; it is used here for purposes of commentary.

The no-imposed fluctuations cases and most of the pulsatile flow cases for the

experiments reported in chapter 2 were found to lie entirely within the stratified/annular
region of Fig. 1.3 based on their ranges of inlet vapor Reynolds number, Re, , and vapor
quality, X. The annular regions of the experimental flow condensation cases reported in

chapter 3 would lie within the stratified/annular region of Fig. 1.3 based on inlet vapor

Reynolds number.

For pulsatile flows, based on observations in the experiments described in chapters 2 — 3,
it is hypothesized that this stratified/annular flow regime may be stable to lower vapor
quality values than would be possible without the vapor pressure pulsations. Based
on theory, it is also expected that this pulsation-induced stabilization would apply to
the wavy annular flow regime (not shown in Fig. 1.3), which is sometimes reported
for higher vapor Reynolds numbers. Since the flow condensation and flow boiling
experiments in chapters 2 — 3 provided heat-exchange to or from only the bottom surface
of the horizontal flow channel, there would not be an observable difference between the

stratified/annular and wavy annular flow regimes, which are simply termed ‘annular’ for

the remainder of this dissertation.
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In summary, the influence of pulsations in the vapor pressure is to move the
stratified/annular-to-bubbly and stratified/annular-to-plug/slug boundaries in Fig. 1.3
to the left for certain frequency/amplitude combinations and suitable exit conditions

described in chapter 3, section 3.4.3.2.

1.3. Pulsatile vapor flow description

For the purposes of this document, a pulsatile flow is defined as a flow in which there
are externally imposed periodic or quasi-periodic pressure or flow rate variations in time,
the amplitudes of which are significant when compared with the time-averaged device
pressure-difference or flow rate values, respectively. By quasi-periodic, it is meant that
the most significant amplitude and frequency of the time-varying pressure or flow rate

persist in their significance, although their values may vary slightly over time.

The results reported here focus primarily on the currently understood parabolic (inlet) and
elliptic (exit) sensitivities as they relate to internal, horizontal condensing flows in which
the incoming vapor is made pulsatile by the imposition of pressure (and corresponding
flow) pulsations through specialized experimental hardware schematically represented

in Fig. 1.4. What is meant by “parabolic” and “elliptic” sensitivity as they relate to the

condensing and boiling flows reported here is described in sections 2.3.5 and 3.4.5.
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Figure 1.4. Pulsator design used in the experiments. This pulsator was modified (reed valves
removed) from a commercially available diaphragm compressor head from KNF Neuberger. A
variable speed 90 volt permanent magnet DC motor was used to drive the compressor. The
speed of the motor controls the frequency of the pulsations, and the throttling valve limits their
amplitude between zero (with the throttling valve completely closed) and a maximum (with

the throttling valve completely open). The actual pulsator used in the experiments had two

diaphragms in a parallel 'V’ configuration, but only one diaphragm is shown here for simplicity.

Both complete and partial condensation are investigated over a range of imposed pressure
fluctuation amplitudes at multiple frequencies. Additionally, preliminary experimental
results for boiling flows with controlled pulsatile vapor injection, and fixed frequency
and amplitude pulsatile liquid injection, at the boiler inlet are reported. The innovative
experimental configurations (which use flow-through vapor to stabilize the annular flow
regime throughout the device length) of the condensing and boiling flows in chapter 2
allow mechanisms contributing to the observed heat-flux enhancement phenomenon to
be isolated and analyzed, specifically the ones arising from interfacial waves interacting

with acoustic wave reflections from the test-section exit.

The experiments with boiling flow in a horizontal channel reported in chapter 2 showed
that the parabolic sensitivity to pulsations in the vapor and liquid injection pressures (or
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flow rates) is weaker than for similar partially or completely condensing flows when the
liquid film completely boils by the exit of the boiler. It is expected that future boiling
flow experiments will show that the parabolic sensitivity is greater if the liquid film does
not completely boil before the exit of the boiler, thereby allowing liquid-vapor interfacial
waves to reflect back toward the inlet of the boiler. The difference between these two
responses is due to the elliptic sensitivity of the boiling flow to the pulsations in the vapor
and liquid injection pressures/flow-rates at its inlet, subject to varying types of exit liquid

and vapor configurations.

