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Two-phase flow instabilities, both static and dynamic, are commonplace in closed two-phase loops. For
two-phase micro-channel heat sinks, past studies have reported different types of instability, including
density wave oscillation (DWO), pressure drop oscillation (PDO), and parallel channel instability (PCI).
In the present study, emphasis is placed on identifying and suppressing dominant instabilities for flow
boiling of R134a in a micro-channel heat sink having 609.6-mm long and 203.2-mm wide base area,
and containing 100 of 1 x 1 mm? channels. A dominant charge transition instability (CTI) is identified

Ke.ywords" as causing appreciable oscillations in both mass velocity and pressure drop. Discussed is how PID control
Micro-channel e e oy .
Flow boiling could be used to suppress CTI. But PCI was also prevalent within individual CTI oscillation cycles, taking

the form of comparatively small amplitude, high frequency oscillations. It is shown CTI and PDO are fun-
damentally different in that ensuing fluctuations in mass velocity and pressure drop are synchronized for
the former, but out of phase for the latter. Additionally, CTI occurs in the positive slope region of the heat
sink’s pressure drop versus mass velocity characteristics, while PDO occurs in the negative slope region. A
detailed analytical model is also presented to predict onset of CTI. Overall, this study shows how loop

Flow condensation
Two-phase instabilities

instrumentation signals may be used in the model to both predict and suppress instability.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction
1.1. Modern cooling trends

Design challenges resulting from rapid increases in heat dissi-
pation rate from electronic and power devices have triggered
unprecedented focus on development of high-power-density cool-
ing schemes. And, with heat flux in certain devices beginning to
exceed 10> W/cm? [1], options are now limited to two-phase cool-
ing schemes, which, unlike their single-phase counterparts, can
capitalize upon the coolant’s latent and sensible heat rather than
sensible heat alone. This allows two-phase systems to achieve very
high heat transfer coefficients and maintain much lower device
temperatures.

For over three decades, investigators at the Purdue University
Boiling and Two-Phase Flow Laboratory (PU-BTPFL) and other
researcher groups worldwide have developed a broad variety of
two-phase cooling solutions, both passive (pump-free) and pump
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driven [2,3]. Passive schemes rely on either capillarity [4,5] (e.g.,
heat pipes, capillary pumped loops, and loop heat pipe), or gravity
[6] (e.g., thermosyphons) to circulate coolant in a cooling vessel or
loop. While passive systems require minimal or no power to main-
tain coolant circulation, low coolant speed limits these system to
relatively low to medium heat flux situation. On the other hand,
high heat flux applications rely on use of a pump (or compressor
for refrigeration-based solutions) to achieve the high coolant
speeds essential to achieving very high heat transfer coefficients.
Examples of two-phase pumped loop systems include those
employing falling film [7,8], channel flow [9-11], mini/micro-
channel flow [12-14], jet-impingement [15,16], and spray [17-
19]. Additionally, ‘hybrid cooling’ pumped loop solutions have
been developed, which combine the attributes of two or more flow
configurations to ameliorate cooling performance [20,21].

A primary motivation for the present study is thermal manage-
ment aboard reduced gravity or microgravity space systems. To
manage heat removal from avionics and crew, these systems rely
on a thermal control system (TCS), tasked with acquiring and mov-
ing the heat to a condenser, where it is rejected by radiation to
deep space. Unlike pumped two-phase systems in Earth gravity,
because of limited power budget, space-based TCS must operate
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Nomenclature
A area termo time corresponding to onset of charge transition insta-
Apase total base area of heat sink bility (CTI)
Ap area of diagonal plane of condenser thin fin thickness of condenser tube
Afin area of fin surface of condenser’s finned tube tnorm time corresponding to resumption of normal operating
Amc.ch total cross-sectional area of micro-channels conditions
Ar area of traverse plane of condenser Tsar saturation temperature
Aunfin area of bare surface of condenser’s finned tube toup time corresponding to suppression of temperature fluc-
C fluid charge (mass) tuations
Cp specific heat at constant pressure U overall heat transfer coefficient
C, valve flow coefficient v specific volume
D hydraulic diameter Veond-me flow volume of loop components separating condenser
D; inner diameter of condenser tube and micro-channel module
D, outer diameter of condenser tube Vime-cona  flow volume of loop components separating micro-
fapp apparent friction factor channel module and condenser
Fr Froude number Vplenum,in VOlume of micro-channel module’s inlet plenum
G mass velocity Vptenum,our  volume of micro-channel module’s outlet plenum
g gravitational acceleration Wen width of micro-channel
h enthalpy; heat transfer coefficient We Weber number
hgir average heat transfer coefficient on airside of con- We' modified Weber number

denser’s finned tube Wy, half-width of copper sidewall separating micro-
He micro-channel height channels
hgg latent heat of vaporization X Lockhart-Martinelli parameter
Hies fluid level in reservoir X vapor quality
j Colburn j factor, Nu/(RePr'?) Xe thermodynamic equilibrium quality
j; dimensionless vapor superficial velocity Xp half diagonal tube pitch of condenser
k thermal conductivity X half longitudinal tube pitch of condenser
L length Xt half traverse tube pitch of condenser
Len micro-channel length z axial direction coordinate
m mass flow rate
Mfin fin parameter Greek symbols
n number of condenser tubes in same row, n =22 o void fraction
Nen number of micro-channels in heat sink Nfin fin efficiency
Njin number of condenser fins per unit length U viscosity
Nrow number of condenser tube rows, N, = 2 ) density
Nu Nusselt number PH two-phase mixture density based on Homogeneous
Nu average Nusselt number on airside of condenser’s Equilibrium Model

