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Time periodic flow boiling heat transfer and bubble characteristics of FC-72
over a small heated circular plate due to simultaneous refrigerant flow rate
and heat flux oscillation
Student : Wun Ching Chen Advisor : Prof. Tsing-Fa Lin
Department of Mechanical Engineering
National Chiao Tung University
ABSTRACT
This study intends to explore how simultaneously imposed time periodic coolant flow rate and
heat flux oscillations affect the temporal flow boiling heat transfer and associated bubble
characteristics of FC-72 over a small circular heated copper plate flush mounted on the bottom of a
horizontal rectangular channel. The oscillations: of the coolant flow rate and heat flux are
respectively in the forms of nearly triangular and sinuseidal waves. Both the in-phase and
out-of-phase mass flux and heat flux—oscillations are investigated. In the experiment the
time-average coolant mass flux G is varied from 300 to 400 kg/m’s and the amplitude of the

coolant mass flux oscillation is mainly fixed at'5; 10 and 15%:of G . The mean heat flux ranges
from 0.1 to 10W/cm” with the amplitude of the heat flux‘oscillation set at 10, 30 and 50% of a for

the same period of the heat flux and mass flux oscillations varied from 10 to 30 seconds Besides,
the time-average liquid subcooling at the inlet of the test section ranges from 0 to 15K and the

system is at slightly subatmospheric pressure.

The transient oscillatory flow boiling heat transfer characteristics are illustrated by presenting
the measured time variations of the heated plate temperature and boiling heat transfer coefficient.
The experimental results show that the heated surface temperature also oscillates periodically in
time at the same frequency as the mass and heat flux oscillations. Besides, the amplitude of the Ty,
oscillation is generally smaller in the flow boiling when the out-of-phase G and q oscillations are
imposed. But in the single-phase flow the T, oscillation is normally weaker by imposing in-phase G

and q oscillations. These results indicate that the oscillation in T, caused by the heat flux oscillation



can be suppressed by the in-phase G oscillation in the single-phase flow and by the out-of-phase G
oscillation in the boiling flow. It is further noted that by imposing the G oscillation at the time
instant equal to the difference between the time lags in Ty, resulting respectively from the q
oscillation only behind the q oscillation, and G oscillation only behind the q oscillation, the Ty

oscillation can be significantly suppressed and even completely wiped out.
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CHAPTER 1

INTRODUCTION

1.1 Motive of the Present Study

With recent fast progress in the IC(Integrated Circuit) technology, the IC chips are currently
designed to be relatively light, thin, short and small to enhance their performance. As the
microelectronic systems become miniaturized, the density of the power dissipation in them
increases significantly. It is also well known that the IC junction temperature must be kept under
85°C to avoid being damaged and to maintain its normal operation[1]. The heat removal method
based on the gas cooling is usually not sufficiently effective for the high generation components.
Besides, the use of the direct liquid cooling can greatly increase the heat removal rate. But it is still
not higher enough for high power density in advanced .CPUS. Moreover, the method utilizing the
boiling of liquid is most effective because of the latent heatstransfer involved in the process.
Furthermore, the power dissipation in IC| chips-are often time 'dependent in practical operation.
Therefore heat removal rate must be varied in time ‘to'meet therrequired time varying cooling load.
To accommodate the time varying heat'temoval rate, the coolant flow rate is controlled instantly at
the required level. Specifically, the coolant flow rate is often set to increase with the heat removal
rate and vice versa. In stable flow boiling in which the coolant mass flux and heat flux are kept at
constant levels, however, the boiling curves are known to be only slightly affected by the mass flux.
How the flow boiling heat transfer characteristics are influenced by the simultaneous time varying

imposed heat flux and mass flux remains largely unexplored.

In employing the liquid boiling in the electronics cooling the coolants must be chemically
stable, inert and dielectric. The coolant FC-72, a fluorocarbon liquid manufactured by the 3M
Company, meets the above requirements and is appropriate for the electronics cooling. However,
our understanding of time dependent flow boiling due to time varying heating and coolant flow rate

is poor. In the present study an initial attempt is made to unravel how the characteristics of FC-72



flow boiling heat transfer and bubble motion over a flush mounted small heated surface in a
rectangular channel are affected by the simultaneous time periodic refrigerant flow rate and

imposed heat flux. Some thermophysical properties for FC-72 are given in Table 1.1

1.2 Literature Review

In what follows the literature relevant to the present study is reviewed, especially on the use
of boiling of dielectric liquids for cooling of electronic equipments including the single-phase and

boiling heat transfer.

1.2.1 Steady single-phase and stable flow boiling heat transfer

Incropera et al. [2] investigated single-phase convective heat transfer of water and FC-77 from
single array and four-row arrays of 12 flushs-mounted heat sources in a horizontal rectangular
channel for the channel Reynolds numbers ranging from 1,000 to 14,000. They developed a model
to predict the relation between the Reynolds number and, Nusselt number for the turbulent flow
regime with 5,000< Re, <14,000." Unfortunately, the measured data were significantly
under-predicted in the laminar flow regime. Investigation of' single-phase and subcooled flow
boiling heat transfer from a small heated-patch with R-113"and FC-72 was carried out by Samant
and Simon [3]. They combined the experimental data for R-113 and FC-72 to develop an empirical
correlation. In addition, they observed large temperature excursions at the onset of nucleate boiling
and a boiling hysteresis near the onset of nucleate boiling in the subcooled boiling. Garimella and
Eibeck [4] analyzed the heat transfer characteristics of an six-row array of 30 heat sources in
single-phase forced convection of water for the channel Reynolds number ranging from 150 to
5,150. They reported that the heat transfer coefficient decreased with decreasing Reynolds number
and the Nusselt number decreased with increasing ratio of the channel height to protruding element
height. Gersey and Mudawar [5] studied the orientation effect on the single-phase forced convection
and subcooled flow boining of FC-72 over a nine in-line microelectronic chips. They proposed an
empirically generalized equation based on their experimental data. Heindel et al. [6,7] examined

single-phase liquid convection and flow boiling of water and FC-72 over a 1 x 10 array of flush



mounted discrete heat sources in a horizontal rectangular channel. In investigating the critical heat
flux of FC-72 for four in-line simulated electronic chips in vertical channel flow boiling
experiments, Tso et al. [8] found that temperature of the chip surface decreased with the increases in
the flow velocity and liquid subcooling in the partial boiling region and this result was opposed to
that of Willingham and Mudawar [9] . The fluid velocity and subcooling temperature have smaller
effect on the surface temperature in the fully-developed boiling region. They observed that
increases in the fluid velocity and liquid subcooling resulted in a delay in the incipience of nucleate
boiling and in an increase in the critical heat flux.

The single-phase heat transfer correlations proposed in some of the above studies are listed in

Table 1.2.

1.2.2 Transient pool boiling heat transfer

Hohl et al. [10] conducted peol boiling of FC-72. subject to an increasing heating rate and
found that CHF increased with the heating rate. Besides, the transient CHF is higher than the steady
state CHF. Sakurai and Shiotsu [11] investigated transient pool, boiling of water over a platinum
wire of 1.2 mm in diameter and 979 mm"in length to'simulate a step input of reactivity in a nuclear
reactor in which the reactor power rised exponentially with time. The incipient boiling heat flux was
found to increase exponentially with time for the exponential period ranging from 5 ms to 10s.
Besides, the wire surface temperature at first increases with the heat input. Moreover, the heat
transfer coefficient and heat flux at the incipient boiling point are higher for a shorter heating period.
Okuyama et al. [12] conducted pool boiling of R-113 at large stepwise power generation in a 7-um
thick copper foil focusing on the transient critical heat flux above which the effective heat removal
in transient nucleate boiling could not be expected. They noted that the transient critical heat flux
was lower than the critical heat flux in the steady state under a low system pressure. In the case of
the low system pressure, the bubble near the transient critical heat flux has a peculiar shape like a
“straw hat” which was considered to be due to the consumption of the nucleate boiling liquid layer.

In the case of high system pressure, no more vapor bubble appears in transient nucleate boiling and



transition occurs due to filling of the fine initial bubbles on the heat transfer surface. Besides, at low
heat generation rate the wall superheat drops for a moment after boiling incipience. But at high heat
generation rate this becomes hard to see, because the duration of nucleate boiling becomes
extremely short. Later Okuyama and lida [13] moved further to investigate liquid nitrogen pool
boiling over a platinum wire with a stepwise heat generation. In the case of a low heat generation
rate, boiling transition was observed to occur due to the coalescence of nucleate boiling bubbles.
While in the case of a high heat generation rate, a vapor sheath grows along the test wire since the
excess superheat energy is stored in the liquid layer at boiling incipience. Besides, in the case of an
extremely high heat generation rate, a lot of fine initial bubbles grow rapidly and simultaneously.

Boiling transition occurs due to the filling of the bubbles on the heater.

Transient nucleate boiling of several highly wetting fluids on a thick flat sample and a wire
also with a stepwise heat generationswas experimentally. studied by Duluc et al. [14]. They observed
that for the cases with high thermal inertia, fewer transient pool boiling was developed owing to the
large heat capacity of the heatersBesides for the transient experiments subject to very fast heating,
the wall superheat at boiling onset may- be higher than,/the steady condition. Auracher and
Marquardt et al. [15] investigated transiént pool boiling from a thick copper with FC-72. They
observed a hysteresis between the heating and cooling transient conditions. Under steady boiling

conditions and with a clean heater surface, no hysteresis was observed.

1.2.3 Transient single-phase forced convection heat transfer

Girault and Petit [16] investigated transient single-phase forced convection in a horizontal
plane channel with different time varying imposed heat fluxes on the channel walls. On the bottom
plate the imposed heat flux varies like a sinusoidal wave. While on the top plate the imposed heat
flux is like a rectangular wave. During the power-on period both the top and bottom plate
temperatures were found to vary smoothly. There is a small wall temperature oscillation for the
power-off situation. This is considered to result from the existence of internal energy in the channel

walls even when the power is turned off. Bhowmik and Tou [17, 18] performed an experiment to



study transient FC-72 forced convection heat transfer from a four-in-line chip module that is
flush-mounted onto one wall of a vertical rectangular channel. The Reynolds number based on the
heat source length ranges from 800 to 2,625 for the heat flux varying from 1 to 7 W/cm®. Their data
suggest that the transient characteristics of the overall heat transfer coefficient are both of
importance in the thermal systems during the power-on and power-off periods. Besides, the hear
transfer coefficient was noted to be affected strongly by the number of chips. In a similar
experiment [19] they investigated the transient heat transfer characteristics from an array of 4 x 1
flush mounted simulated electronic chips using water as the working fluid during the power-off
periods. The Reynolds number based on the heat source length ranges from 1,050 to 2,625. The
transient heat transfer regime in the period of 75s after the heater power is cut-off is examined.
They observed that the Nusselt numbers of the four,chips at the beginning of power-off were close
but then they diverged with time. However, the Nusselt number increases with time, due to the chip
wall temperature decrease with time. When-compared with, water, an overall increase of 70% in the

Nusselt number is obtained by using FC-72.

1.2.4 Transient flow boiling heat transfer

Kataoka et al. [20] investigated transient flow boiling of water over a platinum wire subject
to an exponentially increasing heat input. The wire diameter and length respectively vary from 0.8
to 1.5 mm and from 3.93 to 10.4 cm. Two types of transient boiling were observed. In A-type
(heating period is 20ms, 50ms, or 10s) boiling, the transient maximum critical heat flux increases
with decreasing period at constant flow velocity. Whereas, in the B-type (heating period is Sms,
10ms, or 14ms) boiling, the transient maximum heat flux decreases first with the period and then
increases. Two-phase flow and heat transfer in a small tube of 1 mm internal diameter using R-141b
as the working fluid were studied by Lin et al. [21]. At a low heat flux input, a relatively constant
wall temperature was obtained. Besides, forced convection evaporation occurs towards the outlet
end of the tube and the fluctuations in the wall temperature are small. With a high heat flux input,

however, significant fluctuation in the wall temperature can be observed. This is caused by a



combination of time varying heat transfer coefficient and time varying local pressure and fluid

saturation temperature.

Two-phase flow instability in the flow boiling of various liquids in a long heated channel has
been recognized for several decades [22, 23]. On a certain operating condition significant temporal
oscillations in pressure, temperature, mass flux and boiling onset occur. Recently, some detailed
characteristics associated with these instabilities were investigated through experimental
measurement and theoretical modeling. Specifically in flow boiling of refrigerant R-11 in a vertical
channel, the pressure-drop and thermal oscillations were observed by Kakac et al. [24]. Two-phase
homogeneous model along with the thermodynamic equilibrium assumption was used to predict the
condition leading to the thermal oscillation. And their predicted periods and amplitudes of the
oscillations were in a good agreement with 'their measured data. Kakac and his colleagues [25]
further noted the presence of thesdensity wavesescillationssuperimposed on the pressure-drop
oscillations. Moreover, the dirft flux model was employed'in their numerical perdiction. In a
continuing study for R-11 in azhorizontal tube of 106 cm long, Ding et al. [26] examined the
dependence of the oscillation amplitude and period.on the system parameters and located the
boundary of various types of oscillations on the steady-state pressure-drop versus mass flux
characteristic curves. A similar experimental study was carried out by Comakli et al. [27] for a
319.5 cm long tube. They showed that the channel length has an important effect on the two-phase

flow dynamic instabilities.

The dynamic behavior for a horizontal boiling channel connected with a surge tank for liquid
supply has also received some attention. Mawasha and Gross [28] used a constitutive model
containing a cubic nonlinearity combined with a homogeneous two-phase flow model to simulate
the pressure-drop oscillstion. Their prediction is matched with the measured data. Later, the channel
wall capacity effects was included [29] to allow the wall temperature and heat transfer coefficient to

vary with time.

Wang et al. [30] noted that the boiling onset in a upward flow of subcooled water in a vertical



tube of 7.8-m long connected with a liquid surge tank could cause substantial flow pressure and
density-wave oscillations. These boiling onset oscillations were attributed to a sudden increase of
pressure-drop across the channel and a large fluctuation in the water flow rate at the onset of
nucleate boiling. This in turn results from the feedback of the pressure-drop and flow rate by the

system, causing the location of the boiling onset to move in and out of the channel.

Brutin et al. [31] reported the pressure-drop oscillations of n-pentane liquid in a vertical small
rectangular channel (D;=0.889mm, L=50mm & 200mm). A non-stationary state of two-phase flow
was observed. The effects of the inlet flow condition on the boiling instabilities were found to be
relatively significant [32]. A similar study for subcooled flow boiling of deionized water was

conducted by Shuai et al. [33] and the pressure-drop oscillations were also noted.

1.2.5 Bubble Characteristics

Literature relevant to the bubble characteristics in boiling" flow is briefly reviewed. A recent
experiment conducted by Chang et'al. [34] focused on-the behavior of near-wall bubbles in
subcooled flow boiling of water*The populatien-ef-the;near-wall bubbles was found to increase
with the increase in the heat flux and'in the superheated liquid layer very small bubbles were noted
to attach to the heated wall. In addition, the coalesced bubbles are smaller for a higher mass flux of
the flow. Cornwell and Kew [35] examined various flow regimes for boiling of refrigerant R-113 in
a vertical rectangular multi-channel with Dy, = 1.03 and 1.64 mm. Based on visualization of the flow
and measurement of the heat transfer, three flow regimes have been suggested, namely, the isolated
bubble, confined bubble and annular-slug bubble flows. In the isolated bubble regime, heat transfer
coefficient depends on the heat flux and hydraulic diameter. In the confined bubble regime, heat
transfer coefficient depends on the heat flux, mass flux, vapor quality and hydraulic diameter. While
in the annular-slug bubble regime, heat transfer coefficient depends on the mass flux, vapor quality
and hydraulic diameter. Lie and Lin [36, 37] examined flow boiling heat transfer and associated
bubble characteristics of R-134a in a narrow annular duct (Dy=4, 2 mm). They concluded that the

bubbles are suppressed to become smaller and less dense by raising the refrigerant mass flux and



inlet subcooling. The mean bubble departure frequency increases with the increasing refrigerant
mass flux and saturated temperature and with the decreasing duct size. Moreover, the active
nucleation site density is much higher at a lower refrigerant mass flux particularly at a high imposed
heat flux. Bang et al. [38] examined boiling of R-134a in a vertical rectangular channel focusing on
the characteristic structures in the near-wall region. They noted the presence of the vapor remnants
below the discrete bubbles and coalesced bubbles and the presence of an interleaved liquid layer
between the vapor remnants and bubbles. Besides, the bubble layer was divided into two types, a
near-wall bubble layer dominated by small bubbles and a following bubble layer prevailed by large
coalesced bubbles. Kandlikar [39] examined the subcooled flow boiling of water in a rectangular
horizontal channel. They concluded that the bubble growth was slow at high subcooling and the

departure diameter decreased as the flow rate inereased.