1.4. External literature review

A large body of work has been accomplished in the fields of condensing and boiling
flow. There is not space here to list most of the relevant work; the reader is referred to
literature review papers such as [7 — 8]. Some examples of relevant work, arranged by

topic, follow.

1.4.1. Flow regimes

Different liquid-vapor configurations (annular, plug/slug, bubbly, etc.) frequently arise in
most gas-liquid internal flows — with phase-change (Carey [9], Collier and Thome [10],
[11 — 12]) or without phase-change ([13 — 15]). Of these, non-annular flow regimes occur
more easily and more frequently in mm — um scale ducts — both for flow condensation
([2, 16], Coleman and Garimella [18 —20]) and flow boiling ([20], Peles et al. [11 — 12],
[21 —22]). For flow boiling and flow condensation operations in mm — pm channels and
under negligible gravity conditions, experimental works have also clearly established the

negative impact of non-annular regimes on pressure-drop and heat-flux values.

1.4.2. Instabilities, instability mechanisms, and critical heat
flux

Instabilities in gas-liquid flows are of many kinds. As a flow parameter (e.g. quality)

changes, instability mechanisms control the transition of the flow from one quasi-steady
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regime (e.g. annular) to another (e.g. plug/slug). In addition, for micro-scale flow boiling
([23 — 31]) and micro- to macro-scale flow condensation ([17 — 19], [32 — 34]), internal
mechanisms may couple with external system (i.e. flow loop) arrangements as in [35] to

cause sustained large-amplitude time-varying flows — with or without a steady mean.

These instabilities depend on whether the flow loop arrangements are insufficiently stiff
with regard to providing steady hydrodynamic boundary conditions for the device (e.g.
absence of active control of the flow rates by pumps, absence of an active control — such
as an inventory controller or an equivalent arrangement [2] — for steadying the mean
value of pressure at one point in the flow loop). Sometimes other instabilties arise due
to an overly stiff situation with regard to the ability of the surface temperatures, on both
sides of the heat-exchange plate, to seek and allow themselves easily changing values.
To address the last issue, low thermal inertia of the heat-exchange plate is needed to
reconcile instantaneous differences between the faster changing heat load on its side
exposed to phase-change flows (due to easily changing liquid-vapor configurations)
and, typically, more slowly changing heat load demands on the other side exposed to

externally imposed heating or cooling conditions.

The above-cited papers describe and propose several such mechanisms. For example,
Leidenegg instability in [23] is said to be associated with the nature of the two
“pressure-difference versus mass flow-rate” curves — one defined by the available
pressure-difference across the device (as determined by pump selection, etc. in the flow
loop excluding the device) and the other determined by the requirements of quasi-steady

hydrodynamic operations of the flow within the device.

For flow boiling conditions, experiencing large time-varying instabilities under the
prescribed heat-flux method of heating, the dry-out region becomes dangerous as it does
in pool boiling ([9]). Hence the aforementioned flow boiling papers, particularly [35],
often mention the influence of system factor induced instabilities on the definition of

critical heat-flux (CHF) values. Clearly these “CHF” conditions are, to a certain extent,
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system-specific. These system-instability related conditions can be avoided by using flow
controls to confine the boiler and condenser operation to efficient flow-regimes and by
keeping heat-flux controlled heating regions always wet (e.g. using re-circulating liquid

and a wetness sensor).

1.4.3. Pumping power penalties

For micro-scale flow boilers and condensers operating at a given mean mass flow rate, it
is found that portions of the test-section experiencing quasi-steady or transient
non-annular (plug/slug, bubbly, etc.) flow regimes require much larger pressure-drops
([2, 16, 20 — 22], etc.) than portions where the liquid and vapor phases are mostly

separated as in annular flows — with or without micro-bubbles.