finned tube 15 surface tension
p pressure ¢ fin parameter
Pfin fin pitch ¢ two-phase pressure drop multiplier
Pr Prandtl number
Pr reduced pressure Subscripts
Q” volumetric flow rate A accelerational
q heat flux air airside
qj heat flux based on total base area of heat sink amb ambient
q" cond heat flux along inner perimeter of condenser c contraction
q"'y heat flux based on heated perimeter of condenser cond condenser
R thermal resistance ch channel
Re Reypolds number CTI charge transition instability
Reequiv  equivalent Reynolds number for finned and unfinned e expansion

outer surfaces ‘of condenser tube equil equilibrium condition
Tequiv gqulvaleqt radius of condenser tube equiv equivalent property
I inner rad1u§ of condenser tube exp experimental (measured)
To outside radius of condenser tube F frictional
S slip ratio f liquid
Sp diagonal tube pltc_h of condenser fin condenser tube fin
Sfin space between adjacent condenser tube fins fo liquid only
St longitudinal tube pitch of condenser g vapor
St Stanton number, Nu/(RePr)

. go vapor only

Sr traverse tube pitch of condenser in inlet
Su Suratman number, Re?/We K F (liquid) or g (vapor)
T temperature . ko f (liquid) only or g (vapor) only
t time; oscillation period lam laminar flow
tericharge time corresponding to onset of oscillation in loop charge loop loop (without reservoir)

(Cloop)

micro-channel heat sink
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min minimum

0 onset of instability

out outlet

pred predicted

res reservoir

sat saturation

set set condition; PID set value
sp single phase

tc thermocouple

tp two phase

tt turbulent liquid-turbulent vapor flow
turb turbulent flow

unfin bare surface of condenser’s finned tube
w condenser tube wall

z axial direction coordinate

Acronyms

CHF critical heat flux

CTI charge transition instability

DWO density-wave oscillation

PCI parallel channel instability

PDO pressure drop oscillation

TCS thermal control system

with minimal pumping power, and do so in a very reliable manner.
This task is complicated by appreciable variations in gravity during
different stages of a space mission [22]. Through partnership with
the NASA Glenn Research Center, PU-BTPFL investigators have con-
ducted two decades of research centered on both flow boiling [23-
26] and flow condensation [27] in reduced gravity. The present
study is a continuation of these efforts.

1.2. Advantages and drawbacks of two-phase micro-channel heat
sinks

Two-phase micro-channel heat sinks have recently emerged as
one of the most effective thermal management solutions for high
heat flux applications. Comprised of a thermally conducting sub-
strate containing multiple parallel small hydraulic diameter chan-
nels with shared inlet and outlet plenums, they combine a number
of both thermal and system attributes. These include high heat
transfer coefficient, low temperature gradients, compact and light-
weight packaging, as well as adaptability to different flow system
configurations, including pumped loop [2]|, pumpless gravity-
driven loop [14], and vapor compression [22].

In the earliest comprehensive study on two-phase flow and heat
transfer characteristics of micro-channel heat sinks, Bowers and
Mudawar (see [2]) showed that, despite these important attributes,
micro-channel devices pose a number of challenges arising mostly
from small hydraulic diameter and correspondingly high pressure
drop (compared to single-phase micro-channel heat sinks). Most
concerning among those are accentuated compressibility
(pressure-gradient induced changes in specific volumes of vapor
and liquid) and flashing (pressure-gradient induced changes in
enthalpies of vapor and liquid). Combined with high mass velocity,
strong compressibility and flashing increase likelihood of two-
phase choking, especially as hydraulic diameter is greatly
decreased. Another concern with micro-channel heat sinks is sev-
ere pressure drop causing vapor back flow and premature critical
heat flux (CHF) [28].

This phenomenon is closely related to tendency of two-phase
micro-channel heat sinks to trigger flow instabilities. These
anomalies can be manifest in different forms, including mild pres-
sure oscillation, severe pressure oscillation, density wave oscilla-
tion, and parallel channel instability; some of which overlap with
others [29]. Investigators have pursued several strategies to com-
bat these instabilities, most common of which is to throttle the
flow upstream (also downstream) of the micro-channel heat sink
in order to isolate the heat sink from loop compressibility effects
[29-31]. But, while this might eliminate severe pressure oscilla-
tion, mild pressure oscillation has been reported to persist. Another
strategy to tackle instabilities that lead to vapor backflow and pre-
mature CHF is to increase the heat sink’s both mass velocity and
inlet subcooling [28].

More recently, the authors of the present study performed
extensive heat transfer measurements coupled with detailed
high-speed video analysis of bubble nucleation and growth along
a large length-to-diameter heat sink [32], same as one used in
the present study. They encountered instabilities comprised of
flow periodicity, which culminated in three distinct forms of dry-
out: intermittent, partial, and complete. There were also appreciable
temporal variations of flow pattern, from bubble all the way to
annular, as well as local heat transfer fluctuating from nucleate
boiling dominant to convective boiling, with the periodicity often
associated with transient vapor back flow [33,34].

1.3. Instabilities in two-phase systems

Two-phase flow instabilities can be categorized into two main
groups: static and dynamics. A system is considered statically
unstable if, following a disturbance, it is unable to restore original
operating conditions. The most well known manifestation of this
phenomenon is the Ledinegg instability, which occurs when slope
of internal characteristics curve of the boiling component of a
two-phase loop is smaller than that of loop components external
to the boiling component [35],

OAP OAP
o) <(5¢) (1)
( oG )int < oG )ext

This type of instability has been observed to cause maldistribu-
tion in parallel flow systems [36], and might therefore precipitate
serious flow boiling anomalies in a multi-channel heat sink. In fact,
recent studies have shown increasing number of channels in the
heat sink accentuates the flow maldistribution [37].