By using optical measurement. techniquess; Maurus et al. [40,41] examined the bubble size
distribution and local void fraction in subcooling-flow 'boiling_of water at atmospheric pressure.
They reported that the bubble size increased with-an increase insthe heat flux but reduced with an
increase in the mass flux. The total bubble.life time, the remaining lifetime after the detachment
process and the waiting time between fwo-bubble cycles decreased significantly as the mass flux
increased. In a recent study Maurus and Sattelmayer [42] further defined the bubbly flow region by
the ratio of the averaged phase boundary velocity to the averaged fluid velocity. On the other hand,
an experimental analysis was carried out by Thorncroft et al. [43] to investigate the vapor bubble
growth and departure in vertical upflow and downflow boiling of FC-87. They found that the
bubble growth rate and bubble departure diameter increased with the Jacob number (increasing
/A\Ts) and decreased at increasing mass flux in both upflow and downflow. Bubble rise
characteristics after the bubble departure from a nucleation site in vertical upflow tube boiling were
investigated by Okawa et al. [44-46]. They noted that the flow inertia had a significant influence on
the onset of detachment but the influence was gradually reduced with time. They also observed
three different bubble rise paths after the departure from nucleation sites. Specifically, some
bubbles slide upward along the vertical wall, some bubbles detach from the wall after sliding, and
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other bubbles remain close to the wall and reattach to the wall. Forced convection boiling
experiments conducted by Situ et al. [47,48] for water in a vertical annular channel revealed that
the bubble departure frequency increased as the heat flux increased. Moreover, the experimental
results indicate that bubble lift-off diameter increases at increasing inlet temperature and heat flux.
In addition, Yin et al. [49] examined the subcooled flow boiling of R-134a in a horizontal annular
duct and noted that both the bubble departure size and frequency reduced at increasing liquid

subcooling. They found that only the liquid subcooling showed a large effect on the bubble size.

1.3 Objective of This Study

The above literature review clearly indicates that detailed characteristics of the time dependent
flow boiling of liquids resulting from imposed time varying heat input and/or coolant flow rate are
still poorly understood. In this studyy an experiment Wwill be carried out to investigate how
simultaneously imposed time periodic' heat flux and' mass. flux oscillations in the form of
sinusoidal-like waves affect the temporal flow .boiling heat' transfer and associated bubble
characteristics of FC-72 flow over a small heated circular plate flush mounted on the bottom of a
horizontal rectangular channel. Thedmposed heat flux and mass flux oscillate at the same frequency.
The use of this heated surface intends to simulate the power dissipating chip in an electronic system.
In the experiment both the time periodic saturated and subcooled flow boiling will be examined.
Effects of the mean level, period and amplitude of the imposed heat flux and mass flux oscillations
on the boiling characteristics will be inspected in detail for FC-72. Besides, the effects of in-phase
and out-of phase of the heat flux and mass flux oscillations on the flow boiling characteristics will

be explored.



Table 1.1 Thermophysical properties for FC-72.

Properties FC-72
Appearance Clear, colorless
Average Molecular Weight 338
Boiling Point (1 atm) 55.7°C
Pour Point -90°C
Estimated Critical Temperature 449K

Estimated Critical Pressure

1.83 x 10° pascals

Vapor Pressure

30.9 x 10° pascals

Latent Heat of Vaporization (at normal boiling point)

88 J/g

Liquid Density

1680 kg/m’

Kinematic Viscosity

0.38 centistokes

Absolute Viscosity 0.64 centipoise
Liquid Specific Heat 1100 J kg' C!
Liquid Thermal Conductivity 0.057 Wm™ °C’
Coefficient of Expansion 0.00156 °C™!
Surface Tension 10 dynes/cm
Refractive Index 1.251

Water Solubility 10 ppmw
Solubility in Water <5 ppmw

Ozone Depletion Potential 0
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Table 1.2 Some single-phase convection heat transfer correlations for electronics

cooling.
Reference Working Heat Transfer Correlation Conditions
Fluid
Test patch size:
Samant and R-113 & 0.25mm x 2.0mm
Simon [2] FC-72 Nu,, = 047Re, "*Pr’s Bulk velocity: 2.05 ~
16.86 m/s
Pressure at the patch:
118.8 ~338.1 kPa
Heat sources size:
Garimella Water Nu = 1.31Re,"*(LS / B)*" 1.9cm x 1.9 cm
and Eibeck 150 <Rep <5150
[3] Arrays: 5 row X 6

line

Heat sources size:

Incropera et Water & Nity = 0.13Re s Pr"** (uos )" 1.9cm x 1.9 cm

al. [5] FC-77 150 <Rep <5150
Arrays: 5 row x 6
line
Gersey and FC-72 Nu, = O.362ReL0'614Pr”3 Heat sources size:
Mudawar [8] 10mm x10mm

Arrays: 9 row x 1
line
Flow velocity: 13
~400 cm/s
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CHAPTER 2

EXPERIMENTAL APPARATUS AND PROCEDURES

The experimental system established in the present study to investigate the transient oscillatory
flow boiling heat transfer and associated bubble characteristics of the dielectric coolant FC-72 over
a small heated copper plate flush mounted on the bottom of a horizontal rectangular channel is
depicted schematically in Fig. 2.1. This system includes four major parts, namely, a degassing unit,
a coolant loop, a hot-water loop, and a cold water loop. The test section along with the entrance and
exit sections are shown in Fig. 2.2 by three-dimensional plots. The liquid coolant FC-72 is driven
by a gear pump and the inlet temperature of the coolant is regulated by a pre-heater with a hot water
circulation in it. The coolant vapor generated during boiling in the test section is then condensed in
a condenser cooled by another water thermostat arid then returfis to a receiver. The details of each

part in the experimental system are described in the following.
2.1 Degassing Unit

Since any non-condensable gas dissolved in' the coolant can significantly affect the heat
transfer performance and nucleate boiling phenomena, we must degas the coolant before beginning
the experiments. After each recharge of the coolant or re-arrangement of the piping system, the
coolant must be degassed. The degassing unit consists of a tank of 8 liters patched with a flexible
electric heater on its inside surface to heat the coolant to its boiling point. During the degassing
process, the air and any non-condensable gas dissolved in the coolant escape from the liquid FC-72
in the tank and pass through the released valve on the top of the tank. Besides, a pressure transducer

and a thermocouple are equipped in the tank to measure the pressure and temperature of FC-72.

2.2 Coolant Loop

After degassing the coolant, FC-72, we remove non-condensable gases possibly existing in the
coolant-loop by using a vacuum pump and then fill the degassed FC-72 liquid into the coolant-loop.
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The coolant loop is composed of a variable-speed gear pump, a filter, a volume flow meter, a
pre-heater, a test section including the inlet and outlet sections, a condenser, and a receiver. The
head of the gear pump is coupled with a magnet-driven disk sealed inside with an envelope to avoid
any contamination from the shaft. The shaft is driven by a variable-speed AC induction motor
which is in turn regulated by an inverter. The temporal oscillation of the coolant flow rate can be
implemented by an optional external control of the inverter through a programmable DC current or
voltage signal sequence. Besides, the mean coolant flow rate can be further adjusted by regulating

the bypass valve.

The coolant FC-72 at the outlet of the magnetic micro-pump must be kept subcooled to avoid
any vapor flow through the volume flow meter. The pre-heater is used to heat the subcooled coolant
FC-72 to a preset temperature at the test section inlet by receiving heat from the hot water in the
hot-water loop. Finally, the vapor-liquid coolant; mixture 1S generated in the test section when the
coolant flows over the heated copper plate. The vapor flow leaving the test section is re-liquefied by

the condenser in the cold-water loop.

After leaving the condenser, the liquid*FC-72"flows back 'to the receiver at the bottom of the
system. An accumulator is connected to a high=pressure nitrogen tank to dampen the fluctuations of
the time-average coolant flow rate and pressure. The filter is used to filter the impurities and
non-condensable gases possibly existing in the loop. Varying the temperature and flow rate of the
hot-water flowing through the pre-heater allows us to control the time-average pressure of the
coolant loop. Two absolute pressure transducers are installed at the inlet and outlet of the test
section with a resolution up to * 2kPa. All the refrigerant and water temperatures are measured by
calibrated copper-constantan thermocouples (T-type) with a calibrated accuracy of +0.2°C. The
test section is thermally insulated with a polyethylene insulation layer so that heat loss from it can

be reduced significantly.

2.3 Test Section

The test section mainly consists of a circular copper plate flush mounted on the bottom of the
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horizontal rectangular channel. The rectangular flow-channel includes a gradually diverging section,
the main test section, and a gradually converging section (Fig. 2.3). They are all made of stainless
steel plate. The installation of the inlet and exit sections intends to avoid the sudden change in the
cross section of the channel. The test section is 20 mm in width, 5 mm in height, and 150 mm in
length, and hence the aspect ratio of the test section is 4.0. The heated plate is placed around the
geometric center of the bottom plate of the test section. A ladder-shaped acrylic window is installed
on the upper lid of the test section right above the heated plate. The temperature and pressure of the
FC-72 flow at the inlet and exit of the test section are measured by the calibrated thermocouples and

pressure transducers, as schematically shown in Fig. 2.3.

The copper plate module schematically shown in Figs. 2.4 and 2.5 includes a hollow
cylindrical Teflon block, a cylindrical Teflon bolt, a copper plate, two pieces of mica plates, a
Teflon plate, and an electric-heaters The diameter.of the copper plate is 10 mm and the plate is 2
mm thick and is heated by passing DC current through the electric-heater. Besides, three
thermocouples are fixed at the back surface of:the copper ‘plate-to estimate the temperature of the
upper surface of the copper plate*and another two thermocouples are fixed at the top and bottom
surface of the electric-heater to measure their surface temperatures. The locations of the
thermocouples at the backside of the copper plate and at the electric-heater surface are shown in Fig.
2.5. The mica plates are placed between the heater and copper plate and between the heater and
Teflon plate, intending to prevent the DC current leaking to the copper plate. The detailed structure
of the module is shown in Fig. 2.6. The magnitude of heat loss from each surface of the
cylindrical-hollow Teflon block can be evaluated from the temperature measured at selected

locations in the block. Locations of the thermocouples are schematically shown in Fig. 2.7.

2.4 Hot-water Loop

In order to maintain the dielectric coolant FC-72 at the preset temperature at the test section
inlet, a hot-water loop is used to preheat the coolant before it arrives at the test section inlet. The

hot-water loop for the pre-heater includes a thermostat with a 20-liter hot water container, a 2-kW
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heater in it, and a 0.5-hp water pump which can drive the hot water at a specified flow rate to the
pre-heater. Besides, a bypass valve in the loop can further adjust the water flow rate. The hot water
passes through the container while the liquid coolant FC-72 flows through the inner coiled pipe in
the pre-heater. The connecting pipe between the pre-heater and test section is thermally insulated

with a 5-cm thick polyethylene layer to reduce the heat loss from the pipe.

2.5 Cold-water Loop

The cold-water loop is designed for condensing the liquid-vapor mixture of coolant FC-72
delivered from the test section. The maximum cooling capacity of the thermostat is 2,000 Kcal/hr.
The cold water at a specific flow rate is driven by a 0.5-hp pump to the condenser and a bypass loop
is provided to adjust the flow rate. By adjusting the temperature and flow rate of the cold water, the

bulk temperature of FC-72 in the condenser can be controlled at a preset level.

2.6 Programmable DC Power Supply

The power generated in the“electric-heater' is provided by @ programmable DC power supply
(Chroma 6203-60). The power supply- can deliver-the-chosen time variation of the power input to
the heater. Here the power input is chosen to-in.a sinusoidal oscillation. This power supply provides
a maximum rated D.C. power of 300 W for an output Voltage of 60 V and an output current of 5 A.
The time periodic power input to the copper plate is transmitted through a GPIB interface to a
personal computer as shown in Fig. 2.8. A Yokogawa WT210 digital power meter with an accuracy
of +0.1% is used to measure the DC current through the electric-heater and the voltage drop across

the heater with an accuracy of =+ 1.5%. Thus the power input to the heater can be calculated.

2.7 Data Acquisition

The data acquisition system employed to acquire and process the data from various transducers
is a 30-channel data logger (YOKOGAWA MX-100) along with a personal computer. All the
voltage signals from the T-type thermocouples, pressure transducers, and volume flow-meters are

converted to the temperature, pressure, and volume flow rate by the internal calibration equations in
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the computer and are displayed on the screen simultaneously.

2.8 Optical Measurement Technique

The optical measurement technique employed in the present study enables us to capture the
bubble characteristics in the boiling flow near the copper plate. The photographic apparatus consists
of a high speed digital video camera (IDT High-speed CMOS Digital Camera), a micro-lens
(Optem Zoom160), a three-dimensional positioning mechanism, and a personal computer. The
high-speed motion analyzer can take photographs up to 143,307 frames/s. Here, a recording rate of
5000 frames/s is adopted to obtain the images of the bubble ebullition processes. The positioning
mechanism is used to hold the camera at the required accurate position. The data for the bubble
characteristics are collected in the regions near the geometric center of the plate surface. After the
experimental system reaches a statistical state at long time,, we start recording the boiling activity.
The high speed motion analyzer stores the images which are later downloaded to a personal
computer. Then, the time variations' of the space-average bubblerdeparture diameter and frequency
and active nucleation site density are caleulated by viewing mor¢€ than 500 frames for each case. In
order to achieve the highest possible resolution and to eliminate errors in calibration, the camera
lens is fixed at a constant focal length, resulting in a fixed viewing area. Typically, a total of over
150 bubble diameter measurements are used to construct the present data. The bubble departure
frequency is measured by counting the total number of bubbles that emerge from the targeted

heating surface area during a period of a second.

2.9 Experimental Procedures

In each time periodic flow boiling experiment, liquid FC-72 in the coolant container is
degassed first. Besides, the non-condensable gases in the coolant loop are evacuated and the
degassed liquid FC-72 is filled into the loop. Then, we turn on the controller for setting the required
variable rotation rate of the AC motor to regulate the FC-72 flow rate to the preset mean level,

period and amplitude of the mass flux oscillation. Due to the inertia of the coolant flow, the mass
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flux oscillates like a triangular wave. Next, the water temperature and flow rate in the hot-water
loop are adjusted so that the FC-72 temperature at the test section inlet can be maintained at a preset
level. The heat flux to the coolant in the test section is provided by the programmable DC power
supply. The programmable power supply allows us to impose the required temporal heat flux
oscillation in the form of nearly sinusoidal waves. In addition, we can calculate the time variation of
the heat transfer rate to the coolant by instantly measuring the voltage across the electric-heater and
the current delivered to the electric-heater. Temperature and flow rate of the cold water in the
cold-water loop can be adjusted to condense and subcool the liquid-vapor mixture of FC-72 from
the test section. Meanwhile, we regulate the time-average FC-72 pressure at the test section inlet by
adjusting the gate valve locating right after the outlet of the test section. All measurements proceed
when the experimental system has reached statistical state after the initial transients have died out.
Finally, the scanning rate for each data channel is chosen tosbe 2 Hz and all the data channels are

scanned for a period of 180 seconds.