1.4.4. Differences between predominantly gravity and shear
driven boiling and condensing flows

Absence of axial gravity significantly affects the behavior of flow condensation as in
[36 — 37] and flow boiling as in [38]. As inclined ducts are made horizontal to vertical,
for condensing flows, the effect of changes in inclination angle goes away as hydraulic
diameter decreases (see Mitra et al. [36]) and gravitational force decreases relative

to other forces (inertia, shear/viscous, etc.). In [36 — 37], our experiments and theory
show that gravity-driven internal condensing flows are quite stable, mostly annular, and

predictable (by using the tools we have developed for this purpose).

1.4.5. Enhancement approaches for pool and flow boiling —
texturing of the heat-exchange surface (solid-liquid
interface) and active utilization of enhanced heat-flux
values at multiple contact-line-type thin film locations

In the literature available for mm or higher length-scale flow boilers, micro-fins
[39 — 40], porous-surfaces [41 — 42], meshes and screens [43 — 44], micro-channels
within such channels (see Liu and Garimella [45 — 46], Peles et al. [47 — 49]), re-entrant

grooved micro-structures [48 — 49], etc., have been used to demonstrate enhanced
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heat-flux due to enhanced nucleation. For most such enhanced flows, unacceptable
pressure-drop (and pumping power) penalties or large transient instability issues remain

unresolved.

Classical nucleation studies in liquid pools as in [9] or within a liquid drop (Chandra
and Avedisian [50]) have been extended to promote nucleation by exploiting chemical,
electro-chemical, and nano-meter scale structuring ([51 — 54]) approaches for
manipulating the wettability of heat-exchange surfaces. Similarly, there have been
flow boiling studies where nano-meter scale texturing is done with the help of nano
wires ([55 — 56]), carbon nano tubes ([57 — 58]), use of nano fluids for deposition of
nano-particulates on the heater-surface ([59]), etc. However, in most such nucleation
promotion based heat-flux enhancement studies, the issues of inefficient flow regimes,
large transient instabilities, and long-term durability of the heat-exchange surfaces

(cleanliness/fouling issues) are not directly or fully addressed.

For mm or higher scale flow condensers, film condensation typically involves um-scale
liquid films. Therefore um-scale surface-texturing is typically not recommended for
internal flows. However, to promote dropwise condensation during quiescent vapor
condensation on inclined or horizontal surfaces, chemical and nano scale texturing has
been employed to produce highly hydrophobic surfaces that not only cause droplets to
appear and move but also cause them to bounce around during coalescence ([60 — 61],

etc.).

During a nucleating bubble’s growth and departure, very high heat-fluxes are observed
(Stephan et al. [62 — 63]) at the advancing and receding contact line regions. These occur
within the thin liquid film micro-layers (nano-meter to sub-micro-meter thick) that form
the contact line regions [63]. Other issues discussed in the literature include detailed
experimental investigation of nucleate boiling mechanisms ([64 — 65]), molecular scale
simulations (Maroo and Chung [66], Wemhoff and Carey [67], etc.) that investigate

the role of adsorbed layers (typically 1-10 nm thick) and disjoining pressures within
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the adsorbed region and the adjacent micro-layer ([62 — 63, 68]), investigation of the
disjoining pressure’s role for macro-scale computational modeling ([62 — 63]) of flow
near the contact lines, etc. These studies have a strong bearing on the proposed
investigation of mechanisms associated with the very high heat-flux enhancements
observed in [2, 16, 20] and for the innovative mode of operation of the proposed flow

boilers and flow condensers.

The main qualitative understanding of these phenomena, as described in [62 — 63, 68],
is that the wetted continuum region does not abruptly end at the contact line where the
so-called “dry” region begins. Instead, the continuum macro-layer first thins to a small
length of stationary or moving micro-layer (say 200 nm — 1 um in thickness) associated
with a stationary or moving contact line which then merges with a typically longer
molecular thickness zone (e.g. 1 nm ~ 10 nm thick) which is referred to as the adsorbed
layer in [62 — 63, 68]. The molecules in the adsorbed layer stick to the solid due to the

relatively stronger Van der Waals forces over the so-called “dry” surface region.