Dynamic instability is defined as any flow oscillations sustained
by feedback among pressure drop, mass flow, and density changes.
Two manifestations of dynamic instability are density-wave oscilla-
tion (DWO) and pressure drop oscillation (PDO). The former occurs
in the positive slope region of the internal characteristics curve,
Eq. (1), and the latter in the negative slope region, where slope of
internal characteristics curve of the boiling component is greater
than that of external loop components,

8AP> <6AP>
=) >(==) . (2)
< oG int oG ext

One reason for cyclical flow rate and density changes of DWO is
delayed mass flow response to changes in pressure drop, which
occur near the intersection of internal and external characteristics
curves [38,39]. On the other hand, as indicated by Qu and Muda-
war [29] for two-phase micro-channel heat sinks, PDO is associ-
ated with significant oscillations in both pressure drop and mass
flow rate, and attributed to interaction of two-phase flow in the
heat sink with upstream compressible volume, mostly in the loop’s
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reservoir. These oscillations occur in unison among parallel micro-
channels, and could be effectively removed with the aid of a throt-
tling valve situated upstream of the heat sink to isolate it from the
upstream compressible volume. However, random, small ampli-
tude oscillations in pressure drop and mass flow rate, commonly
identified as parallel channel instability (PCI), could not be elimi-
nated by the throttling valve. In general, PCI is influenced by
DWO occurring in individual parallel channels sharing inlet and
outlet plenums. Recent investigations have revealed important
influences of PCI on thermal performance of two-phase heat sinks
[33,40].

Recently, studies at PU-BTPFL provided more in-depth charac-
terization of two-phase instabilities, including impact of PCI and
ensuing periodic fluctuations of flow rate and pressure drop on
thermal performance of two-phase micro-channel heat sinks
employed in vapor compression systems [32,41,42]| and pumped
loops [33,34,43]. These studies also included impact of DWO on
flow boiling in macro-channels [44], theoretical treatment of
DWO [45], and role of gravity in instabilities in both flow boiling
[46] and flow condensation [47].

These studies point to both the importance of understanding
instability mechanisms and their impact on reliability of the entire
two-phase cooling system.

1.4. Objectives of study

As discussed above, the present authors have recently provided
significant insight into flow instabilities in a heat sink containing a
large number of parallel, large length-to-diameter micro-channels.
While some of these instabilities were relatively mild and persisted
under normal system operation, others were abnormally severe,
featuring both high amplitude and long oscillation period. Addi-
tionally, the more severe instability was found to be different from
PDO. This distinction and importance of characterizing the impact
of different forms of instability are key goals of the present study.
More specifically, this study aims to achieve the following goals:

1. Identify trigger mechanisms for different types of instability for
two-phase micro-channel heat sinks.

2. Explore parametric effects of heat flux, reservoir pressure, and
ambient temperature on the trigger mechanismes.

3. Elucidating thermal performance changes in response to differ-
ent forms of instability in regards to variations of dominant
heat transfer characteristics as compared to those under stable
conditions.

4. Explore details of pressure drop and mass velocity oscillations
during instability, as well as both internal and external charac-
teristics curves, and contrast dominant trends with those for
PDO.

5. Investigate the role of measured fluctuations of coolant mass
(charge) in the micro-channel heat sink, loop components
(minus reservoir) external to the heat sink, and reservoir using
a new analytical instability model.

2. Experimental methods
2.1. Two-phase flow loop and micro-channel module

Fig. 1(a) shows a schematic diagram of the two-phase loop used
to achieve desired operating conditions at the inlet of a
micro-channel test module using R134a as working fluid. The fluid
is circulated in the loop with the aid of a magnetically-coupled
Micropump GB series gear pump fitted with Baldor AC duty Micro-
drive controller to regulate flow rate. Subcooled liquid from the
pump is passed through a Flow Technology FTO series turbine flow
meter, followed by a control valve with C,=1.8. The latter is

situated immediately upstream of the micro-channel test module,
and serves to adjust both pressure and flow rate, and help prevent
severe pressure drop oscillation. Within the test module, heat sup-
plied from a Watlow thick-film resistive heater causes the fluid to
change phase, from subcooled liquid to two-phase mixture or
superheated vapor at the outlet. The fluid then passes through a
Trenton TCS series air-cooled condenser, where it rejects heat to
the ambient and returns to subcooled liquid state. System pressure
is set downstream of the condenser at a junction connecting the
loop to a reservoir that is fitted with both PID-controlled immer-
sion heater and Lytron modular condensing unit. Downstream
from this junction, the flow is subcooled further by passing
through a SWEP plate-type heat exchanger, which rejects heat to
the ambient using a second Lytron modular cooling unit, prevent-
ing any vapor bubbles from entering the gear pump. Fig. 2(b) pro-
vides images of both the micro-channel module and test facility.

The main component of the test module is a copper heat sink
having a base heat transfer area 609.6-mm long and 203.2-mm
wide, and featuring 100 of 1 x 1-mm? micro-channels those are
machined into its top surface. The heat is supplied from the Wat-
low resistive heater, which is pressed against the heat sink under-
side. The large length to diameter of the micro-channels (Lg/
D, =609.6) is essential to the ability to perform experiments that
could capture axial variations of both flow patterns and dominant
heat transfer mechanisms. To minimize heat loss, the copper heat
sink is mounted in a fiberglass plastic housing and fitted beneath
with another fiberglass plastic insulating plate. The micro-
channels are sealed atop with a transparent polycarbonate cover
plate, which also provides optical access to the flow within. Given
the large base area of the heat sink, the test module is fitted atop
with a stainless steel brace plate and aluminum support bars and
below with another set of aluminum bars. The main functions of
this support are to prevent fluid leaks from the test module as well
as close the gap between polycarbonate cover plate and micro-
channel tops. Additional details of the test module’s construction
are available in [43].