2.10 Experimental Parameters

The ranges of the experimental parameters to be covereéd in the present study are listed in
Table 2.1. Moreover, the thermodynamic ‘and transport properties of FC-72 are given in Table 2.2

[50].
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Table 2.1 Experimental Parameters

Parameter Range Unit
Flow velocity (V) 16.7 ~ 30 cm/s
Mean mass flux (G ) 200 ~ 400 kg/m’s
Mass flux oscillation amplitude
_ +5%,+10%,+15%
(AG/G)
Heat flux oscillation amplitude
_ +10%,+30%, £50%
(Aq/q)
Oscillation period (tp) 10 ~ 30 sec
Time- bcooling temperatur
ime-average subcooling temperature S oc
( ATsub )
Mean imposed heat flux (q) 0.1 ~10 W/em?
Time-average system pressure (P) 99.0 kPa
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Temperature

°C
20
25
30
35
40
45
50
54.3
55
55.7
60
70
80

T

K
293.15
298.15
303.15
308.15
313.15
318.15
323.15
327.45
328.15
328.85
333.15
343.15
353.15

Mpa
0.024
0.03
0.038
0.046
0.057
0.069
0.083
0.097
0.099
0.1013
0.117
0.16
0.213

kJ/kg
90.4

88.5
86.7
84.8
82.9
81.1
79.1
77.5
77.2
76.9
752
71.1
66.7

Table 2.2 Thermodynamic and transport properties of the dielectric coolant FC-72[50]

Density

p

Conductivity

K

kg/m*(l) kg/m’(v) mPa*s(l) uPa*s(v) J/kg*K(l) J/kg*K(v) mW/mK(l) mW/mK(v)  1/K(])

1687
1674
1660
1647
1634
1621
1607
1596
1594
1592
1581
1554
1528

343
4.28
5.27
6.44
7.78
9.31
11.06
12.75
13.03
13.33
15.25
20.49
27

0.69
0.64
0.6
0.56
0.53
0.5
0.47
0.44
0.44
0.44
0.42
0.38
0.34

89‘3
894
900
913

926

19

54.2
54.1
53.6
52.5
51.5

0.00157
0.00159
0.0016
0.00161
0.00162
0.00164
0.00165
0.00166
0.00166
0.00167
0.00168
0.00171
0.00174

mN/m(1)
10.9
10.47
10.04
9.62
9.2
8.78
8.36
8.01
7.95
7.9
7.55
6.75
5.97

m?/s(1)

3.29E-08
3.26E-08
3.23E-08
3.20E-08
3.17E-08
3.14E-08
3.12E-08
3.09E-08
3.09E-08
3.09E-08
3.06E-08
3.01E-08
2.96E-08

m’/s(v)
3.6
3
2.5
2.1
1.7
1.5
1.3
1.1
1.1
1.1
1
0.7
0.6

Prandt] No.
Pr
liquid  vapor
12.4 0.87
11.8 0.86
11.2 0.86
10.6 0.85
10.2 0.85
9.7 0.84
9.3 0.84
9 0.83
9 0.83
8.9 0.83
8.6 0.83
8.1 0.82
7.6 0.82
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Fig. 2.1 Schematic diagram of experimental apparatus
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Flow

Fig. 2.2 Three-dimensional plots of test section along with inlet and outlet sections.
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Fig. 2.3 Three-dimensional plots illustrating the test section in the rectangular flow channel.
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Fig. 2.4 Three-dimensional pictures showing (a) hollow cylindrical Teflon block and (b) cylindrical Teflon bolt.
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Fig. 2.5 Locations of thermocouples.
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Fig. 2.6 Schematics of the copper plate module.
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block.
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CHAPTER 3

DATA REDUCTION

The single-phase liquid convection and two-phase flow boiling heat transfer
coefficients of the coolant FC-72 flowing over the small heated copper plate flush
mounted on the bottom of a horizontal rectangular-channel will be deduced from the
measured raw data. The space-average heated surface temperature is calculated from the
measured average temperature from the thermocouples located near the upper surface of
the copper plate according to the one-dimensional steady state conduction heat transfer.

Specifically,

= Y
Tw—Tcu-(qu ) (3.1)

Cu

where T, 1s the average measured temperature from the thermocouples and k., and 1
are individually the thermal ¢enductivity of copper and'the vertical distance between the

thermocouple tips and the upper surface of the copper plate.

3.1 Single-phase Heat Transfer

Before the two-phase experiments, the net power input Q, to the coolant flowing
over the copper plate is evaluated from the difference between the total power input Q,

to the copper plate and the total heat loss from the test section Q,, . The total power input
can be calculated from the measured voltage drop across the electric-heater V and the

electric current passing through it I.

The total power input Q, and the effective power input Q_  are hence evaluated

respectively from the equations:

Q =V-I (3.2)
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and

Qn: Qt- Qloss (33)

Here the total heat loss from the copper plate is approximately estimated by
accounting for the radial conduction heat transfer from the copper plate to the cylindrical
Teflon block and downward heat conduction from the electric heater to bottom Teflon
plate as

_ 27k (T, Ty)  (T-Tyy)
o In(r, /r, ) Ly, Ly
kTIAT,b kM‘A‘M

(3.4)

In the above equation k; and k,, are the thermal conductivities of the Teflon and the
mica, respectively; Aty and A, are tespectively the bottom surface areas of the Teflon
and mica plates;L, Lty and Lysrare individuallysthe thickness of the copper, Teflon and
mica plates; T, and T, are.respectively the space-average temperature of the copper
plate and the temperature” at the bottom ‘surface of the electric-heater; Trp is the

temperature of the bottom Teflon plate, as schematically ' shown in Fig. 2.7.

The net imposed heat flux at the copper plate surface is defined as

q=Q, /A, (3.5)
where A is the surface area of the copper plate. The relative heat loss from the heated
copper plate is defined as

e= Qos L 100% (3.6)
Q

t
The results from this estimation show that the relative heat losses for all cases
investigated here for the single-phase flow are about 20% at qg=1W/cm®. The average

single-phase liquid convection heat transfer coefficient over the copper plate is defined as

_ Q,
s A, (T, -T,) G-D
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where T, is the coolant temperature at the inlet of the test section and T, is the

space-average temperature of the upper surface of the copper plate.

3.2 Flow Boiling Heat Transfer

In the flow boiling experiment the state of coolant FC-72 at the inlet of the
rectangular flow-channel is evaluated from the energy balance for the pre-heater. The total
heat transfer rate in the pre-heater is calculated from the temperature drop on the water

side as

QW:P :mW,P ) cp,W ) (TW,p,i - Tw,p,o) (38)

Where m,  is the mass flow rate of the hot water at the inlet of the pre-heater, ¢, is the

specific heat of water, and T, ,; and T, , , are respectively the temperatures of the water at
the pre-heater inlet and outlet. Note-that in the ‘pre-heater the coolant FC-72 is still in
liquid state. Hence on the coelant'side in the pre-heater

Q,,=m, -c,, - (T, 5T, (3.9)

p.r L,p,0 Lp,1
where m_ is the mass flow rate of the coolant in thé pre-heater, ¢, is the specific heat of
coolant, and T, and T.,; are respectively the temperatures of the coolant at the outlet
and inlet of the coiled pipe immersed in the container in the pre-heater. Combining the
above two equations allows us to calculate T, ,, which is considered as the temperature of
FC-72 at the test section inlet. On the other hand, the average two-phase boiling heat

transfer coefficient for the coolant flow over the copper plate is defined as

= Qn
2¢,sa _—
' Acp : (Tw = Tsat )

for saturated and subcooled flow boiling, (3.10)

Where T is the time-average saturated temperature of the coolant FC-72.
Note that the above definitions for single-phase convection and two-phase boiling

heat transfer coefficients are usually adopted in steady heat transfer. They are also
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employed here for the transient oscillatory boiling heat transfer investigated in the present

study with Q, and Q, also evaluated by Equations (3.1)-(3.3) through using the
measured instantaneous values for V and I and the measured instantaneous temperature

data at selected locations.

3.3 Uncertainty Analysis

Uncertainties of the single-phase liquid convection and flow boiling heat transfer
coefficients and other parameters are estimated by the procedures proposed by Kline and
McClintock [51]. The detailed results from this uncertainty analysis are summarized in

Table 3.1.
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Table 3.1 Summary of the uncertainty analysis

Parameter Uncertainty

Rectangular channel geometry

Period of heat flux oscillation,t; (sec)

Length, width and thickness (%) 10.5%
Area (%) 1.0%
Parameter measurement

Temperature, T (C) 10.2
Temperature difference, AT (C) 0.3
Mean system pressure, P (kPa) 2
Mean mass flux of coolant, G (%) +3
Amplitude of mass flux oscillation, aG/ G (%) +4.8
Period of mass flux oscillation, t, (sec) +0.25
Mean imposed heat flux, q .1
IAmplitude of heat flux oscillation, aq/ a (%) 0.2

10.25

Single-phase heat transfer in rectangular channel

Heat transfer coefficient, hiy (%) +12.3

Two-phase heat transfer in Rectangular channel

Heat transfer coefficient, hz (%) 12.3
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CHAPTER 4

TIME PERIODIC SATURATED FLOW BOILING OF FC-72 OVER A SMALL
HEATED COPPER PLATE

In the first part of the present study the coolant at the test section inlet is kept at the liquid state
and its temperature is controlled at the time-average value of the saturated temperature
corresponding to the inlet coolant pressure which oscillates time periodically with the coolant flow
rate. This is designated as “transient oscillatory saturated flow boiling” in this study. Results
obtained in the first part of the study are presented here to illustrate how the imposed simutaneous
heat flux and mass flux oscillations affect the transient oscillatory saturated flow boiling heat
transfer of FC-72 over a small heated circular copper flat plate flush mounted on the bottom of the

horizontal rectangular channel. The present experiment is conducted for the mean FC-72 mass flux
G fixed at 300 and 400kg/m’s with the time-average imposed heat flux q varied from 0.1 W/cm?

to 10 W/em?. Besides, the amplitude of the coolant mass flux oscillation AG is set at 0, 5 and 10%
of the mean coolant mass flux and the amplitude of the heat flux oscillation /\q is set at 10, 30 and
50% of the average heat flux. In addition, the periods of the heat flux and mass flux oscillations t,
are chosen to be the same and are fixed at 10, 20 and 30 seconds. Initially, the coolant FC-72 in the
test section is at a slightly subatmospheric pressure of 99 KPa with the saturated temparature
Ts=55°C before each test is started. In the following, the effects of the experimental parameters
including the mean levels and amplitudes and periods of the heat and mass flux oscillations on the
time periodic flow boiling will be explored for both in-phase and out-of-phase G and q oscillations.
Note that for the limiting case of constant heat flux and mass flux (/Aq =0 and AG =0) we have
saturated boiling of FC-72 at constant q and G in the test section, which is designated as “stable
saturated flow boiling” in the present study. The heat transfer performance is mainly presented in

terms of the time variations of the space-average surface temperature of the copper plate and boiling
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heat transfer coefficient.
4.1 Single-phase Liquid Convective Heat Transfer

Before beginning the two-phase flow boiling experiments, steady single-phase liquid
convective heat transfer experiments are conducted for constant FC-72 flow rate over the copper
plate heated by a constant heat flux in the rectangular channel. The measured space-average heat
transfer coefficient for single-phase convection from the heated copper surface to the coolant is

compared with the correlation proposed by Gersey and Mudawar [5]. Their correlation is

Nuy = 0.362-Re**™. pr'”? (4.1)
where
ReLZ% 4.2)
1
Hm:%ﬁl_ (4-3)

Their correlation is based onsthe expermental data procured from the same liquid and same
flow configuration as the present data and the comparison is shown in Fig. 4.1 for the dimensional
and dimensionless heat transfer coefficients. The results indicate that our data are in good

agreement with their correlation.

It should be mentioned that the working fluid properties used in reducing the data for Fig. 4.1

from Equations (4.1) — (4.3) are calculated at the coolant inlet temperature. The copper plate

diameter is chosen as the characteristic length in defining the Reynolds number Re, and average

Nusselt number Nup because of its significant effect on the heat transfer performance [5].

4.2 Time Periodic Saturated Flow Boiling Heat Transfer Characteristics

The temporal boiling heat transfer characteristics for the FC-72 flow over the heated copper

plate resulting from the imposed temporal heat flux and mass flux oscillations are illustrated by
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presenting the time variations of the space-average heated surface temperature Ty, and heat

transfer coefficient h2¢ for various 6, q, Ng/q, NG/ G and t,. First, the measured time

variations of Ty, for the limiting cases of stable flow boiling at constant G and q are shown in Fig.
4.2 for G= 300 and 400kg/m’s at various q. These data indicate that the fluctuations of the
space-average heated surface temperatures with time for various q are relatively small. The
resulting boiling in the flow for AG=0 and /\gq=0 can be regarded essentially as at a statistically
stable state. The corresponding boiling curves are shown in Fig. 4.3. The data in Fig. 4.3 show that
the required heat flux and wall superheat for the onset of nucleate boiling (ONB) are higher for a

higher coolant mass flux.

Next, we move further to examine the T,, data for the imposed heat flux and coolant mass flux

oscillating periodically in time respectively in forms of nearly a sinusoidal wave and a triangular

wave. The results are given first,in Fig. 4.4 for 6=200kg/m2s and t =20 sec. for 2G/ G =10%

and aq/ a=30% at variousq . ‘For comparison purpose ‘the data for constant G (/\G=0) but

oscillation q are also shown in thé figure. Besides, the data for both in-phase and out-of-phase G
and q oscillations are presented. Note that for-each case the temporal oscillation of the heated
surface temperature is also periodic in time and is at the same frequency as the heat flux and/or
mass flux. Moreover, the T,, oscillation gets slightly stronger for a higher mean level of the heat
flux oscillation irrespective of the in-phase or out-of-phase oscillations. A close inspection of these
data further reveals that the heated surface temperature oscillation lags significantly behind the
imposed heated flux oscillation for constant G and for both in-phase and out-of-phase G and q
oscillations. This time lag in Ty, results mainly from the thermal inertia of the copper plate since the
time lag in Ty, due to the mass flux oscillation is small [52]. We also note that in the single-phase
flow prevailed only at low imposed heat flux the time lag is even longer than that for the flow
boiling. Table 4.1 summarizes the quantitative data for the amplitude of the heated surface

temperature oscillation AT, and the relative magnitude of the time lag t/t,. The results clearly
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manifest that the time lag in Ty, is somewhat longer when G and q are in out-of-phase oscillations
than the other situations. It is of interest to note that in the single-phase flow the Ty, oscillation is
strongest for the out-of-phase G and q oscillations. But the opposite is true for the flow boiling
which prevails at high imposed heat flux, showing the T, oscillation is suppressed by the
out-of-phase oscillations. This unusual outcome requires in-depth examination of the detailed heat
transfer mechanisms in the flow subject to the simultaneous G and q oscillations. Here we provide
preliminary interpretation. When only the heat flux oscillation exists, the heated surface temperature
increases with the heat flux for both single-and two-phase flows after accounting for the time lag, as
evident from Fig. 4.4(a). But when only the mass flux oscillation exists, our previous study[52]
showed that in the two-phase boiling flow Ty, decreases at decreasing mass flux due to drastic
increase in the active bubble nucleation site density. The trend is reversed for the single-phase flow.
This explains why an out-of-phase mass flux oseillation:can reduce the T,, oscillation resulting from
the heat flux oscillation in the boiling flow and can intensify the T,, oscillation in the single-phase

flow.

Effects of the experimental parameters*on the T, “oscillation are illustrated in Figs. 4.5-4.15.
The results indicate that the heated surface temperature oscillates in a larger amplitude for higher
oscillation amplitudes in the heat flux and mass flux. It is worth noting that an increase in the period
of the G and q oscillations causes a much stronger Ty, oscillation, are evident by comparing the data

in Figs. 4.5-4.7 with that in Figs. 4.13-4.15. To be more quantitative, we summarize the present data
for the amplitude and time lag of the Ty, oscillation in Tables 4.2-4.6 for various G,aG/G, tp, a
and aQ/ a It is of interest to note that the imposed out-of-phase G & q oscillations do not always
weaken the T, oscillation in the boiling flow. Similarly, in-phase G & q oscillations may not reduce

the Ty, oscillation in the single-phase flow especially at high aq/ a We also note that the relative

time lag ty t, varies nonmonotonically with the experimental parameters.

At this point we move further to investigate whether it is possible to completely suppress the
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heated surface temperature oscillation driven by a given time periodic heat flux oscillation by
choosing an appropriate in-phase or out-of-phase mass flux oscillation. It is note in this
investigation that the chosen mass flux oscillation should be at a suitable amplitude and at the same
period as the heat flux oscillation. Most importantly, the time lags in the T, oscillation due to the q
and G oscillations have to be taken into consideration. The results from this investigation are
illustrated in Figs. 4.16 and 4.17 for G =300kg/m’s , 4G /G =15% & 20% and t,=20sec & 30sec
for several q. Here in the single-phase flow an in-phase G oscillation is imposed. But an
out-of-phase G oscillation is imposed in the two-phase flow. Note that a small time lag in the Ty
oscillation also exists due to the mass flux oscillation (Figs. 4.16(b) and 4.17(b)), as already
montioned above. The results in Fig. 4.16 indicate that as the G oscillation is imposed at a time
instant behind the q oscillation by the diffetence in the time lags respectively due to the q and G
oscillations, the Ty, oscillations can«ndeed be suppressed to be relatively small in magnitude (Fig.
4.16(c)). In fact, the resulting T, oscillation amplitude is‘below 0.1°C which is smaller than the
thermal disturbances in the background and' the experimental uncertainty in measuring the
temperature by the thermocouples..Hence the heated surfacetemperature can be regarded at steady
state. At a high q the T, oscillation,can-only be reduced by the G oscillation to a significant

degree((Fig. 4.17(c)). It cannot be completely suppressed.