The pressure and other stresses in this adsorbed layer can be either compressive or
tensile — much like a solid — except that the actual pressure and stress levels within

the adsorbed layer exhibit metastable spatial and temporal variations determined by the
flow requirements in the adjacent micro-layer (see [63]), which in turn are determined by

requirements of the flow physics in the macro-layer.

For example, for advancing and receding contact lines associated with
boiling/evaporating fronts as in [63], disjoining pressure effects in the adsorbed layer
may sufficiently lower the effective pressure in the micro-layer to allow the necessary

half-circulation flow patterns [63] required for the micro-layer.

1.4.6. Modeling and correlations
Besides the relevant results mentioned above, for the general area of condensing

and boiling flows, there is excellent available knowledge with regard to exact and
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approximate model equations for mm — um scale flows and conditions at the interface
(Carey [9], Delhaye [69], Faghri et al. [70 — 72], etc.). These equations can be used and
are being used for first-principles based CFD simulations (as well as CFD for averaged
equations) for certain regimes of nucleate boiling (Mukherjee and Dhir [73]), flow
boiling [74 — 75], and flow condensation [76 — 80]. Our own CFD capabilities for annular
boiling [20] and annular condensation [76 — 80] have recently achieved (as described
later) unprecedented accuracy levels — both from a computational/theoretical point

of view of accurately capturing wave dynamics and with regard to compatibility with

experimentally obtained data.

For internal flow boiling, it is customary to propose approximate heat-transfer coefficient
and CHF correlations [81 — 83]. For flow condensation, key literature can be roughly
summarized/categorized as: (i) classical solutions for external film condensation flows
over vertical, horizontal, and inclined walls (Nusselt [84], [85 — 86], etc.) and their
subsequent modifications and extensions ([87 — 90], etc.); and (ii) experimental data and
correlation for heat transfer rates for the various external condensing flow regimes

([91 — 93], etc.) as well as internal condensing flows ([94 — 99], etc.).

1.4.7. Phase-change pulsatile flow experiments

Very little work has been done on researching the effect of vapor phase pressure (or flow)
pulsations on heat-transfer rates and pressure drops for internal condensing or boiling
flow outside of the work reported here and some of the preceding investigations of
sections 1.5.1.3, 1.5.2.3, 1.5.3.1, and 1.5.4. Of the available work by other researchers,
experimental investigations of C. W. Roh and M. S. Kim ([100]) on the impact of

periodic flow perturbations on a vapor compression cycle are particularly noteworthy.

In [100], C. W. Roh and M. S. Kim provide a solenoid-actuated valve in parallel with the
expansion valve of an experimental vapor compression cycle. This solenoid valve was
opened periodically for time-periods of 0.2 seconds at various cycle time-intervals from

5 seconds to 200 seconds. Thus the percentage of the cycle time that the valve was
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open varied from 4 % for the 5 second time-period to 0.1 % for the 200 second

time-period.

Note that the flow configuration of [100] allowed for significant effects of gravity on
the liquid flow in the condenser and evaporator, in contrast to the horizontal channel
flows presented in chapters 2 — 3. Also, no provision for phase-separation at the inlet of
the evaporator (downstream of the expansion and control valves of Fig. 2 in [100]) was
provided in [100], in contrast to the separator plate of Fig. 2.3b in chapter 2, so the flow

into their evaporator likely contained suspended liquid droplets.

The effects of these non-sinusoidal flow pulsations on the cycle were analyzed and
divided into two categories: enhancement of heat transfer by pulsatile flow and
system-level phenomena termed “cycle elevation” and “pushing” in [100]. The “cycle
elevation” and “pushing” effects relate to the thermodynamic cycle analysis of the

vapor compression cycle and the influence of pressure excursions in the condenser and
evaporator due to the action of the solenoid valve. It suffices to note here that some

of the adverse cycle effects observed by Roh and Kim as a result of their imposed

flow pulsations may be reduced or eliminated in suitable pulsatile flow configurations
similar to those presented in Fig. 2.1b and Fig. 2.2b of chapter 2. Only the first category,
enhancement effects, is relevant to the research presented here, which focuses specifically

on the heat-flux enhancement within the flow condenser or flow boiler.