2.2. Measurement instrumentation and data acquisition

Ten of grounded E-type thermocouples were inserted into the
test module’s copper heat sink at different axial locations, as indi-
cated in Table 1, and one thermocouple in each of inlet and outlet
plenums. Using a Neslab RTE-220 temperature-controlled thermal
bath with 0.1 °C accuracy, all of the system’s thermocouples (12 in
test module and 6 in loop) are carefully calibrated over a range
from -22.5 °C to 80 °C against a standard platinum resistance ther-
mometer having an accuracy of +0.03 °C. The calibration consists of
bunching together tips of all thermocouples along with resistance
thermometer in the thermal bath, and repeating steady-state mea-
surements in 2.5 °C increments. The bath consists of distilled water
for calibrations above 7.5°C, and 50% volume ethylene glycol-
water mixture for lower temperatures. Using 4th order polynomial
curve fits, overall measurement accuracy of thermocouples follow-
ing calibration is estimated at +0.1 °C.

Two absolute and one differential Omega MM-series pressure
transducers are installed across the inlet and outlet plenums of
the micro-channel test module. Pressure transducers are also
installed at the condenser’s inlet and outlet, top of the reservoir,
and upstream of the control valve. Volumetric flow rate is mea-
sured by a Flow technology FTO series turbine flow meter. Voltage,
current, and power supply from the test module’s thick film resis-
tor are measured using a Yokogawa WT 310 m. A Gems XT-800
sensor is installed in the reservoir to measure liquid level with
minimum resolution of 6.35 mm (equivalent to about 0.5 kg of
R134a).
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Fig. 1. (a) Schematic diagram of two-phase flow loop. (b) Photos of test facility.

An FET multiplexer is used to collect pV signals from thermo-
couples and 0-10 V analog signals from pressure transducers, flow
meter, power meter, and liquid level indicator; these signals are by
an HP voltmeter and processed using an HP data acquisition sys-
tem. Both low and high frequency oscillations are captured from
1-kHz pressure transducers signals, and records of all other instru-

mentation signals are sampled at 2.5 Hz using a Labview code.
Steady state data are processed separately at least one hour from
experiment initiation.

As indicated in Table 2, maximum errors in measurements of
absolute pressure, differential pressure, temperature, mass flow
rate, heat input, and level indicator are +0.1%, +0.1%, 0.1 °C,
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Fig. 2. Charge transition instability (CTI) without PID control and transient response at Gp,c = 208.8 kg/m? s, Tamp = 18.3 °C, and g5 = 24,218.8 W/m? for (a) Pincin and Pic oun, (D)
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Table 1 +0.12%, +0.3%, and 6.35 mm, respectively. Uncertainty propagation
Micro-channel heat sink dimensions. in calculating heat transfer coefficient, pressure drop, and vapor
Length  Width  Number of  Axial locations of thermocouples [mm] quality change are less than 13.46%, 0.1% and 0.16%, respectively.
[mm] [mm)] channels
6096 2032 100 44.2,102.1, 160.0, 217.9, 275.8, 333.8, 2.3. Operating conditions

391.7, 434.3, 507.5, 565.4

The test module’s thermodynamic equilibrium inlet quality,
Xe,in, 1S calculated using

Table 2

Measurement error and uncertainty propagation. Xemein = hmc’ih” — hf - _ Cp‘f(Tsath_ Tmc‘m) , (3)
Parameter Error Parameter Uncertainty g s
Absolute pressure +0.1% Heat transfer coefficient, h  <5.92% wh?re .CPJ' Tsar and hyy are based .On measured inlet pressure, Prgin,
Differential pressure  +0.1% Pressure drop, AP <0.1% while inlet temperature, Tyqin, is measured by the thermocouple
Temperature, T +0.5% Vapor quality change, Ax,  <3.23% in the inlet plenum. The test module’s outlet quality, Xemcour, 1S
Mass flow rate, m +0.12% determined using
Heat input, Q +0.3%

Level indicator 6.35 mm Xemeout = Xemcin + (qubase)/(r'n hfg) , 4)
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Operating conditions of micro-channel module.

Gme [kg/m? s] qg* [W/m?] Xemein Xe.mcout Pi, [kPa] Number of AP data points (69 total)
75.92 4005-10094 —0.031 to —0.022 0.331-0.893 688.3-690.0 4

94.90 3990-12185 —0.032 to —-0.026 0.256-0.853 690.7-691.6 5

113.88 4039-16184 —0.039 to —-0.025 0.206-0.956 691.5-695.0 7

132.86 4074-17999 —0.038 to —0.026 0.174-0.908 692.7-699.2 8

151.85 4003-20185 —0.038 to —0.029 0.148-0.892 693.1-704.3 9

170.83 3993-24028 —0.040 to —0.031 0.128-0.944 694.1-711.9 11

189.81 4031-26209 —0.040 to —0.030 0.111-0.928 695.0-721.4 12

208.79 4039-28209 —0.041 to —0.030 0.096-0.927 695.9-731.3 13

where gj is heat flux based on 609.6-mm long by 203.2-mm wide
base area, Apqse, Of the heat sink, and m total flow rate of R134a.
Table 3 provides detailed operating conditions tested in this study.

3. Two-phase flow dynamics and Long-term oscillations of
pressure and mass velocity

3.1. Mechanism of charge transition instability (CTI) without PID
control of reservoir pressure

As discussed in Section 2, maintaining a set point pressure for
the two-phase loop requires simultaneous heat addition and
removal from the reservoir; with electrical power supply to the
reservoir’s immersion heater PID controlled in response to pres-
sure measured at the T junction downstream of the condenser.
The PID control is found to have profound influence on dynamic
response of the entire system, evidenced by drastically different
responses with versus without PID. Discussed below is the
response sans PID control.