The associated heat transfer coefficients for the single-phase and boiling flows affected by the
imposed heat and mass flux oscillations are presented in Figs. 4.18-4.29. The results indicate that
the oscillations in the heat transfer coefficient exhibit a similar trend to the heated surface
temperature oscillation. Specifically, the h;¢ and hy oscillations are also periodic in time and are at
the same frequency as the heat flux and/or mass flux. Besides, at a higher q the oscillations in h;e
and hyo are slightly stronger. But the oscillation amplitudes in hjo and hye depend only slightly on
the in-phase or out-of-phase G and q oscillations. Moreover, h;¢ and hyg are in stronger oscillations

for a higher amplitude and a longer period of the imposed G and q oscillations.
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4.3 Bubble Characteristics

To elucidate the above time periodic flow boiling heat transfer characteristics, the data for the
bubble characteristics of FC-72 obtained from the present flow visualization are examined in the
following. The photos taken from the top view of the boiling flow in a small region around the
geometric center of the heated surface for various coolant mass fluxes and imposed heat fluxes are
shown in Figs. 4.32 - 4.49. At first, the bubble characteristics for the limiting cases of constant
imposed heat and mass fluxes are illustrated by the photos in Fig. 4.32. It is noted in the flow
visualization and the results in Fig. 4.32 that in the stable flow boiling the vapor bubbles begin to
appear as the heated surface temperature exceeds that required for the boiling incipient superheat. In
the beginning, tiny bubbles are observed in the active nucleation sites. The bubbles grow and then
detach from the heated surface with certain bubble departure diameters. As the imposed heat flux
increases, more bubbles are generated on more active nucleation sites and more bubbles detach
from the heated surface. Besides,the .detached bubbles.tend to merge into larger bubbles. Note that
the large bubbles become distorted and elongated as they slide on the heating surface. Moreover, at
a higher mass flux the bubbles are smaller ‘and the bubble coalescence is less significant for a given

heat flux.

Next, the bubble characteristics in the time periodic flow boiling are illustrated by presenting
the photos of the boiling flow at eight selected time instants in a typical periodic cycle in Figs.
4.33-4.49. In these figures the symbol “ t=t, ” signifies the time instant at which the instantaneous
heat fluxes is at the lowest level and starts to increase with time and the mass flux is also at the
lowest level and starts to increase with time for the in-phase G and q oscillations. But for the
out-of-phase G and q oscillations at t, the mass flux is at the highest level and starts to decrease

with time.

The results in Fig. 4.33 for an imposed heat flux oscillation at a given constant G of 200
kg/m’s qualitative indicate that in the first half of the periodic cycle in which the surface heat flux

increases with time the bubbles grow with time and merge together to form big bubbles. Besides,
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more bubbles nucleate from the heated surface. The bubbles are in rigorous motion and the photos
become somewhat blurred as the heat flux exceeds certain level. In the second half of the cycle the
opposite processes take place. It is important to point out that the bubble behavior in the boiling
flow affected by the mass flux oscillation exhibits an opposite trend [52]. Specifically, at increasing
mass flux in the first half of the periodic cycle the bubbles get smaller and become more disperse.
Besides, less bubble nucleation occurs on the heated surface. Thus, when the G and q oscillations
are in-phase, the bubble behavior is counter-balanced by two opposite effects and its change with
time is rather mild (Figs. 4.34, 4.37, 4.39, 4.42, 4.45) except for some cases with large differences
in the amplitudes of heat and mass flux oscillations (Figs. 4.38, 4.42). But when G and q are in
out-of-phase oscillations the two effects augment each other and the bubble behavior can show

drastic variation with time (Figs. 4.35, 4.38,74.40, 4.46,,;and 4.49). Moreover, at higher AG /G and

Aq/q and at a longer t, the bubble characteristics experience stronger time variations.
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Table 4.1 Amplitudes of Ty, oscillation and relative time lags in transient oscillatory saturated flow

boiling for various q at Aq/q=30%,AG/G=10% and t,=20sec. for G =200kg/m’s.

Period G = 200kg/m’s

G/G | tssec AQq/q
: (50 | 2919 ewrem?) AT, (K) t/t,

Heat flux oscillation only 0.24 0.375

1.01
In-phase G & q oscillations 0.23 0.375

(single-phase) —
Out-of-phase G & q oscillations [0.30 0.475

Heat flux oscillation only 0.33 0.25

237 In-phase G & q oscillations 0.39 0.225

Out-of-phase G & q oscillations |0.31 0.35

0 0
10% 20 30% Heat flux oscillation only 0.43 0.175

4.05 In-phase G & q oscillations 0.43 0.2

Out-of-phase G & q oscillations [0.41 0.225

Heat flux oscillation only 0.53 0.225

6.02 In-phase G & q oscillations 0.58 0.225

Out-of-phase G.& groscillations |0.51 0.25
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Table 4.2 Amplitudes of Ty oscillation and relative time lags in transient oscillatory saturated flow

boiling for various g at Aq/q=10,30,50%,AG /G =5% and t,=20sec. for G =300kg/m’s.

GG Period o G = 300kg/m’s
to(sec) q(W/em?) ATy (K) ti/ty
Lo Heat flux oscillation only 0.11 0.4
(single-phase) In-phase G & q oscillatif)ns ' 0.11 0.4
Out-of-phase G & q oscillations [0.11 0.4
Heat flux oscillation only 0.18 0.375
1.90 In-phase G & q oscillations 0.23 0.2
10% Out-of-phase G & q oscillations [0.17 0.3
Heat flux oscillation only 0.20 0.2
4.10 In-phase G & q oscillations 0.31 0.05
Out-of-phase G & q oscillations |0.24 0.35
Heat flux oscillation only 0.20 0.15
5.08 In-phase G & q oscillations 0.25 0.075
Out-of-phase G & q oscillations [0.21 0.25
2 Heat flux osecillation only 0.28 0.375
) In-phase G & q oscillations 0.27 0.35
(single-phase) —
Out-of-phase G & g:oscillations [0.26 0.425
Heat flux oscillation'only 0.35 0.2
1.94 In-phase G-& q oscillations 0.42 0.175
Out-of-phase G '&'q oscillations [0.35 0.2
5% 20 30% o
Heat flux oseillation only 0.47 0.15
4.10 In-phase G & q oscillations 0.49 0.1
Out-of-phase G & q oscillations [0.48 0.225
Heat flux oscillation only 0.54 0.2
5.10 In-phase G & q oscillations 0.56 0.175
Out-of-phase G & q oscillations [0.57 0.225
Lo Heat flux oscillation only 0.42 0.4
. In-phase G & q oscillations 0.41 0.375
(single-phase) —
Out-of-phase G & q oscillations [0.43 0.3
Heat flux oscillation only 0.59 0.2
1.94 In-phase G & q oscillations 0.71 0.2
50% Out-of-phase G & q oscillations [0.62 0.25
Heat flux oscillation only 0.81 0.175
4.10 In-phase G & q oscillations 0.85 0.125
Out-of-phase G & q oscillations |0.77 0.15
Heat flux oscillation only 0.91 0.2
5.10 In-phase G & q oscillations 0.89 0.15
Out-of-phase G & q oscillations [0.83 0.175
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Table 4.3 Amplitudes of Ty, oscillation and relative time lags in transient oscillatory saturated flow

boiling for various q at Ag/q= 10,30, 50%,AG /G =10% and t,=20sec. for G =300kg/m’s.

— | Period - G =300kg/m’s
2G/G aq/q

ty(sec) q(W/em?) AT, (K) ti/t,

Heat flux oscillation only 0.10 0.275

1.03
In-phase G & q oscillations 0.14 0.425

(single-phase) —
Out-of-phase G & q oscillations [0.16 0.225

Heat flux oscillation only 0.14 0.325

2.67 In-phase G & q oscillations 0.27 0.075

Out-of-phase G & q oscillations [0.26 0.475

10% T
Heat flux oscillation only 0.15 0.225

4.03 In-phase G & q oscillations 0.34 0.025

Out-of-phase G & q oscillations [0.34 0.4

Heat flux oscillation only 0.19 0.2

6.12 In-phase G & q oscillations 0.33 0.05

Out-of-phase G & q oscillations |0.34 0.475

| a2 Heat flux oscillation only 0.23 0.45

In-phase G & g oscillations 0.22 0.575

(single=phase) —
Out-of-phase G & q oscillations |0.30 0.35

Heat flux oscillation only 0.38 0.3

2.35 In-phase G & q oscillations 0.44 0.225

10% 0 30% Out-of-phase G & q oscillations [0.38 0.3
0 0

Heat flux oscillation only 0.51 0.275

5.04 In-phase G & q oscillations 0.59 0.15

Out-of-phase G & q oscillations [0.49 0.3

Heat flux oscillation only 0.56 0.25

6.11 In-phase G & q oscillations 0.66 0.2

Out-of-phase G & q oscillations |0.57 0.3

Heat flux oscillation only 0.42 0.375

1.02
In-phase G & q oscillations 0.38 0.425

(single-phase) ——
Out-of-phase G & q oscillations |0.47 0.4

Heat flux oscillation only 0.64 0.3

2.16 In-phase G & q oscillations 0.68 0.25

Out-of-phase G & q oscillations [0.63 0.3

50% L
Heat flux oscillation only 0.77 0.25

4.07 In-phase G & q oscillations 0.85 0.25

Out-of-phase G & q oscillations [0.70 0.25

Heat flux oscillation only 0.94 0.275

6.09 In-phase G & q oscillations 1.04 0.225

Out-of-phase G & q oscillations |0.85 0.3
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Table 4.4 Amplitudes of Ty, oscillation and relative time lags in transient oscillatory saturated flow

boiling for various q at Aq/q=30%,AG /G =15% and t,=20sec. for G =300kg/m’s.

— | Period — G = 300kg/m’s
2G/G aq/q
tp(sec) q(W/em?) ATy (K)| /g
{01 Heat flux oscillation only 0.26 0.375
o In-phase G & q oscillations 0.24 0.475
(single-phase) —
Out-of-phase G & q oscillations |0.30 0.375
Heat flux oscillation only 0.41 0.25
2.53 In-phase G & q oscillations 0.48 0.225
Out-of-phase G & q oscillations [0.37 0.3
15% 20 30% —
Heat flux oscillation only 0.43 0.2
4.13 In-phase G & q oscillations 0.59 0.175
Out-of-phase G & q oscillations [0.42 0.325
Heat flux oscillation only 0.54 0.225
6.19 In-phase G & q oscillations 0.68 0.175
Out-of-phase G & q oscillations |0.50 0.25

Table 4.5 Amplitudes of T, oscillation and relative timelags in transient oscillatory saturated flow

boiling for various q at Aq/q=30%,AG /G =10%and t,=20sec: for G =400kg/m’s.

Period

G /=400kg/m’s

sG/G - 620) S 2
q(W/cm?) AT, (K) ti/t,
102 Heat flux oscillation only 0.27 0.275
. In-phase G & q oscillations 0.24 0.275
(single-phase) ——
Out-of-phase G & q oscillations |0.28 0.35
Heat flux oscillation only 0.45 0.225
3.03 In-phase G & q oscillations 0.63 0.225
Out-of-phase G & q oscillations [0.40 0.325
10% 20 30% Heat flux oscillation only 0.48 0.2
4.12 In-phase G & q oscillations 0.68 0.175
Out-of-phase G & q oscillations [0.42 0.375
Heat flux oscillation only 0.55 0.2
6.13 In-phase G & q oscillations 0.69 0.175
Out-of-phase G & q oscillations |0.55 0.375
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Table 4.6 Amplitudes of Ty, oscillation and relative time lags in transient oscillatory saturated flow

boiling for various q at Ag/q=10,30,50%, AG /G =5% and t,=30sec. for G =300kg/m’s.

G/G Period oq /a G = 300kg/m’s
ty(sec) q(W/em?) ATy, (K) |ti/t,
Heat flux oscillation only 0.16 0.233
(singllé?:hase) In-phase G & q oscillati?ns | 0.12 0.433
Out-of-phase G & q oscillations |0.19 0.283
Heat flux oscillation only 0.19 0.217
2.35 In-phase G & q oscillations 0.21 0.2
Out-of-phase G & q oscillations |0.16 0.233
10% Heat flux oscillation only 0.21 0.217
4.07 In-phase G & q oscillations 0.27 0.183
Out-of-phase G & q oscillations [0.18 0.267
Heat flux oscillation only 0.25 0.2
6.04 In-phase G & q oscillations 0.32 0.167
Out-of-phase G & q oscillations |0.22 0.233
Heat flux oscillation only 0.41 0.3
) 3 In-phase G. & q oscillations 0.37 0.367
(single-phase) —
Ouit-of-phase:G & q oscillations [0.45 0.317
Heat flux oscillationsonly 0.53 0.233
2.34 In-phase G & q oscillations 0.52 0.25
Outsof-phase G & q oscillations [0.46 0.233
5% 30 30% -
Heat flux oscillation only 0.64 0.217
4.98 In-phase G & 'q oscillations 0.67 0.217
Out-of-phase G & q oscillations [0.59 0.217
Heat flux oscillation only 0.69 0.2
6.01 In-phase G & q oscillations 0.73 0.183
Out-of-phase G & q oscillations [0.67 0.233
{01 Heat flux oscillation only 0.68 0.35
. In-phase G & q oscillations 0.69 0.35
(single-phase) —
Out-of-phase G & q oscillations |0.69 0.333
Heat flux oscillation only 0.93 0.25
1.6 In-phase G & q oscillations 0.91 0.3
S0% Out-of-phase G & q oscillations |0.88 0.283
Heat flux oscillation only 0.99 0.233
4.06 In-phase G & q oscillations 1.02 0.2
Out-of-phase G & q oscillations |0.88 0.183
Heat flux oscillation only 1.25 0.2
6.01 In-phase G & q oscillations 1.29 0.183
Out-of-phase G & q oscillations [1.20 0.183
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Table 4.7 Amplitudes of Ty, oscillation and relative time lags in transient oscillatory saturated flow

boiling for various q at Ag/q= 10,20%,AG /G =15% and t,=20sec. for G =300kg/m’s.

G =300kg/m’s

— | Period —
2G/G t(sec) aq/q j 2
q(W/em?) ATy (K)Y | i/t
109 Heat flux oscillation only 0.11 0.375
. Mass flux oscillation only 0.11 0.175
(single-phase) —
10% In-phase G & q oscillations 0.04 X
Heat flux oscillation only 0.15 0.3
15% 20 2.39 Mass flux oscillation only 0.14 0.075
Out-of-phase G & q oscillations |0.06 X
Heat flux oscillation only 0.29 0.225
20% 4.13 Mass flux oscillation only 0.30 0.025
Out-of-phase G & q oscillations [0.08 X

Table 4.8 Amplitudes of Ty, oscillation.and relative time lags.in transient oscillatory saturated flow

boiling for various q at Aq/q=40,15%, AG#G=20% and t,=30sec. for G =300kg/m’s.