The heat-flux enhancement effect was concluded in [100] to be consistent with a
combination of turbulence effects and cavitation at the tube wall (specifically applicable
to boiling/evaporating flows). The enhancement mechanisms presented in sections 2.3.5
and 3.4.5 of this dissertation come from a completely different source. However, the
effect of vapor core turbulence induced by vapor pressure (or flow) pulsations on
heat-transfer enhancement in shear/pressure-driven internal condensing and boiling flows
is acknowledged in chapter 4 as a subject which deserves further investigation, mainly for

computational modeling purposes.
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1.5. Research conducted at Michigan Technological
University

The research referenced in this section is from the author's faculty adviser and research
group at Michigan Technological University. It forms the basis for the work presented

later in this dissertation and provides a temporal context for that work.

1.5.1. Elliptic shear/pressure-driven internal
condensing/boiling flow hypothesis development

This section covers the history of the current theory on the concept of “elliptic
sensitivity,” or concurrent inlet and exit condition dependency, of internal condensing
and boiling flows. This work was developed by Prof. Amitabh Narain’s research

group over 19 years of computational and experimental investigations. Effort is made

to preserve the chronological order and logical development leading to the current
hypothesis, which is very briefly summarized in section 1.5.1.4; therefore, some parts of
this section (1.5.1) are redundant with sections 1.5.2 — 1.5.4, where more details of the

experiments are presented.

1.5.1.1. Early computational work

In 1996 A. Narain published a paper in which he reported a modeling approach for
annular film condensation [101]. The next year he published an article with G. Yu and

Q. Liu expanding the analysis to inclined channels and vertical pipes [102]. Based on
this work, a two-dimensional computational simulation tool was developed and reported
by A. Narain, Q. Liang, G. Yu, and X. Wang in 2004 [76] for annular condensing films
within a vertical channel. It is here that the concept of exit condition effects on the
condensing flow inside channels was first introduced. The simulation method used at that
time indicated a multiplicity of solutions to the problem for the same inlet pressure, inlet
mass flow rate, and wall temperature conditions, each corresponding to a different exit

pressure or vapor quality (for partially condensing flows).

Nevertheless, it was recognized in [76] that an “attractor” or “natural” solution to the
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condensing flow problem exists for a given set of inlet pressure, inlet mass flow rate, and
wall temperature conditions which is stable (based on analysis of 2-dimensional imposed
disturbances) in the absence of an imposition on the exit pressure or vapor quality. It was
also computationally shown in [76] that miniscule vibrations of the condensing surface in
the O — 30 Hz range may have a significant influence on the waviness of the liquid-vapor
interface and mean heat flow rates if they couple with the frequency associated with

the time-evolution of imposed interfacial disturbances, leading to a resonance condition

within the liquid film.

An expansion of the computational methodology of [76] to include tilted and horizontal
channel geometries, as well as zero-gravity channel condensation was reported in [80].
Also, in [80] shear and tangential surface tension effects were investigated in more detail,
with 0 = o(T), with surface tension effects becoming significant only in the direction
normal to the interface, and only for the zero-gravity cases investigated. In zero-gravity
conditions, it was noted that the surface tension has a limiting effect on the amplitude of

interfacial waves which arise from initial disturbances and wall vibrations.

From the then-current computational model, it was found in [80] that the solutions were
quite insensitive to noise (in the form of initial disturbances) in the vapor flow at the

inlet under unconstrained (“natural”) exit conditions. L. Phan, X. Wang, and A. Narain
extended their analysis with this computational tool and published the results in [78], in
which they first stated directly the hypothesis that multiple exit conditions were possible
for shear and gravity-driven condensing flow, and that for shear-driven condensing flows
there would be a “loss of parabolicity,” which would occur at some point before the flows
fully condensed. This meant that shear-driven (horizontal or zero-gravity) flows which
were conden