Fig. 2 shows the system’s dynamic response without PID
control, starting with initial normal operating conditions with
micro-channel mass velocity of Gn.=208.8 kg/m?s and ambient
air temperature of Ty, = 18.3 °C. Initial operating conditions for
all experimental cases shared equal condenser outlet pressure,
Pcondout» Set to 600 kPa. Notice, in Fig. 2(a), how, as heat flux of
qj =24,219 W/m? is applied to the micro-channel test module after
60 s, the system responds with initial increases of heat sink’s inlet
pressure, Py.in, and outlet pressure, Py, o, followed by periodic
oscillations in both parameters. Fig. 2(b) shows corresponding ini-
tial increase followed by periodic oscillations in pressure drop,
APy, and both Fig. 2(a) and (b) show intermediate durations of
both small amplitude and high frequency oscillations induced by
parallel channel instability (PCI) as described in [33]. The onset of
this charge transition instability (CTI) is also associated with syn-
chronized oscillations in condenser inlet pressure, Pcopg,in, and out-
let pressure, Pcong our, and reservoir pressure, Py, as shown in Fig. 2
(c). Pressure difference between Pgongour and Ppres represents static
head in the reservoir, AP, And pressure head, AP, measured
by pressure transducers and calculated using height of liquid in
reservoir obtained by level indicator are 7294.9 Pa and 7151.2 Pa,
respectively, which agree quite well with one another. Notice in
Fig. 2(d) how liquid height, H,.s, increases as fluid from the loop
(loop charge) moves to the reservoir, and decreases when fluid
returns to the loop. Fig. 2(e) shows perhaps the most important
manifestation of CTI, both periodic and severe fluctuations in
micro-channel test module’s mass velocity, G, starting at the
moment of onset of CTI, tcyy, = 380 s, following a stable initial mass
velocity of Gp,.=208.8 l(g/m2 s. In these results, tcyy, is defined by
the moment when mass velocity deviates from the set value for
the given test.

It is important to emphasize that CTI is fundamentally different
from PCI in the former’s both (1) higher oscillation amplitude and
(2) lower frequency; with PCI still occurring with each oscillation

period of CTI. Additionally, CTI is fundamentally different from
pressure drop oscillation (PDO) in that CTI is associated with syn-
chronized fluctuations of pressure drop, AP,,., and mass velocity,
Gme as opposed to unsynchronized fluctuations (i.e., with finite
phase shift) in the same parameters for PDO [29,48,49].

Overall, CTI is initiated in response to an increase in qj, which
causes system pressure and void fraction in the micro-channel test
module to rapidly increase. The oscillation sequence of CTI is rep-
resented in Fig. 3(a)-(d), which correspond, respectively, to times
1-4 indicated in Fig. 2(d), and can be described as follows:

(1) In the first stage of oscillation cycle, at t;, an increase in con-
denser outlet pressure, Peongour, COrresponding to set value
for the loop’s flow rate, i, = e, causes liquid height in
the reservoir to increase as fluid charge transitions from loop
to reservoir.

(2) At t, while still 1y, = M, charge transition from loop to
reservoir causes liquid in the reservoir to reach threshold
high level and fluid flow into the reservoir to cease.

(3) Conditions at t, are maintained momentarily until t3, when
the loop’s mass flow rate suddenly drops, causing large
vapor pockets to form in the loop because of constant heat
input. This vapor is generated because the charge left in
the loop is smaller than the minimum amount required for
normal operation. At t3, Peondour drops suddenly, and, with

AP, (equal to g(pr,es_f + ngres.g)) now high enough that

liquid pressure at the bottom of the reservoir exceeds
Pcond,outs fluid begins to return to the loop.

(4) Release of liquid from reservoir to loop continues until
Pcond,oue begins to increase once again because of mass flow
rate recovery in the loop. At t4, liquid level reaches threshold
low level. Thereafter, P.ongoue becomes large enough once
again to push liquid into the reservoir and start a new CTI
oscillation cycle.

As indicated in [33] and shown in Fig. 2(b), PCI occurs in the
crests of CTI and is manifest with smaller amplitude and higher fre-
quency during normal operating conditions. The results in Fig. 2
prove that CTI and PCI occur simultaneously, but the effects of
CTI on the system are far more profound in terms of both oscilla-
tion magnitude and period. Notice in Fig. 2(c) how Pgong,in fluctu-
ates with higher amplitude than P.ng0y While both increase
during an oscillation sequence, but they are closer to one another
while they both decrease in the trough of the same sequence. This
pattern of oscillation is different from that observed in the con-
denser of a refrigeration cycle [42] wherein normal operating con-
ditions are intermittently maintained. In addition, while Py, and
Peond,our in a refrigeration cycle are a quarter period out of phase,
CTI in the present study shows no phase shift between the two
pressures.

Overall, it appears CTI is triggered by vapor generation induced
by heat addition in the test module and ensuing increase in system
pressure. This observation is confirmed by comparing mass
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velocity responses for different heat fluxes. Fig. 4 shows, for
Gme =208 kg/m? s (set value before instability) and Tyms = 18.3 °C,
fluctuations in Gy, for ¢} = 16,146, 20,182, and 24,219 W/m?, as
qy is turned on at t=>58.4, 60.8 and 61.8 s, respectively. For the
lowest heat flux, the onset of CTI is fairly delayed, occurring at
tero = 2550 s, but decreases monotonically to 1420 and 380 s with
increasing heat flux, proving CTI is strongly dependent on heat flux.
Fig. 4(b) further supports this dependence of tcy, on heat flux for
different mass velocities. Notice in the same figure that G, has
relatively minor influence on CTL