G+ = 300kg/m’s

— | Period —
sG/G | (s¢0) aq/q
P q(W/em®) AT, (K) | /gy
103 Heat flux oscillation only 0.18 0.250
10% o Mass flux oscillation only 0.18 0.130
(single-phase) —
In-phase G & q oscillations 0.05 X
20% 30 ——
Heat flux oscillation only 0.43 0.183
15% 8.08 Mass flux oscillation only 0.42 0.017
Out-of-phase G & q oscillations [0.14 X
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Fig. 4.1 Comparison of the present steady single-phase liquid convection heat transfer data with the
correlation of Gersey and Mudawar (1992) for (a)h,, vs.Gand (b)Nu_ vs. Re, .
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Fig. 4.2 Time variations of the copper plate temperature in stable saturated flow boiling for
various imposed heat fluxes at (a)G=300kg/m?s and (b) G=400kg/m?s
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Fig.4.4 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) in-phase G and q oscillations

(a)

and (c) out-of-phase G and q oscillations at G =200kg/m’s and aG/G =10% foraq/q=30%and t, = 20sec.
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Fig.4.5 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations

and (c) out-of-phase G and q oscillations at G= 300kg/m?s and AG /G =5% for aQ /a =10%and t, =20sec.
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Fig.4.6 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations

and (c) out-of-phase G and q oscillations at G= 300kg/m?s and AG /G =5% for AQ /a =30%and t, =20sec.
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Fig.4.7 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations

and (c) out-of-phase G and q oscillations at G= 300kg/m?s and AG /G =5% for AQ /a =50%and t, =20sec.
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Fig.4.8 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) in-phase G and q oscillations

and (c) out-of-phase G and q oscillations at G= 300kg/m?s and AG /G =10% for aq /a =10%and t, =20sec.
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Fig.4.9 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations

and (c) out-of-phase G and q oscillations at G= 300kg/m?s and AG /G =10% foraq /a =30%and t, =20sec.
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Fig.4.10 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) in-phase G and g

oscillations and (c) out-of-phase G and q oscillations at G= 300kg/m?s and AG /G =10% for aQ /a =50%and t, =20sec.
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Fig.4.11 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) in-phase G and q

oscillations and (c) out-of-phase G and g oscillations at G= 300kg/m?s and AG /G =15% for aQ /a =30%and t, =20sec.
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Fig.4.12 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) in-phase G and g

oscillations and (c) out-of-phase G and q oscillations at G= 400kg /m?®s and AG /G =10% for aQ /a =30%and t, =20sec.
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Fig.4.13 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) in-phase G and g

oscillations and (c) out-of-phase G and q oscillations at G= 300kg/m?s and AG /G =5% for aQ /a =10%and t, =30sec.
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Fig.4.14 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) in-phase G and g

oscillations and (c) out-of-phase G and q oscillations at G= 300kg/m?s and AG /G =5% for aQ /a =30%and t, =30sec.
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Fig.4.15 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) in-phase G and g

oscillations and (c) out-of-phase G and q oscillations at G =300kg/m?s and aG/G =5% for aq/q=50% and t, =30sec.
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Fig.4.16 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) imposed mass flux

oscillation only, and (c) in-phase or out-of-phase G and q oscillations at G= 300kg/m?s and AG /G =15% for various a at t, =20sec.
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Fig.4.17 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) imposed mass flux

oscillation only, and (c) in-phase or out-of-phase G and q oscillations at G= 300kg/m?s and AG /G = 20% for various a at t, =30sec.
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Fig. 4.18 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations and (c) out-of-phase G

and g oscillations at G =200kg/m”s and sG/G =10%foraq/q=30%and t, =20sec.
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Fig. 4.19 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations and (c) out-of-phase G

and g oscillations at G =300kg /m’s and aG/G =5% foraq/q=10%and t, =20sec.
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Fig. 4.20 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations and (c) out-of-phase G

and g oscillations at G =300kg /m’s and sG/G =5% foraq/q=30%and t, =20sec.
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Fig. 4.21 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations and (c) out-of-phase G

and g oscillations at G =300kg /m’s and sG/G =5% foraq/q=50%and t, =20sec.
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Fig. 4.22 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations and (c) out-of-phase G

and g oscillations at G =300kg /m’s and sG/G =10% foraq/q=10%and t, = 20sec.
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Fig. 4.23 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations and (c) out-of-phase G

and g oscillations at G =300kg /m’s and sG/G =10%foraq/q=30%and t, =20sec.
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Fig. 4.24 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations and (c) out-of-phase G

and g oscillations at G =300kg /m’s and sG/G =10%foraq/q=50%and t, =20sec.
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Fig. 4.25 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations and (c) out-of-phase G

and g oscillations at G =300kg /m’s and sG/G =15%foraq/q=30%and t, =20sec.
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Fig. 4.26 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations and (c) out-of-phase G

and g oscillations at G =400kg/m”s and sG/G =10%foraq/q=30%and t, =20sec.
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Fig. 4.27 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations and (c) out-of-phase G

and g oscillations at G =300kg /m’s and aG/G =5% foraq/q=10%and t, =30sec.
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Fig. 4.28 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations and (c) out-of-phase G

and q oscillations at G =300kg /m’s and sG/G =5% foraq/q=30%and t, =30sec.
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Fig. 4.29 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations and (c) out-of-phase G

and g oscillations at G =300kg/m?s and G/G
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Fig. 4.30 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) imposed mass flux oscillation only and (c)

out-of-phase G and q oscillations at G =300kg/m*s and G /G =15% foraq/q=10,20%and t, = 20sec.
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Fig. 4.31 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) imposed mass flux oscillation only and (c)

out-of-phase G and q oscillations at G =300kg/m*s and G /G =20%foraq/q=10,15%and t, = 20sec.
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2.5mm

q =2.48W/cm?

B

q =5.08W/cm? q =6.88W/cm? q =6.89W/cm?
(2) G=200kg/m?s (b) G=300kg/m?s (c) G=400kg/m?s

Fig. 4.32 Photos of stable saturated flow boiling at certain time instants in statistical state for
various imposed heat fluxes for (a)G = 200kg/m®s, (b)G = 300kg/m?s and (c)G = 400kg/m?s.
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(5) t=to+ t,/2 (q = 5.24W/cm?)

. R ‘_'-.|IH'\- L]
2)t =t + t,/8 (q =3.43\Wcr
(2)t=to+ /8 (q i.y,tiﬁefﬁ)

(3) t =ty + t,/4 (q =4.03W/cm?) (7) t = to+ 3t,/4 (q = 4.03W/cm?)

O

(4) t =ty + 3t,/8 (q =4.64W/cm?) (8) t =to+ 7t,/8 (q = 3.43W/cm?)

Fig. 4.33 Photos of saturated flow boiling at certain time instants in a typical time periodic cycle for

an imposed constant mass flux at §=4.03W/cm?, Aq/§=30%, G = 200kg/m®s and t, = 20sec.
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(4) t = to + 3t,/8 (q=4.64W/cm?, G=207.3kg/m?s) (8) t = to+ 7t,/8 (q=3.43W/cm?, G=191.7kg/m?s)

Fig. 4.34 Photos of saturated flow boiling at certain time instants in a typical time periodic cycle for
imposed in-phase G & q oscillations at G =200kg/m?s, AG/ G =10%, g =4.03W/cm? and

/\q/q=30% with t, = 20sec.
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(1) t = to (q =2.82W/cm?, G = 218.5kg/m?s) (5) t = to+ t,/2 (q=5.24W/cm?, G=183.2kg/m?s)

B

(4) t = to + 3t,/8 (q =4.64W/cm?, G=191.7kg/m?s) (8) t = to+ 7t,/8 (q=3.43W/cm?, G=207.3kg/m"s)

Fig. 4.35 Photos of saturated flow boiling at certain time instants in a typical time periodic cycle for
imposed out-of-phase G & q oscillations at G =200kg/m’s, AG/ G =10%, §=4.03W/cm? and

/\q/q=30% with t, = 20sec.
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(3) t =t + ty/4 (q=4.03W/cm?) (7) t = to + 3t,/4 (q=4.03W/cm?)
p p

(4) t =t + 3t,/8 (q=4.64W/cm?) (8) t = to + 7t,/8 (q=3.43W/cm?)
p p

Fig. 4.36 Photos of saturated flow boiling at certain time instants in a typical time periodic cycle for

an imposed constant mass flux at §=4.03W/cm?, Aq/§=30%, G = 300kg/m?s and t, = 20sec.
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2.5mm

(4) t = to + 3t,/8(q =4.64W/cm? G=316.9kg/m’s) (8) t = to+ 7t,/8(q=3.43W/cm?,G =284.3kg/m"s)

Fig. 4.37 Photos of saturated flow boiling at certain time instants in a typical time periodic cycle for
imposed in-phase G & q oscillations at G =300kg/m’s, NG/ G =10%, g =4.03W/cm? and

/\q/q=30% with t, = 20sec.
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(2)t=t+t,/8 (q =3.43W/cm?, G=

(4) t = to + 3t,/8(q=4.64W/cm? G=284.3kg/m’s)  (8) t = to+ 7t,/8(q=3.43W/cm?,G=316.9kg/m"s)

Fig. 4.38 Photos of saturated flow boiling at certain time instants in a typical time periodic cycle for
imposed out-of-phase G & q oscillations at G =300kg/m?s, AG/ G =10%, §=4.03W/cm? and

/\Q/ G =30%with t, = 20sec.
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(4) t = to + 3t,/8(q :4.64W/cm2,G:325.1kg/m $)(8) t = to+ 7t,/8(q=3.43W/cm? G=277.5kg/m’s)

Fig. 4.39 Photos of saturated flow boiling at certain time instants in a typical time periodic cycle for
imposed in-phase G & q oscillations at G =300kg/m’s, NG/ G =15%, g =4.03W/cm? and

/\q/q=30% with t, = 20sec.
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(1) t = to (q=2.82W/cm?, G=346.1kg/m?s) (5) t = to+ t,/2 (q=5.24W/cm?, G=253.7kg/m?s)

(4) t = to + 3t,/8(q=4.64W/cm? G=277.5kg/m’s) (8) t = t + 7t,/8(q=3.43W/cm?,G=322.5kg/m"s)

Fig. 4.40 Photos of saturated flow boiling at certain time instants in a typical time periodic cycle for
imposed out-of-phase G & q oscillations at G =300kg/m’s, AG/ G =15%, §=4.03W/cm? and

/\q/q=30% with t, = 20sec.
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2.5mm

Flow

(1) t = to (q =2.02W/cm?) (5) t = to+ /2 (q = 6.05W/cm?)

(4) t =ty + 3t,/8(q =5.04W/cm?)  (8) t = to+ 7t,/8(q = 3.03W/cm?)

Fig. 4.41 Photos of saturated flow boiling at certain time instants in a typical time periodic cycle for

an imposed constant mass flux at §=4.03W/cm?, Aq/§=50%, G = 300kg/m®s and t, = 20sec.
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(1) t = to (q=2.02W/cm?, G=272.1kg/m?s) (5) t = to+ t,/2 (q=6.05W/cm?, G=331.4kg/m?s)
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(4) t = to + 3t,/8(q=5.04W/cm? G=316.9kg/m’s)  (8) t = to+ 7t,/8(q=3.03W/cm?,G=284.2kg/m"s)

Fig. 4.42 Photos of saturated flow boiling at certain time instants in a typical time periodic cycle for
imposed in-phase G & q oscillations at G =300kg/m’s, NG/ G =10%, g =4.03W/cm? and

/\q/q=50% with t, = 20sec.
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(5) t = to + t,/2 (q=6.05W/cm?, G=272.1kg/m?’s)
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(4) t = to + 3t,/8(q=5.04W/cm? G = 284.2kg/m?s) (8) t = t+ 7t,/8(q=3.03W/cm?,G=316.9kg/m"s)

Fig. 4.43 Photos of saturated flow boiling at certain time instants in a typical time periodic cycle for
imposed out-of-phase G & q oscillations at G =300kg/m’s, AG/ G =10%, §=4.03W/cm? and

/\q/q=50% with t, = 20sec.
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2.5mm

(5) t=to+ t,/2 (q = 5.24W/cm?)

(3) t =ty + t,/4 (q =4.03W/cm?) (7) t = to+ 3t,/4 (q = 4.03W/cm?)

(4) t =ty + 3t,/8 (q =4.64W/cm?) (8) t =to+ 7t,/8 (q = 3.43W/cm?)

Fig. 4.44 Photos of saturated flow boiling at certain time instants in a typical time periodic cycle for

an imposed constant mass flux at §=4.03W/cm?, Aq/§=30%, G = 300kg/m®s and t, = 30sec.

89



2.5mm

. .

(4) t = to + 3t,/8(q=4.64W/cm? G=316.9kg/m’s) (8) t = t+ 7t,/8(q=3.43W/cm?,G=284.2kg/m"s)

Fig. 4.45 Photos of saturated flow boiling at certain time instants in a typical time periodic cycle for
imposed in-phase G & q oscillations at G =300kg/m’s, NG/ G =10%, g =4.03W/cm? and

/\Q/q=30% with t, = 30sec.
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(4) t = to + 3t,/8(q =4.64W/cm?, G=284.2kg/m’s)  (8) t = to+ 7t,/8(q=3.43W/cm?,G=316.9kg/m"s)

Fig. 4.46 Photos of saturated flow boiling at certain time instants in a typical time periodic cycle for
imposed out-of-phase G & q oscillations at G =300kg/m’s, AG/ G =10%, §=4.03W/cm? and

/\Q/q=30% with t, = 30sec.
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2.5mm

(1) t = to (q =3.41W/cm?) (5) t=to+ t,/2 (q = 4.61W/cm?)

(3) t=to + t,/4 (q =4.01W/cm?) (7) t = to+ 3t,/4 (q =4.01W/cm?)

(4) t =ty + 3t,/8 (q =4.31W/cm?) (8) t=to+ 7t,/8 (q = 3.72W/cm?)

Fig. 4.47 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle

for an imposed constant mass flux at §=4.01W/cm?, AQ/§=15%, G = 300kg/m?s with t, = 20sec.
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(1) t = to (G=272.1kg/m?s) (5) t = to+ t,/2 (G=331.4kg/m’s)

(2) t=1o + t,/8 (G=284:2kg/m?s)_ 1 = tg#.5t,/8 (G=316.9kg/m’)

(3) t =ty + t,/4 (G=300.1kg/m’s) (7) t = to+ 3t,/4 (G=300.1kg/m’s)

(4) t=to + 3t,/8 (G=316.9kg/m?s)  (8) t =ty + 7t,/8 (G=284.2kg/m"s)

Fig. 4.48 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle

for an imposed constant heat flux at §=4.01W/cm?, G = 300kg/m?s, AG/ G =10%with t, = 20sec.
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2.5mm

(1) t = to (q=3.41W/cm?, G=305.1kg/m?s) (5) t = to+ t,/2 (q=4.61W/cm?, G=294.2kg/m?s)

(4) t=to + 3t,/8 (q=4.31W/cm? G=310.8kg/m’s) (8) t = to + 7t,/8 (q=3.71W/cm? G=290kg/m’s)

Fig. 4.49 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle
for imposed out-of-phase G & q oscillations at 62300kg/mzs, NG/ 6:10%,6:4.01W/cm2 and

/\Q/q=15% with t, = 20sec.
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2.5mm

(3) t=to + t,/4 (q =4.01W/cm?) (7) t = to+ 3t,/4 (q =4.01W/cm?)

(4) t =ty + 3t,/8 (q =4.41W/cm?) (8) t=to+ 7t,/8 (q =3.61W/cm?)

Fig. 4.50 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle

for an imposed constant mass flux at §=4.01W/cm?, AQ/§=20%, G = 300kg/m?s with t, = 20sec.
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(1) t = to (G=253.7kg/m?s) (5) t = to+ t,/2 (G=346.1kg/m’s)

b

(2) t=1o + t,/8 (G=277:5kg/m?s). 1 = tg#.5t,/8 (G=322.5kg/m’)

i

(3) t =ty + t,/4 (G=300.1kg/m’s) (7) t = to+ 3t,/4 (G=300.1kg/m’s)

(4) t=to + 3t,/8 (G=325.1kg/m?s)  (8) t =ty + 7t,/8 (G=277.5kg/m"s)

Fig. 4.51 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle

for an imposed constant heat flux at §=4.01W/cm?, G = 300kg/m?s, AG/ G =15%with t, = 20sec.
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(1) t = to (q=3.21W/cm?, G=323.4kg/m?’s) (5) t = to+ t,/2 (q=4.81W/cm?, G=292.2kg/m?s)

(2) t =ty + t,/8 (q=3.61W/cm?, G= ‘.kig:--.
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(4) t = to + 3t,/8 (q=4.41W/cm?, G=318.2kg/m?s) (8) t = to + 7t,/8 (q=3.61W/cm?, G=296.9kg/m"s)

Fig. 4.52 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle
for imposed out-of-phase G & q oscillations at 52300kg/mzs, NG/ 6:15%,6:4.01W/cm2 and

/\Q/q=20% with t, = 20sec.
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Fig. 453 Time period oscillatory saturated flow boiling of FC-72 with
q = 4.03W/cm?, Aq/ q = 30%,G=300kg/m?s, AG/G=10% and t,=20sec. for the time
variations of bubble characteristics: (a) bubble departure diameter (b) bubble departure

frequency (c) active nucleation site density.
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Fig. 454 Time period oscillatory saturated flow boiling of FC-72 with
q = 4.03W/cm?, Aq/ q = 30%,G=300kg/m?s, AG/G =15% and t,=20sec. for the time
variations of bubble characteristics: (a) bubble departure diameter (b) bubble departure

frequency (c) active nucleation site density.
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CHAPTER 5

TIME PERIODIC SUBCOOLED FLOW BOILING OF FC-72 OVER A
SMALL HEATED COPPER PLATE

In the second part of the present study the coolant at the test section inlet is also kept at the
liquid state and its temperature is controlled at a constant level below the time-average value of the
refrigenated saturated temperature corresponding to the inlet pressure which oscillates time
periodically with the coolant mass flux oscillation. Results obtained in the second part of the study
are presented here to illustrate how the imposed simutaneous heat flux and mass flux oscillations
affect the time periodic subcooled flow boiling heat transfer of FC-72 over a small heated circular
copper flat plate flush mounted on the bottomyof:the horizontal rectangular channel. The present
experiment is carried out for the mean FC-72 mass flux G #fixed at 200, 300 and 400 kg/m®s for
the average inlet liquid subcooling AT sipof SK, 10K"and I 5K with the time-average imposed heat
flux g varied from 0.1 W/cm?=to 10 W/em®. Besides, the amplitude of the coolant mass flux
oscillation AG is set at 0, 5, 10 and . 15%of thepmeancoolant mass flux and the amplitude of the
heat flux oscillation /\q is set at 10,;30.and 50% of the time-average heat flux. In addition, the
period of the heat flux and mass flux oscillations t, is fixed at 10, 20 and 30 seconds. Initially, the
coolant FC-72 in the test section is at a slightly subatmospheric pressure of 99 KPa with the
saturated temparature Tg,=55°C before each test is started. In the following, the effects of the
experimental parameters including the mean levels and amplitudes and period of the heat and mass
flux oscillations on the time periodic subcooled flow boiling will be explored for both in-phase and
out-of-phase G and q oscillations. Note that for the limiting case of constant heat and mass fluxes
(AA\q =0 and AG =0) we have subcooled boiling of FC-72 at constant q and G in the test section,
which is designated as “stable subcooled flow boiling” in the present study. The heat transfer
performance is mainly presented in terms of the time variations of the space-average surface

temperature of the copper plate and boiling heat transfer coefficient.
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5.1 Time Periodic Subcooled Flow Boiling Heat Transfer Characteristics

The time periodic boiling heat transfer characteristics for the subcooled FC-72 flow over the
heated copper plate resulting from the imposed temporal heat flux and mass flux oscillations are

illustrated by presenting the time variations of the space-average heated surface temperature T, and

heat transfer coefficient h, P for various A-l_-sub,a , 9, ANg/q, NG/ G and t,. First, the measured

time variations of Ty, for the limiting cases of constant G and q are shown in Fig. 5.1 for G= 300
and 400kg/m’s at various q. These data indicate that the fluctuations in the space-average heated
surface temperature with time for various q are relatively small. The resulting subcooled boiling in
the flow for AAG=0 and /\q=0 can be regarded as at a statistically stable state. The corresponding
boiling curves are shown in Fig. 5.2. The data in Fig. 5.2 show that the required heat flux and wall

surperheat for the onset of nucleate boiling (ONB) are both:higher for a higher coolant mass flux.