Results for loop charge, Ciop, defined as fluid mass in entire loop
sans reservoir, are provided in Fig. 5(a) and (b). Fig. 5(a) shows
temporal variations of Cip for G,c = 208.8 kg/m? s, Tomp, = 18.3 °C,
and qj = 16,146, 20,182, and 24,219 W/m?. Cioop is shown decreas-
ing in a gradual manner starting the instant heat flux is applied to
the micro-channel heat sink, even during the period t=0 - tc,

while G, remains fairly constant, as shown in Fig. 4(a). Comparing
results in Figs. 5(a) to 4(a) corresponding to q; = 16,146 kW/m?
shows Cpop incurs appreciable drop upon initiation of heating,
while G, incurs both relatively mild and delayed response.
However, CTI initiation, indicated in the G, plot, Fig. 4(a), by
treo = 1420 and 380s for qj = 20,182 and 24,219 W/m?, respec-
tively, precedes the onset of oscillation for Cy,p, which is indicated
in Fig. 5(a) as tcyy,charge In sSummary, tep,o is dictated by first drop in
mass velocity, while tcrycharge is defined by onset of oscillation in
Cioop» and, also from Figs. 4(a) and 5(a), the difference between
tero and tepicharge decreases with increasing qj. Fig. 5(b) shows
tericharge decreases monotonically with increasing qj, but shows
minor dependence on G;.

As CTI is initiated by loss of balance in system pressure and
ensuing charge transition from loop to reservoir, this instability
can be described by investigating influence of total volumetric flow



S. Lee et al./ International Journal of Heat and Mass Transfer 140 (2019) 303-330 311

300 : ; . . .
o 250 [ dg"= 16,146 W/m?, G, = 208.8 kg/m?s, T, = 18.3°C i
E 200 :;\\" Ity T
£ 150 g7on f T

g 100 F toro=25508
S 5t .
300 : : : : :
= 250 F 5" = 20,182 W/m2, G,,, = 208.8 kg/m2s, T, = 18.3°C /tCTI,charge: 2186 s |
E 200 F 1
2 150 gz"ON f
g 100 F _ i
£ toro=1420s
C 50t .
300 : : : : :
= 250} loTicharge = 4838 7= 24,219 W/m2, G,,,, = 208.8 kg/m?s, T, = 18.3°C
‘E 200
£ 150
¢ 100
£
S 5
0 tCTI'O - 38|0 s 1 1 1 1
0 500 1000 1500 2000 2500 3000
(a) -
Time [s]
12000 —— : : : : ;
\\ G, [kg/m?s]
- m?s
10000 - ’v\ e 9 .
94.9
® A O ¢
8000 N A ° O 1329 .

0 AN v 170.8
s 60001 AN A2088 | A

RS AND

Tomp = 18.3°C
4000 - v RAN amb 1
NS
v ASpa
2000 | = AN A 1
O 1 1 1 Iv - — ﬂﬁ- A
0 5000 10000 15000 20000 25000 30000
(b) qs” [W/m?]
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rate at the micro-channel test module’s outlet on loop parameters
using

Qtuml’c'”t = Qg-mc,out + Qf,mc,out 5 (5)
Qe = mech Cme Xemeou (6)
Pg
and

Amc,ch Gmc(1 - Xe‘mc‘out)
Py

Notice that Qsoraroue increases with increasing gg” but is far less
sensitive to G, as depicted in the inset in Fig. 6(a). Fig. 6(a) also
shows time to onset of CTI, tcp, decays exponentially with
increasing Qotaour- Fig. 6(b) shows loop charge, Cyyop, at tero also
decreases with increasing Qorq0ue because of increasing system
void fraction. It can therefore be concluded that the primary reason

Qf,mc,out = (7)

for CTI initiation is low Gy and ensuing drop in Gp.. Fig. 6(c)
shows condenser outlet pressure, Peongout at tero increases with
increasing Qyorarour, Which expedites CTI initiation.

Fig. 7(a) shows time to initiation of Gy, 0scillations, tercharges
decays exponentially with increasing Qroaour» Similar to the trend
for tcr, in Fig. 6(a). However, Fig. 7(b) shows Ciyop at tericharges
unlike Fig. 6(b), remains fairly constant with increasing Qrorarouts
and the magnitude of Cio,p is smaller than at tep,. Fig. 7(c) shows
Pcond,our increases gradually with increasing Qrorar0ue With a certain
extent of scattering, which is caused by pre-sustained pressure
oscillation from tcyy, in the vicinity of terycharge. Notice, by compar-
ing Figs. 6(a) and 7(a), that at high Qrotaiour tcmo and tcmcharge
approach one another, so do corresponding values for Cj,op in Figs. 6
(b) and 7(b).

3.2. Mechanism of charge transition instability (CTI) with PID control
of reservoir pressure

With PID control of electrical power supply to the reservoir’s
immersion heater in response to pressure at the condenser outlet,
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Pcond,our» the system is clearly better able to tackle fluctuations in
operating parameters. The role of PID control is captured by com-
paring temporal records of Gp,c and Coqp after CTI is initiated for the
same operating conditions of Gp.=208.8kg/m?s and qj =
20,182 W/m? without PID control, Fig. 8(a), and with PID control,
Fig. 8(b). For the case without PID control, Fig. 8(a), Gp,c shows
relatively minor fluctuation when g} is turned on at 123.3 s, but
Cioop begins to decrease gradually as the charge begins to move into
the reservoir. Mild instability is initiated at tcr,=2284 s where
Cioop=7.232kg, which is followed by sharp instability at
tericharge = 3156 s where Cioop = 6.103 kg. Flow oscillation is main-
tained until the end of data recording at 7000 s as shown in the
Fig. 8(a) inset, with Cjo0p fluctuating between 6.103 and 7.811 kg.