Next, we move further to examine the T, -data. for the heat flux and coolant mass flux

oscillating periodically in time réspectively in forms:of nearly a sinusoidal wave and a triangular

wave. The results are given first in Fig. 5.3 for G =300 kg/m’s and t, =20 sec. for 4G/ G =10%

and aq/ a=30% at various g with AT sis=5K. For comparison purpose the data for /AAG=0 but

/\q >0 are also shown in the figure. Besides, the data for both in-phase and out-of-phase G and q
oscillations are presented. Note that for each case the temporal oscillation of the heated surface
temperature is also periodic in time and is at the same frequency as the heat flux and/or mass flux.
Moreover, the T, oscillation gets slightly stronger for a higher mean level of the heat flux
oscillation. A close inspection of these data further reveals that the heated surface temperature
oscillation lags significantly behind the imposed heated flux oscillation for constant G and for both
in-phase and out-of -phase G and q oscillations. This time lag in T\, results mainly from the thermal
inertia of the copper plate since the time lag in T, due to the mass flux oscillation is small[52]. We
also note that in the single-phase flow prevailed only at low imposed heat flux the time lag can be

even longer than that for the flow boiling. Table 5.1 summarizes the quantitative data for the
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amplitude of the heated surface temperature oscillation Ty, and the relative magnitude of the time
lag ti/t,. The results clearly manifest that for the temporal subcooled flow boiling the time lag in Ty,
1s somewhat longer when G and q are in out-of-phase oscillations than the other situations. It is of
interest to note that in the single-phase flow the T, oscillation is strongest for the out-of-phase G
and q oscillations. But the T,, oscillation is weaken for the out-of-phase G and q oscillations than
that for the in-phase G and q oscillations in the flow boiling which prevails at high imposed heat
flux, showing that the T, oscillation is suppressed by the out-of-phase oscillations. This unusual
outcome requires in-depth examination of the detailed heat transfer mechanisms in the boiling flow
subject to the simultaneous G and q oscillations. Here we provide preliminary interpretation. When
only the heat flux oscillation exists, the heated surface temperature increases with the heat flux for
both single-and two-phase flows after accounting for the time lag, as evident from Fig. 5.3(a). But
when only the mass flux oscillationsexists, our previous study[52] showed that in the two-phase
boiling flow Ty, decreases at decreasing-mass=flux due to drastic increase in the active bubble
nucleation site density. The trend is reversed for the single-phase flow. This explains why an
out-of-phase mass flux oscillation.can reduce the Ty oscillation in the boiling flow and can intensify

the Ty, oscillation in the single-phase‘flow.

Effects of the experimental parameters on the T,, oscillation are illustrated in Figs. 5.4-5.12.
The results indicate that the heated surface temperature oscillates in a larger amplitude for higher
oscillation amplitudes in the heat flux and mass flux. It is worth noting that an increase in the period
of the G and q oscillations also causes a much stronger T,, oscillation, as evident by comparing the
data in Fig. 5.7 with that in Figs. 5.12. Besides, comparing the data in Figs. 5.3, 5.7 and 5.11 reveals
that a raise in the inlet liquid subcooling results in a stronger Ty, oscillation. To be more quantitative,

we summarize the present data for the amplitude and time lag of the Ty, oscillation in Tables 5.2-5.8
for various G,aG/G, tp, a, aq/ a and ATasw. It is of interest to note that out-of-phase G & q
oscillations do not always weaken the Ty, oscillation in the boiling flow. Similarly, in-phase G & q

oscillations may not reduce the Ty, oscillation in the single-phase flow especially at high oq/ a We
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also note that the relative time lag ty t, varies nonmonotonically with the experimental parameters.

At this point we move further to investigate whether it is possible to completely suppress the
heated surface temperature oscillation driven by a given time periodic heat flux oscillation by
choosing an appropriate in-phase or out-of-phase mass flux oscillation in the single-phase flow and
the subcooled flow boiling. It is noted in this investigation that the chosen mass flux oscillation
should be at a suitable amplitude and at the same period as the heat flux oscillation. Most
importantly, the time lags in the Ty, oscillation due to the q and G oscillations have to be taken into

consideration. The results from this investigation are illustrated in Figs. 5.13, 5.14 and 5.15 for
G =300kg/m’s, aG/G =5%, 10% & 15% and t,=20sec for several g. Here in the single-phase

flow an in-phase G oscillation is imposed. But an out-of-phase G oscillation is imposed in the
two-phase boiling flow. Note that a small-time lag in the T, oscillation also exists due to the mass
flux oscillation(Figs. 5.13(b), 5.14(b) and 5.15(b)), as already mentioned above. The results in Fig.
5.13 indicate that as the G oscillation is imposed at‘a-time instant behind the q oscillation by the
difference in the time lags respectively, due to'the q and G oscillations, the T,, oscillations can
indeed be suppressed to be relatively -small“in magnitude (Fig. 5.13(c)) for the case with q=4.08
and 2.08W/cm?. In fact, the resulting T, oscillation amplitude is below 0.1°C which is smaller than
the thermal disturbances in the background and the experimental uncertainty in measuring the

temperature by the thermocouples. Hence the heated surface temperature can be regarded at steady

state. At higher q the Ty, oscillation can only be suppressed to a significant degree.

The associated heat transfer coefficients for the single-phase and boiling flows affected by the
imposed heat and mass flux oscillations are presented in Figs. 5.16-5.25. The results indicate that
the oscillation in the heat transfer coefficient exhibits a similar trend to the heated surface
temperature oscillation. Specifically, the h;¢ and hy oscillations are also periodic in time and are at
the same frequency as the heat flux and/or mass flux. Besides, at a higher q the oscillations in h;e
and hyo are slightly stronger. But the oscillation amplitudes in h;o and hye depend only slightly on

the in-phase or out-of-phase G and q oscillations. Moreover, h;¢ and hy¢ are in stronger oscillations
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for a higher amplitude and a longer period of the imposed G and q oscillations.
5.2 Bubble Characteristics

To elucidate the above time periodic subcooled flow boiling heat transfer characteristics, the
data for the bubble characteristics of FC-72 obtained from the present flow visualization are
examined in the following. The photos taken from the top view of the boiling flow in a small region
around the geometric center of the heated surface for various coolant mass fluxes and imposed heat
fluxes are shown in Figs. 5.29 - 5.49. At first, the bubble characteristics for the limiting cases of
constant imposed heat and mass fluxes are illustrated by the photos in Fig. 5.29. It is noted in the
flow visualization and the results in Fig. 5.29 that in the stable flow boiling the vapor bubbles begin
to appear as the heated surface temperature exceeds that required for the boiling incipient superheat.
In the beginning, tiny bubbles are obsgryved in the active, nucleation sites. The bubbles grow and
then detach from the heated surface with certain bubble. departure diameters. As the imposed heat
flux increases, more bubbles are generated on more-active nucleation sites and more bubbles detach
from the heated surface. Besides,.the detached bubbles tend to merge into larger bubbles. Note that
the large bubbles become distorted”and elongated as‘they slide on the heating surface. Moreover, at
a higher mass flux the bubbles are smaller and the-bubble coalescence is less significant for a given

heat flux.

Next, the bubble characteristics in the time periodic subcooled flow boiling are illustrated by
presenting the photos of the boiling flow at eight selected time instants in a typical periodic cycle in
Figs. 5.30-5.49. In these figures the symbol “ t=t, ” signifies the time instant at which the
instantaneous heat flux is at the lowest levels and starts to increase with time and the mass flux is
also at the lowest level and starts to increase with time for the in-phase G and q oscillations. But for
the out-of-phase G and q oscillations at t, the mass flux is at the highest level and starts to decrease

with time.

The results in Fig. 5.30 for an imposed heat flux oscillation at a given constant G of 200

kg/m’s qualitatively indicate that in the first half of the periodic cycle in which the surface heat flux
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increases with time the bubbles grow with time and merge together to form big bubbles. Besides,
more bubbles nucleate from the heated surface. The bubbles are in rigorous motion and the photos
become somewhat blurred as the heat flux exceeds certain level. In the second half of the cycle the
opposite processes take place. It is important to point out that the bubble behavior in the boiling
flow affected by the mass flux oscillation exhibits an opposite trend [52]. Specifically, at increasing
mass flux in the first half of the periodic cycle the bubbles get smaller and become more disperse.
Besides, less bubble nucleation occurs on the heated surface. Thus, when the G and q oscillations
are in-phase, the bubble behavior is counter-balanced by two opposite effects and its change with
time is rather mild (Figs. 5.31, 5.34, 5.36, 5.39, 5.42, 5.45) except for some cases with large
differences in the amplitudes of heat and mass flux oscillations (Figs. 5.34, 5.35). But when G and q
are in out-of-phase oscillations the two effects augment each other and the bubble behavior can

show drastic variation with time (Figs. 5.32, 5.35, 5:37, 5.40, and 5.43). Moreover, at higher

AG/G and Aq/q and ata longer t, the bubble characteristics €xperience stronger time variations.
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Table 5.1 Amplitudes of Ty, oscillation and relative time lags in transient oscillatory subcooled flow
boiling for various g for Agq/q =30%, AG/G =10% and t,=20sec. at G =300kg/m’s and

AT s =5K.
G = 300kg/m’s
— | Period —
2G/G tp(sec) 20/d q(W/em?) AT sw=5K AT, (K) t1/t,
|11 Heat flux oscillation only 0.27 0.35
) In-phase G & q oscillations 0.25 0.375
(single phase) —
Out-of-phase G & q oscillations (0.3 0.35
Heat flux oscillation only 0.55 0.25
3.88 In-phase G & q oscillations 0.81 0.175
Out-of-phase G & q oscillations [0.59 0.45
10% 20 30% Heat flux oscillation only 0.57 0.25
5.13 In-phase G & q oscillations 0.94 0.15
Out-of-phase G & q oscillations [0.77 0.475
Heat flux oscillation only 1.69 0.225
6.08 In-phase G.& q oscillations 0.99 0.125
Out-of-phase G & q oscillations |0.74 0.45

Table 5.2 Amplitudes of Ty, oscillation and relative-time lags in transient oscillatory subcooled flow
boiling for various q for Agq/q'=30%, AG/G =10% and t,=20sec. at G =200kg/m’s and

AT aw=10K.
G = 200kg/m’s
— | Period —
2G/G to(sec) 24/9 q(W/em?) AT sw=10K AT, (K) ti/t,
01 Heat flux oscillation only 0.46 0.35
) In-phase G & q oscillations 0.41 0.425
(single phase) —
Out-of-phase G & q oscillations [0.57 0.325
Heat flux oscillation only 0.55 0.3
2.88 In-phase G & q oscillations 0.80 0.2
Out-of-phase G & q oscillations |0.55 0.5
10% 20 30% Heat flux oscillation only 0.60 0.275
4.01 In-phase G & q oscillations 0.81 0.075
Out-of-phase G & q oscillations |0.80 0.525
Heat flux oscillation only 0.64 0.25
6.18 In-phase G & q oscillations 1.37 0.075
Out-of-phase G & q oscillations [1.13 0.5
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Table 5.3 Amplitudes of Ty, oscillation and relative time lags in transient oscillatory subcooled flow
boiling for various g for Aq/q =30%, AG/G =5% and t,=20sec. at G =300kg/m’s and

AT aw=10K.
, G = 300kg/m’s
— | Period —
2676 tp(sec) »474 q(W/em?) AT s =10K ATy (K) |/t
508 Heat flux oscillation only 0.46 0.35
) In-phase G & q oscillations 0.46 0.375
(single phase) —
Out-of-phase G & q oscillations (0.5 0.225
Heat flux oscillation only 0.67 0.275
3.94 In-phase G & q oscillations 0.81 0.225
Out-of-phase G & q oscillations [0.55 0.35
3% 20 30% Heat flux oscillation only 0.71 0.25
6.08 In-phase G & q oscillations 1.04 0.175
Out-of-phase G & q oscillations [0.72 0.425
Heat flux oscillation only 0.71 0.225
7.08 In-phase G & q oscillations 1.00 0.125
Out-of-phase G & q oscillations [0.76 0.4

Table 5.4 Amplitudes of Ty, oscillation and relative time lags 1n transient oscillatory subcooled flow
boiling for various q for Agdg =30%, AG/G =15% and t,=20sec. at G =300kg/m’s and

AT aw=10K.
, G =300kg/m’s
— | Period —
2616 tp(sec) »4/ q(W/em?) AT =10K ATy (K) | ity
508 Heat flux oscillation only 0.46 0.35
) In-phase G & q oscillations 0.34 0.425
(single phase) —
Out-of-phase G & q oscillations [0.59 0.3
Heat flux oscillation only 0.67 0.275
3.94 In-phase G & q oscillations 1.19 0.15
Out-of-phase G & q oscillations [0.79 0.525
15% 20 30% Heat flux oscillation only 0.71 0.25
6.08 In-phase G & q oscillations 1.85 0.075
Out-of-phase G & q oscillations [1.62 0.525
Heat flux oscillation only 0.70 0.225
7.08 In-phase G & q oscillations 2.07 0.05
Out-of-phase G & q oscillations |1.76 0.525
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Table 5.5 Amplitudes of Ty, oscillation and relative time lags in transient oscillatory subcooled flow
boiling for various g for Aq/q=10,30,50%,AG /G =10% and t,=20sec at G =300kg/m’s and

AT s =10K.
. G = 300kg/m’s
— | Period —
2G/G ty(sec) 20/d q(W/em?) AT s=10K AT, (K) ti/ty
504 Heat flux oscillation only 0.16 0.4
(single phase) In-phase G & q oscﬂlatlf)ns . 0.15 0.525
Out-of-phase G & q oscillations |0.23 0.25
Heat flux oscillation only 0.23 0.3
4.4 In-phase G & q oscillations 0.72 0.125
Out-of-phase G & q oscillations |0.54 0.575
10% Heat flux oscillation only 0.24 0.325
6.05 In-phase G & q oscillations 1.09 0.05
Out-of-phase G & q oscillations |0.96 0.55
Heat flux oscillation only 0.24 0.25
7.09 In-phase G & q oscillations 1.23 0.05
Qut-of-phase G & q oscillations |1.13 0.5
- e Heat flux osecillation only 0.46 0.375
. In-phase G & q oscillations 041 04
(single phase) —
Out-of-phase G & g oscillations |0.51 0.35
Heat flux oscillation only 0.68 0.3
4.4 In-phase G & q oscillations 1.05 0.2
0% 20 30% Out-of-phase G & q oscillations |0.75 0.5
Heat flux oscillation only 0.69 0.25
6.05 In=phase G & q oscillations 1.24 0.1
Out-of-phase G & q oscillations |1.07 0.525
Heat flux oscillation only 0.70 0.3
7.09 In-phase G & q oscillations 1.34 0.1
Out-of-phase G & q oscillations |1.14 0.525
204 Heat flux oscillation only 0.74 0.35
) In-phase G & q oscillations 0.70 0.35
(single phase) —
Out-of-phase G & q oscillations |0.79 0.35
Heat flux oscillation only 1.13 0.25
4.4 In-phase G & q oscillations 1.46 0.225
S0% Out-of-phase G & q oscillations |0.98 0.375
Heat flux oscillation only 1.16 0.25
6.05 In-phase G & q oscillations 1.77 0.15
Out-of-phase G & q oscillations [1.30 0.425
Heat flux oscillation only 1.18 0.25
7.09 In-phase G & q oscillations 1.73 0.175
Out-of-phase G & q oscillations |1.34 0.425
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Table 5.6 Amplitudes of Ty, oscillation and relative time lags in transient oscillatory subcooled flow
boiling for various g for Aq/q =30%, AG/G =10% and t,=20sec at G =400kg/m’s and
A-I_-sub =10K

- G = 400kg/m’s
GG Period g /a
A —
: tp(sec) qAW/em?) AT an=10K AT, (K) |l
503 Heat flux oscillation only 0.44 0.375
o In-phase G & q oscillations 0.41 0.425
(single phase) ——
Out-of-phase G & q oscillations| 0.50 0.35
Heat flux oscillation only 0.73 0.3
4.57 In-phase G & q oscillations 1.02 0.2
Out-of-phase G & q oscillations| 0.78 0.5
10% 20 30% o
Heat flux oscillation only 0.79 0.275
6.11 In-phase G & q oscillations 1.29 0.125
Out-of-phase G & q oscillations| 1.07 0.5
Heat flux oscillation only 0.80 0.225
7.11 In-phase G & q oscillations 1.42 0.125
Out-of-phase G & q oscillations| 1.32 0.5

Table 5.7 Amplitudes of Ty, oscillation and relative time lags in‘transient oscillatory subcooled flow
boiling for various q for Ad/q =30%, AG7G =10% ‘and t,=20sec at G =300kg/m’s and
AT sw=15K.

Period

G = 300kg/m’s

G/G /q L
: tiseo) | 0| q(Whem®) AT sip=15K ATy, (K) | ity
3.04 Heat flux oscillation only 0.63 0.375
o In-phase G & q oscillations 0.59 0.4
(single phase) —
Out-of-phase G & q oscillations| 0.71 0.35
Heat flux oscillation only 0.85 0.275
7.38 In-phase G & q oscillations 2.05 0.125
Out-of-phase G & q oscillations 1.69 0.525
10% 20 30% S
Heat flux oscillation only 0.83 0.25
8.06 In-phase G & q oscillations 2.12 0.1
Out-of-phase G & q oscillations| 1.97 0.525
Heat flux oscillation only 0.78 0.25
9.07 In-phase G & q oscillations 2.05 0.1
Out-of-phase G & q oscillations| 1.81 0.525
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Table 5.8 Amplitudes of Ty, oscillation and relative time lags in transient oscillatory subcooled flow
boiling for various q for Aq/q =30%, AG/G =10% and t,=30sec at G =300kg/m’s and

A-Fsub =10K
. G = 300kg/m’s
GG Period /A
A —
: tisee) | 0| qewrem?) AT s, =10K ATy (K) | tifty
206 Heat flux oscillation only 0.72 0.3
o In-phase G & q oscillations 0.61 0.32
(single phase) —
Out-of-phase G & q oscillations| 0.85 0.3
Heat flux oscillation only 0.94 0.23
4.42 In-phase G & q oscillations 1.39 0.15
Out-of-phase G & q oscillations| 0.89 0.38
10% 30 30% o
Heat flux oscillation only 0.92 0.2
6.03 In-phase G & q oscillations 1.64 0.07
Out-of-phase G & q oscillations| 1.15 0.47
Heat flux oscillation only 0.93 0.2
7.03 In-phase G & q oscillations 1.72 0.07
Out-of-phase G & q oscillations| 1.21 0.47

Table 5.9 Amplitudes of Ty, oscillation and relative time lags in-transient oscillatory subcooled flow
boiling for various q for Aq/fq=5,10,23%, AG/G+=5% .and t,=20sec at G =300kg/m’s and

AT sw=10K.
. G = 300kg/m’s
— | Period -
2G/C | ooy | 2V | qowiem?) AT =10K AT (K) | o,
508 Heat flux oscillation only 0.10 0.375
5% . Mass flux oscillation only 0.08 0.15
(single phase) —
In-phase G & q oscillations 0.04 X
Heat flux oscillation only 0.24 0.3
5% 20 10% 4.08 Mass flux oscillation only 0.23 0.125
Out-of-phase G & q oscillations| 0.08 X
Heat flux oscillation only 0.56 0.2
23% 6.07 Mass flux oscillation only 0.56 0.075
Out-of-phase G & q oscillations| 0.14 X
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Table 5.10 Amplitudes of Ty oscillation and relative time lags in transient oscillatory subcooled
flow boiling for various q for Aq/q=8,30,32,45%,AG/G=10% and t,=20sec at G =300kg/m’s
and A-I_-sub =10K.

. G = 300kg/m’s
GG Period /A
A —
: tisee) | 0| qewrem?) AT s, =10K ATy (K) | tifty
505 Heat flux oscillation only 0.17 0.35
8% 7 Mass flux oscillation only 0.13 0.175
(single phase) —
In-phase G & q oscillations 0.07 X
Heat flux oscillation only 0.69 0.275
30% 4.61 Mass flux oscillation only 0.67 0.025
Out-of-phase G & q oscillations| 0.18 X
10% 20 .
Heat flux oscillation only 0.76 0.25
32% 6.05 Mass flux oscillation only 0.98 0.025
Out-of-phase G & q oscillations| 0.31 X
Heat flux oscillation only 1.08 0.25
45% 7.09 Mass flux oscillation only 1.14 0.025
Out-of-phase G & q oscillations| 0.28 X

Table 5.11 Amplitudes of Ty, oscillation and relative time lags in transient oscillatory subcooled
flow boiling for various q for=Aq/g=15,35,50%, AG/G=15% and t,=20sec at G =300kg/m’s
and AT sw=10K.

. G = 300kg/m’s
— | Period —
2G/C | ooy | 2V | qowiem?) AT =10K AT (K) | o,
208 Heat flux oscillation only 0.25 0.4
15% . Mass flux oscillation only 0.21 0.125
(single phase) —
In-phase G & q oscillations 0.06 X
Heat flux oscillation only 0.80 0.275
15% 20 35% 4.08 Mass flux oscillation only 0.80 0.075
Out-of-phase G & q oscillations| 0.29 X
Heat flux oscillation only 1.22 0.25
50% 6.07 Mass flux oscillation only 1.60 0.025
Out-of-phase G & q oscillations| 0.38 X
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Fig. 5.1 Time variations of the copper plate temperature in stable sibcooled flow boiling for
various imposed heat fluxes at (2)G=300kg/m?s and (b) G=400kg/m?s
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Fig. 5.2 (a) Stable subcooled flow boiling curve and (b) stable subcooled flow boiling heat transfer
coefficient.
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Fig. 5.3 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations and

(c) out-of-phase G and q oscillations at G =300kg/m’s and aG/G =10% foraq/q=30%and t, =20sec. for ATww=5K.
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Fig. 5.4 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations and
(c) out-of-phase G and q oscillations at G =200kg/m’s and 2G/G =10% foraq/q=30%and t, =20sec. for ATw=10K .
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Fig. 5.5 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations and
(c) out-of-phase G and q oscillations at G =300kg/m’s and aG/G =5% foraq/q=30%and t, =20sec. for ATs»=10K .
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Fig. 5.6 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations and
(c) out-of-phase G and q oscillations at G =300kg/m’s and aG/G =10% foraq/q=10%and t, =20sec. for AT «»=10K .
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Fig. 5.7 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations and
(c) out-of-phase G and q oscillations at G =300kg/m’s and 2G/G =10% foraq/q=30%and t, =20sec. for ATw=10K .
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Fig. 5.8 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations and

(c) out-of-phase G and q oscillations at G =300kg/m’s and 2G/G =10% foraq/q=50%and t, =20sec. for ATww=10K.
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Fig. 5.9 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations and

(c) out-of-phase G and q oscillations at G =300kg/m’s and 2G/G=15%foraq/q=30%and t, =20sec. for ATw=10K.

120



500

T T T T T T T T ‘ T T T T ‘ T T ] —] |
. | Constant FC-72 mass flux G=400 kg/m? B 3 E
() L | | |
E I B E 7
S 400 — - — —] —
S G 1 ¥ J -
O T = /\/W =
[ ] L Pt E L =
300 L e e b g 300 1 T T TR T R R N (| 300 L b b b by 0.8
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
16 L s L B AN B ™ 16 T A U T ™ 16 A L AL A B ™
- Oscillation of heat flux 2q/g=30%,tp=20sec ] w b Oscillation of heat flux 2q/q=30%,tp=20sec ] w b Oscillation of heat flux 2q/g=30%,tp=20sec ]
< - 2 - B - 2 - B - 2 - |
E ¢ rwieme VO gmrawien rwieme VO gmrawien wieme 5V g=7.11 wion
S e /e y 1 °E /e y 1 °E /e y .
= M/\//\/\ ’ M/\//\/\ ’ M/\//\/\
, 3
C T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ] C T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T .\ . T T ]
s I‘nst‘ar{tar‘\eo‘us‘ w‘all‘ter‘nper‘atu‘re ‘fo‘r subéoc;lea f‘lov‘v t;oiiiné ‘ ] r Instantaneous wall temperature for subcooled flow boiling 7 r Instantaneous wall temperature for subcooled flow boiling -
=G =400 kg/m?s, Aq/q = 30%,tp=20sec, A Tsup=10K < 7 G =400 kgim’s,AG/G = 10%,A0/q, = 30%,tp=20sec | 7 =G =400 kg/m?s,AGIG = 10%.Aqfq =30%tp=20sec
- — - —: Constant G & oscillating g ] F ATsub=10K ] B ATsub=10K ]
- . - —In-phase G & q oscillation B F ---:0ut of phase G & g oscillation B
C _ ] = | L N e _ 7 s // ;
. g=7.11 W/cm? = 72— — 2 / \ /// q=7.11 W//cm?\ PN =
- . - o~ C ] [\ / \ \ / \ / \ ]
C / N /N e N /N C ] F ! \ ! ' / \ ! \ "
;7 / \‘ / \ // \‘\ /// \\\ // = o T ;\\ // S \‘ // a \6:]:1 W/¢m/2/ ° \\ ’/ i \\ /// //j
N / 7 \ . ) \ , q C K \\ Iy \\ \ ! VN r AN ;7 0 ) ]
:‘\,/ //\ \\/// /'\6.\11/W/Cm2\\ S /\\ </ N ) F ) ?\\ \\// : Y s /,/ | \\\// ; \\\ ) /// " N / /// ]
~ 70 [— / \ ] N Fa— 7 70 — v \ ~ N —
é) o i / \\ / \ / \ // \\ /3 E //’ N " / W N o
= / . y ] N N N \ \ 4
NNy N \\v/ \/ N A Fo N N v o4
F B A ] L 4.57 W/cm? ]
B 4.57 Wfcm? ] B ] - ~ oL ~ -~ 3
68 ~ o~ 5 /C;n*\ N\ //\Q 68 [— 68 : // \\ / \ // \\ // \\ /]
S S A WA B N A N S AN
5 - /N A c EN . o N . ]
NN NS S N N N ANV
F\/ N N\ S R 1 A ] r N - ]
s d &L 3 &L =
a5 . e 1 F » E
E 2.03 W/emz(single phase) 1 E 2.03 W/cm?(single phase) ] E . 2.08 wiem (snlgle phase) - =
N N ™ /’\ //\ = N 4 58 . 4 N ’ \\ // N ’ \\ /]
N/ N S SN N/ W EUA S / NN 7
FNS ./ N/ N N E ] E S N N ~ NV
56 : L L ‘ L L ‘ L L ‘ L L ‘ L L : 56 : L L ‘ L L ‘ L L ‘ L L ‘ L L : 56 : L L ‘ L L ‘ L L ‘ L L ‘ L L :
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
sec sec sec

(a) (b) (©

Fig. 5.10 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) in-phase G and q oscillations
and (c) out-of-phase G and q oscillations at G =400kg/m’s and aG/G =10% foraq/q=30%and t, =20sec. for ATw»=10K.
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Fig. 5.11 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) in-phase G and q oscillations
and (c) out-of-phase G and q oscillations at G =300kg/m’s and aG/G =10% foraq/q=30%and t, =20sec. for ATw»=15K,
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Fig. 5.12 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) in-phase G and q oscillations
and (c) out-of-phase G and q oscillations at G =300kg/m’s and aG/G =10% foraq/q=30%and t, =30sec. for ATw»=10K.
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Fig. 5.13 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) imposed mass flux oscillation
only, and (c) in-phase or out-of-phase G and q oscillations at G= 300kg/m?s and AG /G = 5% for various a at t, =20sec. for AT s =10K.
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Fig. 5.14 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) imposed mass flux oscillation
only, and (c) in-phase or out-of-phase G and q oscillations at G= 300kg/m?s and AG /G =10% for various a at t, =20sec. for AT s =10K.
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Fig. 5.15 Time variations of the measured instantaneous heated surface temperature for (a) imposed heat flux oscillation only, (b) imposed mass flux oscillation

only, and (c) in-phase or out-of-phase G and q oscillations at G= 300kg/m?s and AG /G =15% for various a at t, =20sec. for AT s =10K.
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Fig. 5.16 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations and (c) out-of-phase G and g

oscillations at G =300kg/m’s and aG/G =10%foraq/q=30%and t, =20sec. for AT»=5K.
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Fig. 5.17 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) in-phase G and q oscillations and (c) out-of-phase G and q
oscillations at G =200kg/m’s and aG/G =10%foraq/q=30%and t, =20sec. for AT»=10K.
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Fig. 5.18 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) in-phase G and q oscillations and (c) out-of-phase G and q
oscillations at G =300kg/m’s and aG/G =5%foraq/q=30%and t =20sec.for ATw»=10K.
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Fig. 5.19 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) in-phase G and g oscillations and (c) out-of-phase G and g

oscillations at G =300kg/m’s and aG/G =10%foraq/q=10%and t, =20sec. for ATs»=10K.
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Fig. 5.20 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) in-phase G and q oscillations and (c) out-of-phase G and q
oscillations at G =300kg/m’s and aG/G =10%foraq/q=30%and t, =20sec. for ATsu»=10K.
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Fig. 5.21 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) in-phase G and q oscillations and (c) out-of-phase G and g
oscillations at G =300kg/m’s and aG/G =10%foraq/q="50%and t, =20sec. for ATs»=10K.
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Fig. 5.22 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) in-phase G and q oscillations and (c) out-of-phase G and q
oscillations at G =300kg/m’s and aG/G =15%foraq/q=30%and t, =20sec. for ATwu»=10K.
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Fig. 5.23 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) in-phase G and q oscillations and (c) out-of-phase G and q
oscillations at G =400kg/m’s and aG/G =10%foraq/q=30%and t, =20sec. for ATu»=10K.
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Fig. 5.24 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) in-phase G and q oscillations and (c) out-of-phase G and q
oscillations at G =300kg/m’s and aG/G =10%foraq/q=30%and t, =20sec. for ATw»=15K.
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Fig. 5.25 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) in-phase G and q oscillations and (c) out-of-phase G and q
oscillations at G =300kg/m’s and aG/G =10%foraq/q=30%and t, =30sec.for ATw»=10K.
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Fig. 5.26 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) imposed mass flux oscillation only and (c) out-of-phase G

and g oscillations at G =300kg/m’s and aG/G =5% foraq/q=>5,10,23%and t, =20sec. for ATw»=10K,
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Fig. 5.28 Time variations of the heat transfer coefficient for (a) imposed heat flux oscillation only, (b) imposed mass flux oscillation only and (c) out-of-phase G
and g oscillations at G =300kg/m’s and 2G/G =15% foraq/q=15,35,50%and t =20sec. for AT w»=10K.
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2.5mm

q =4.49W/cm?

q =6.75W/cm?

’Q 8 v
q =7.3W/cm? q =8.78W/cm? q =7.68W/cm?
(a) G=200kg/m?s (b) G=300kg/m?s (c)G=400kg/m?s

Fig. 5.29 Photos of stable subcooled flow boiling at certain time instants in statistical state for
various imposed heat fluxes for (a)G = 200kg/m®s ,(b)G = 300kg/m?s and (c)G = 400kg/m?s at
AT s =10K.
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(2)t=to+ /8 (q=341W[erd) (6] = to+ 5t/8 (g = 461W/cm?)
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(3) t =ty + t,/4 (q =4.01W/cm?) (7) t = to+ 3ty/4 (q =4.01W/cm?)

(4) t =ty + 3t,/8 (q =4.61W/cm?) (8) t =to+ 7t,/8 (q = 3.41W/cm?)