Fig. 8(b) shows how oscillations are suppressed and system
returns to normal operation once the PID controller is turned on.
For this case, the PID controller is triggered once Peond,ou falls below
Psee =571.8 kPa, which corresponds to mass velocity below

Gme =77.0 kg/m? s, and responds by rapidly increasing power input
to the reservoir's immersion heater. This causes vigorous vapor
generation to push liquid back to the loop. The mass flow rate is
stabilized and returns to normal operation with G, =208.8 kg/
m?s, as Cioop also recovers from oscillation at t=3924 s, rising to
a stable value of 7.802 kg.

Fig. 9(a) shows temporal records of Gy, C.s (reservoir charge),
Pcond,our» and Prs both before and after CTI with the PID controller in
use. Here, Peond,oue is initially at 600 kPa and decreases in response
to PID control, set at Py, =571.8 kPa, to equilibrium pressure of
Peguit = 564.5 kPa, which is defined as Pcong,ous at tcrio. and whose
magnitude is determined from operating conditions and ambient
temperature, Tgmp.

Fig. 9(a) shows the temporal span divided into four distinct
periods (1-4) corresponding to four oscillation sequences, with
behavior within each captured in Fig. 10, which can be described
as follows:
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(1) During ty, Peond,oue and Pres decrease simultaneously after gj is
turned on until Peong,our T€aches Pegyi, during which time Cpeg
rapidly increases. Then, liquid charge transitions from loop
to reservoir, and the increase in Cy.s slows.

(2) At ty, liquid in the reservoir reaches highest level, and, simul-
taneously, reduced loop charge increases vapor generation
in the loop.

(3) Reduced loop charge now triggers sharp drop in the
loop’s mass velocity, and, at ts;, the PID controller turns
on after Pcopgoue drops below Py, by a finite amount,
which corresponds to when G, drops below 77.0 kg/
m?s. A sudden surge of power to the reservoir’s heater
now triggers appreciable boiling in the reservoir, which
begins to push liquid back to the loop, causing a decrease
in Ces. The PID control also causes both Peongour and Pres
to start rising.

(4) At ty4, the PID control ultimately causes G, to recover to set
operating value, and Pcongour to be maintained thereafter
very close to Py, by maintaining correct amount of vapor
generation in the reservoir.

It is also important to emphasize that the closed loop’s satura-
tion pressure is influenced by ambient temperature, which, along
with Py, value, might interfere with ability of the PID controller
to suppress oscillations. This complex relationship is made clearer
by comparing conditions for Fig. 9(a) and (b), which correspond to
nearly identical values of Peq, 564.5 versus 566.8 kPa, because of
only 0.1 °C difference in Tgpp.

In Fig. 9(a), Pse=571.8kPa, which is higher than
Peguir = 564.5 kPa. In Fig. 9(b), however, Py, = 563.0 kPa, lower than
Peguir= 566.8 kPa. While those pressure differences may seem
small, successful removal of oscillations with PID control in Fig. 9



314 S. Lee et al./International Journal of Heat and Mass Transfer 140 (2019) 303-330

14000 X -
\
12000 r \ A
\
_, 10000 | \
9, [.\
2 8000 |
% 6000 F G, [kg/m?s]
5 ® 949 v
™ 4000 F| O 1329
v 170.8
2000 | A 208.8
() o | Tam=183°C |
10 - -
G, [kg/m?s]
9| @ 94.9
O 1329
— v 170.
f‘h 8| A 208.8
i T,.,=18.3°C
S L
O 7
o | v
(b) 5 1 1
640 - -
G, [kg/m?s]
® 949
—_ 620 | O 132.9
g v 170.8
X A 208.8
3 600  Tompy=18.3°C
5] V-
g _ _ ——
S Jp—
& sg ™ v
®
© 560 ' '
0 1 2

3 4 5 6

Volumetric Flow Rate, Q,,,, 5, [M3/s] x 10*

Fig. 7. Effects of volumetric flow rate at micro-channel test module’s outlet, Qsotaiour, ON (@) terycharger (D) Cioops aNd (€) Peond,out fOr Tamp = 18.3 °C and different mass velocities in

absence of PID control.

(a) versus its failure in Fig. 9(b) shows that proper operation
requires setting Py, higher than P.qy; in order for the PID controller
to be able to return charge to the loop.

Turning attention to the influence of ambient temperature on
system behavior, Fig. 11 shows strong monotonic increasing
dependence of Pegui 0on Tqmp. There are also secondary effects of
Gmc and qj, with the latter providing measurable influence (albeit
weaker than that of Tg;;5) as shown in the inset corresponding to
Tomp ~ 17.0 °C.

Since, as discussed above, successful implementation of PID
control is dictated by the relative magnitude of Pegy;; and Py, vari-
ations of the former with T, imply that Ty, also has strong influ-
ence on PID function. This fact is reflected in Fig. 12(a), which

shows temporal records of Pengour fOr Gpme=208.8 kg/m?s,
q;=24.219 W/m?, Py = 646.0 kPa, and two different ambient tem-
peratures, 19.9 °C and 15.2 °C. With the higher T, resulting in
higher P.q,; of 670 kPa, which is higher than P, no system stabil-
ity is achieved after CTI initiation. On the other hand, the lower
Tamp decreases Pequi to 590 kPa, which is now smaller than P,
enabling the PID controller to prevent ensuing oscillations.