Fig. 5.30 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle
for a constant imposed mass flux at §=4.01W/cm? Aq/G=30% and G = 200kg/m?s with tp =

20sec. and AT sw=10K.
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2.5mm

(1) t =ty (q=2.81W/cm?, G=183.2kg/m?s)  (5) t = to+ t,/2 (q = 5.21W/cm?, G=218.5kg/m?s)

(4) t =ty + 3t,/8 (q=4.61W/cm?, G=207.3kg/m?s) (8) t = to + 7t,/8 (q = 3.41W/cm?, G=191.7kg/m’s)

Fig. 5.31 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle

for imposed in-phase G & q oscillations at 5:200kg/mzs, AG/E:lO%,ﬁ:4.01W/cm2 and

/\Q/T=30% with t, = 20sec. and AT sw=10K.
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(1) t = to (q=2.81W/cm?, G=218.5kg/m?s)

s RO

a/m2s) \

(4) t = to + 3t,/8 (q=4.61W/cm?, G=191.7kg/m?s) (8) t = to + 7t,/8 (q=3.41W/cm?, G=207.3kg/m?s)

Fig. 5.32 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle

for imposed out-of-phase G & q oscillations at 6:200kg/m23, AG/IG =10%, §=4.01W/cm? and

/\Q/T=30% with t, = 20sec. and AT sw=10K.
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2.5mm

(3) t =ty + t,/4 (q =4.01W/cm?) (7) t = to+ 3ty/4 (q = 4.01W/cm?)

(4) t =ty + 3t,/8 (q =4.61W/cm?) (8) t =to+ 7t,/8 (q = 3.41W/cm?)
Fig. 5.33 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle
for a constant imposed mass flux at §=4.01W/cm?, Ag/G=30% and G = 300kg/m’s with t, =

20sec. and AT sw=10K.
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(1) t = to (q =2.81W/cm?, G=272.1kg/m%s) (5) t = to+ t,/2 (q = 5.21W/cm?, G=331.4kg/m’s)

5 o el SR g
| S RO L

2) t = to + t,/8 (q =3.41W/cm?, G=284.3Kc
( q

e

1= 15+ 5t,/8 (4=4.61W/cm?, G=316.9kg/m”s)

B R e

-
B g o
[ L INERN R

(4) t =ty + 3t,/8 (q=4.61W/cm?, G=316.9kg/m?s) (8) t = to + 7t,/8 (q = 3.41W/cm?, G=284.3kg/m’s)

Fig. 5.34 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle

for imposed in-phase G & q oscillations at 6:300kg/mzs, NG/ 5:10%,ﬁ:4.01W/cm2 and

/\Q/T=30% with t, = 20sec. and AT sw=10K.
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b 75 st i e

(1) t = to (q=2.81W/cm?, G=331.4kg/m?s) (5) t = to+ t,/2 (q=5.21W/cm?, G=272.1kg/m?s)

(4) t = to + 3t,/8 (q=4.61W/cm?, G=284.3kg/m?s) (8) t = to + 7t,/8 (q=3.41W/cm?, G=316.9kg/m"s)

Fig. 5.35 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle

for imposed out-of-phase G & q oscillations at 6:300kg/m23, AG/IG =10%, §=4.01W/cm? and

/\Q/T=30% with t, = 20sec. and AT sw=10K.
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2.5mm

(4) t = to + 3t,/8 (q =4.61W/cm?,G=325.1kg/m?s)(8) t = to + 7t,/8 (q=3.41W/cm?* G=277.5kg/m’s)

Fig. 5.36 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle

for imposed in-phase G & q oscillations at 6:300kg/mzs, NG/ 5:15%,ﬁ:4.01W/cm2 and

/\Q/T=30% with t, = 20sec. and AT sw=10K.
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B Bl
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(2) t = to + t,/8 (q=3.41W/cm? G=32215kg/m’s) () t fo*+ 5t,/8 (q=4.61W/cm?* G=277.5kg/m"s)

| § A S P s

(4) t = to + 3t,/8 (q=4.61W/cm? G=277.5kg/m’s) (8) t = to + 7t,/8 (q=3.41W/cm?* G=322.5kg/m’s)

Fig. 5.37 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle

for imposed out-of-phase G & q oscillations at 6:300kg/m23, AG/IG =15%, §=4.01W/cm? and

/\Q/T=30% with t, = 20sec. and AT sw=10K.
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2.5mm

(5) t=to+ t,/2 (q = 6.01W/cm?)
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m
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(8) t =to+ 7t,/8 (q = 3.01W/cm?)

(4) t =ty + 3t,/8 (q =5.01W/cm?)

Fig. 5.38 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle
=4.01W/cm?, /AQ/q=50% at G = 300kg/m’s with t,= 20sec.

for a constant imposed mass flux at q

and A-l_-sub =10K.
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2.5mm

(1) t =t (q=2.01W/cm?, G=272.1kg/m%s)  (5) t = to + t,/2 (q=6.01W/cm?, G =331.4kg/m’s)

(4) t = to + 3t,/8 (q=5.01W/cm?, G=316.9kg/m?s) (8) t = to + 7t,/8 (q=3.01W/cm?, G =284.3kg/m"s)

Fig. 5.39 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle

for imposed in-phase G & q oscillations at 6:300kg/mzs, NG/ 5:10%,ﬁ:4.01W/cm2 and

/\Q/T=50% with a t, = 20sec. and AT s»=10K.
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2.5mm

(1) t = to (q=2.01W/cm?, G=331.4kg/m?s) (5) t = to+ t,/2 (q=6.01W/cm?, G=272.1kg/m?s)

B i
(2)t=1to+t,/8 (q:3.01W/cm2, G=316.9kg

-

(4) t = to + 3t,/8 (q=5.01W/cm?, G=284.3kg/m?s) (8) t = to + 7t,/8 (q=3.01W/cm?, G=316.9kg/m"s)

Fig. 5.40 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle

for imposed out-of-phase G & q oscillations at 6:300kg/m23, AG/IG =10%, §=4.01W/cm? and

/\Q/T=50% with a t, = 20sec. and AT s»=10K.
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2.5mm

(8) t =to+ 7t,/8 (q = 3.41W/cm?)

(4) t =ty + 3t,/8 (q =4.61W/cm?)

Fig. 5.41 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle

for a constant imposed mass flux at §=4.01W/cm?, Aq/q=30% at G = 300kg/m?’s with t, = 30sec.

and AT sw=10K.
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(2) t=to + /8 (q=3.41W/cm?’, G=284.3Kg/m’s)

(4) t = to + 3t,/8 (q=4.61W/cm?, G=316.9kg/m?s) (8) t = to + 7t,/8 (q=3.41W/cm?, G=284.3kg/m"s)

Fig. 5.42 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle

for imposed in-phase G & q oscillations at 6:300kg/mzs, NG/ 6:10%,ﬁ:4.01W/cm2 and

/\q/T=30% with t, = 30sec. and AT sw=10K.
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2.5mm

(1) t = to (q=2.81W/cm?, G=331.4kg/m?s) (5) t = to+ t,/2 (q=5.21W/cm?, G=272.1kg/m?s)

- 5

t=1tg+ 5t,/8 (q=4.61W/cm?, G=284.3kg/m”s)

-

2) t = to + /8 (q=3.41W/cm? G=316.9Kg
( p/o ({

(4) t = to + 3t,/8 (q=4.61W/cm?, G=284.3kg/m?s) (8) t = to + 7t,/8 (q=3.41W/cm?, G=316.9kg/m"s)

Fig. 5.43 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle

for imposed out-of-phase G & q oscillations at 6:300kg/m23, AG/G:lO%,q:4.01W/cm2 and

/\q/T=30% with t, = 30sec. and AT sw=10K.
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(1) t = to (q =3.52W/cm?) (5) t=to+ t,/2 (q = 6.54W/cm?)

| e A

(3) t =ty + t,/4 (q =5.03W/cm?) (7) t = to+ 3t,/4 (q =5.03W/cm?)

(4) t =ty + 3t,/8 (q =5.79W/cm?) (8) t =to+ 7t,/8 (q = 4.28W/cm?)
Fig. 5.44 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle
for a constant imposed mass flux at §=5.03W/cm?, Aq/q=30% at G = 300kg/m?’s with tp = 20sec.

and A-l_-sub =15K.
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2.5mm

(1) t =t (q=3.52W/cm?, G=272.1kg/m%)  (5) t = to + t,/2 (q=6.54W/cm?, G=331.4kg/m’s)

(4) t = to + 3t,/8 (q=5.79W/cm?, G=316.9kg/m?s) (8) t = to + 7t,/8 (q=4.28W/cm?, G=284.3kg/m"s)

Fig. 5.45 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle

for imposed in-phase G & q oscillations at 6:300kg/mzs, AG/E:lO%,ﬁ:S.OBW/cm2 and

/\q/T=30% with t, = 20sec. and AT sw=15K.
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2.5mm

(1) t = to (q=3.52W/cm?, G=331.4kg/m’s) (5) t = to+ t,/2 (q=6.54W/cm?, G=272.1kg/m?s)

h"-.;_:“ & e
(4) t = to + 3t,/8 (q=5.79W/cm?, G=284.3kg/m?s) (8) t = to + 7t,/8 (q=4.28W/cm?, G=316.9kg/m"s)

Fig. 5.46 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle

for imposed out-of-phase G & q oscillations at 6:300kg/mzs, NG/ 6:10%,q:5.03W/cm2 and

/\Q/T=30% with t, = 20sec. and AT sw=15K.
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A
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by
(1) t = to (q =3.61W/cm?) (5) t = to+ t,/2 (q =4.41W/cm?)

(3) t =ty + t,/4 (q =4.01W/cm?) (7) t = to+ 3ty/4 (q =4.01W/cm?)

(4) t = to + 3t,/8 (q =4.21W/cm?) (8) t = to + 7t,/8 (q =3.81W/cm?)
p p

Fig. 5.47 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle

for a constant imposed mass flux at =4.01W/cm?, Aq/q=10% at G = 300kg/m?s with t, = 20sec.

and A-I_-sub 210K
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(2) t = to + t,/8 (G =292.

(3) t =ty + t,/4 (G =300.2kg/m?s) (7) t = to+ 3ty/4 (G =300.2kg/m’s)

(4) t =1ty + 3t,/8 (G =307.9 kg/m’s)  (8) t =ty + 7t,/8 (G =292.7kg/m’s)

Fig. 5.48 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle

for a constant imposed heat flux at g=4.01W/cm? at G = 300kg/m?s, AG/ G =5%with t, = 20sec.

and A-I_-sub 210K
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L] ... 294

(4) t =t + 3t,/8 (q=4.21W/cm?, G=301.4kg/m?s) (8) t = to + 7t,/8 (q=3.81W/cm?, G=298.1kg/m?s)
p p

Fig. 5.49 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle

for imposed out-of-phase G & q oscillations at G =300kg/m?s, AG/ G =5%, g =4.01W/cm? and

/AQ/G=10% with t, = 20sec. and AT sw=10K.
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2.5mm

(3) t =ty + t,/4 (q =4.01W/cm?) (7) t = to+ 3ty/4 (q =4.01W/cm?)

(4) t =ty + 3t,/8 (q =4.45W/cm?) (8) t=to+ 7t,/8 (q =3.57W/cm?)
Fig. 5.50 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle
for a constant imposed mass flux at §=4.01W/cm?, AQ/§=22% at G = 300kg/m°s with t,= 20sec.

and AT sw=10K.
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2.5mm

(1) t = to (G =272.1kg/m%)

(3) t =ty + t,/4 (G =300.2kg/m?s) (7) t = to+ 3ty/4 (G =300.2kg/m’s)

o el S

(4) t =1ty + 3t,/8 (G =316.9kg/m?s)  (8) t =ty + 7t,/8 (G =284.3kg/m"s)

Fig. 5.51 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle

for a constant imposed heat flux at g=4.01W/cm? at G = 300kg/m?s, AG/ G =10%with t, = 20sec.

and A-I_-sub 210K
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(1) t = to (q=3.13W/cm?, G=312kg/m?s) (5) t = to+ t,/2 (q=4.89W/cm?, G=289.1kg/m?s)

(2) t =ty + t,/8 (q=3.57W/cm?, G=326 5k (6)1 . 5t,/8 (q=4.45W/cm?, G=275.9kg/m?s)

*oais

(4) t = to + 3t,/8 (q=4.45W/cm?, G=305.3kg/m?s) (8) t = to + 7t,/8 (q=3.57W/cm?, G=297.2kg/m?s)
Fig. 5.52 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle
for imposed out-of-phase G & q oscillations at 6:300kg/mzs, NG/ 6:10%,q:4.01W/cm2 and

/\Q/T=22% with t, = 20sec. and AT sw=10K.
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(2)t=to+1/8 (g =331WIGM®)

LN

(7) t = to+ 3ty/4 (q =4.01W/cm?)

(4) t =ty + 3t,/8 (q =4.71W/cm?) (8) t =to+ 7t,/8 (q =3.31W/cm?)
Fig. 5.53 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle

for a constant imposed mass flux at g=4.01W/cm?, Aq/q=35% at G = 300kg/m?s with t, = 20sec.

and A-I_-sub 210K
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(3) t =ty + t,/4 (G =300.2kg/m?s) (7) t = to+ 3ty/4 (G =300.2kg/m’s)

(4) t =ty + 3t,/8 (G =325.1kg/m?s)  (8) t =ty + 7t,/8 (G =277.5kg/m"s)
Fig. 5.54 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle
for a constant imposed heat flux at g=4.01W/cm? at G = 300kg/m?s, AG/ G =15%with t, = 20sec.

and A-I_-sub 210K
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2.5mm

(1) t = to (q=2.61W/cm?, G=318.5kg/m?s) (5) t = to+ t,/2 (q=5.41W/cm?, G=291.1kg/m?s)

t=ty+t =3. cm?, G=345.2Kglm%) (€
2) o/8 (4=3.31W/cm?, G=345.2Kg

(4) t = to + 3t,/8 (q=4.71W/cm?, G=316.9kg/m?s) (8) t = to + 7t,/8 (q=3.31W/cm?, G=294.1kg/m?s)

Fig. 5.55 Photos of subcooled flow boiling at certain time instants in a typical time periodic cycle

for imposed out-of-phase G & q oscillations at 6:300kg/mzs, NG/ 6:15%,q:4.01W/cm2 and

/\Q/G=35% with t,= 20sec. and AT ss=10K.
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Fig. 556 Time period oscillatory subcooled flow boiling of

g =4.01W/cm? Aq/q = 30%,G=300kg/m?s, AG/G=10% and t,=20sec.

FC-72 with
for the time

variations of bubble characteristics: (a) bubble departure diameter (b) bubble departure

frequency (c) active nucleation site density.
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subcooled flow boiling of FC-72 with

q = 4.01W/cm?, Aq/ q = 30%,G=300kg/m?s,

AG/G=15% and t,=20sec. for the time

variations of bubble characteristics: (a) bubble departure diameter (b) bubble departure

frequency (c) active nucleation site density.
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CHAPTER 6

CONCLUDING REMARKS

The temporal saturated and subcooled flow boiling heat transfer and associated bubble
characteristics of FC-72 flow over a small heated circular copper flat plate flush mounted
on the bottom of a rectangular channel subject to time periodic heat flux and coolant mass
flux oscillating simultaneously in forms of nearly a sinusoidal wave and a triangular wave
have been experimentally investigated for both in-phase and out-of-phase G and q
oscillations. The effects of the mean level and the oscillation amplitude and period of the
imposed heat and mass flux oscillations, inlet liquid subcooling, and the mean coolant mass
flux on the time periodic FC-72 flow boiling heat transfer coefficients and associated
bubble characteristics such as the mean -bubble “departure diameter, bubble departure
frequency, and active nucleation'site density have been examined in detail. Major results

presented in Chapters 4 and 5.can besumniarized as follows:

(1) The heated surface is found-to also oscillate “periodically in time at the same
frequency as the imposed G and q oscillations. Besides, the amplitude of the T,
oscillation is generally smaller in the flow boiling when the out-of-phase G and q
oscillations are imposed. But in the single-phase flow the T, oscillation is normally

weakened by imposing in-phase G and q oscillation.

(2) The heated surface temperature oscillation resulting from the imposed heat flux
oscillation can be significantly suppressed and even completely wiped out by
imposing an out-of-phase G oscillation of suitable amplitude in the flow boiling. For
the single-phase flow an in-phase G oscillation should be used. Besides, the time
instant of imposing G oscillation should consider the difference in the time lag of Ty,

due to mass flux and heat flux oscillations.
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(3) An increase in the inlet liquid subcooling results in stronger oscillations in the T,
oscillation. The use of a mass flux oscillation to wipe out the T,, oscillation resulting
from the heat flux oscillation is more difficult in the flow boiling especially at a high
mean heat flux. But the T,, oscillation can still be suppressed substantially by a

suitable choice of a mass flux oscillation.
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