Some guidance concerning safe operation can be achieved with
the aid of a stability map, shown in Fig. 12(b) for G, = 208.8 kg/
m?s and g} = 24,219 W/m? Operation shifts from unstable to
stable in response to changes in T, for a given value of P, Notice
how stable operation favors lower T, and higher Ps,. However,
higher Py, would also increase saturation temperature, Tpcsqr, i



S. Lee et al./ International Journal of Heat and Mass Transfer 140 (2019) 303-330

315

250 T T T T
1 e -
7 20— ason
g 150 250
g 200
- L 150
(DE 100 100 Oscillation /-
50 tained
50 | 0 sustaine
0 1000 3000 5000 7000
O 1 1 107 1
10 T T 9
8
7
— 9 - 6
2 gt %0 1000 3000 5000 7000
&
& [ gg”=20,182 Wjm? i
L Gipe = 208.8 kg/m?s Oscillation /—
Tamb =16.0°C sustained
5 1 1 1 1
(a)
250 T T
500 Y oy
:‘G' 00 ——— qgg” ON
E 150t
2]
=
o 100
35 S
o 50 b G = 77.0 kg/m?s
O 1 1
10 T T
9 -
=
< 8f
§ | os”=20,182 W/
3) G, = 208.8 kg/m?3s
6L Tams = 16.0°C | _
P =571.8kPa l
5 1 1 1 1
0 1000 2000 3000 4000 5000
(b) Time [s]

Fig. 8. Temporal records of mass velocity, Gn., and loop charge, Cj,,, before and after CTI for qz” = 20,182 W/m?, G =208.8 kg/m? s, and T,y = 16.0 °C (a) without PID

control, and (b) with PID control (based on Ps. = 571.8 kPa).

the micro-channel test module, which would influence heat trans-
fer performance.

4. Effects of charge transition instability (CTI) on thermal
response of Micro-channel heat sink

Attention will now shift to impact of CTI on temperature distri-
bution and changes in two-phase heat transfer mechanisms along
the heat sink. Recall that heat sink temperature is measured by 10
thermocouples (tc2 to tc11, situated at axial locations indicated in
Table 1). Fig. 13(a) shows temperature records for a select subset of
thermocouples situated at z=102.1, 217.9, 333.8, 434.3, and
565.4 mm over an extended duration of t=0-10,000s, starting
the instant the heat sink’s heater is turned on. The conditions
shown are for a test with PID control that satisfies the stability cri-
terion discussed in the previous section. Notice how the tempera-
ture fluctuations are suppressed significantly at ts,, ~ 7402 s, and
reach normal operation at tpo;, =~ 8000 s. Normal operation is sus-
tained thereafter by maintaining Pcongour below Pg; and Gy, con-

stant. Prior to reaching normal operation, Gp fluctuates
significantly, Fig. 13(b), causing appreciable fluctuations in heat
sink temperature. Notice in the same figure the synchronous tem-
perature rise for durations of low G, Fig. 13(c), which promotes
dryout along the micro-channels, and temperature drop for high
Gme and surface rewetting, with temperature amplitude increasing
downstream because of axially increasing void fraction exasperat-
ing dryout for downstream locations.

Large axial differences in temperature response are clearly
manifest when comparing temporal records for downstream ther-
mocouples T,; - Tyy; (z2=333.8-565.4 mm) with those for
upstream thermocouples Ty, — T (z = 44.2-275.8 mm), with lar-
ger amplitudes reflecting much weaker cooling downstream. High-
est amplitude of 18.7 °C is detected with T,., presumably because
of more persistent dryout at this location. Additionally, while T;.; -
Tec11 increase during the period of decreasing G, those for Ty -
T actually decrease. Strongly associated with these temperature
differences are differences in dominant heat transfer mechanism.
Large heat transfer coefficients are realized upstream because of
reliance on nucleate boiling with low void fraction (as confirmed



316

S. Lee et al./International Journal of Heat and Mass Transfer 140 (2019) 303-330

250

200
150
100

50

[ "—— g ON

G = 77.0 kg/m?s

G,,c [kg/m3s]

PID co

roller ON

—
t

15
14
13

| 9" =20,182W/m2 T, =14.9
Gine = 208.8 kg/m?s P, =571.8

-15.0°C

kPa

12
11

C,es [kgl

@

600

Poqui = 564.5 kPa
P..=571.8kPa

590
580
570

P [kPa]

560

550

540
0

—

QO

=

250

200 |
150
100

50

G = 77.0 kg/m?s

G,,c [kg/m3s]

15
14
131

Tamp = 15
Pst = 563

gg” = 20,182 W/m?
G = 208.8 kg/m?s

.0°C
.0 kPa

12
11

Cres [kdl

600
590
570
580
560
550

P

equil =

P = 563.0 kPa

P [kPa]

566.8 kPa

: Pcond,out
| |
oot | |
e I e e S ten .

AN

540 1000 2000

—~
-

Fig. 9. Temporal records of G, Cres, Peond,out» and Pyes With PID control for conditions |
unsuccessful suppression when Pse; < Pegquir-

in prior studies by the present authors [34]), while low coefficients
are achieved downstream because of high void fraction, reliance on
convective boiling across an annular film, and increased likelihood
of dryout. Overall, the downstream regions are prone to encounter-
ing localized CHF earlier, and CTI may yield much smaller CHF val-
ues compared to CHF resulting from intermittent downstream
dryout under normal operating conditions [34,50].

The inset in Fig. 13(b) provides another important observation of
synchronous response of heat sink’s upstream temperatures and cor-
responding local saturation temperatures, Ty,; the latter fluctuate in
accordance with local saturation pressure, Ps,;. However, the down-
stream temperatures are observed to be insensitive to local Ty,

It should be emphasized that within the ‘slow’ cyclical charge
transition instability (CTI) and even during ensuing normal opera-

| | re
3000 4000 5000

Time [s]

eading to (a) successful suppression of oscillations following CTI when Pse; > Peguii, and (b)

tion the high frequency fluctuations resulting from parallel chan-
nel instability (PCI) exists, which are associated with intermittent
dryout. Shown in Fig. 13(a), the largest increases in heat sink tem-
perature resulting from CTI and PCI are 30 °C and 5 °C, respectively,
which demonstrates the relative importance of CTI over PCI.

While large temperature fluctuations induced by mass velocity
oscillation during CTI may seem similar to those resulting from
pressure drop oscillation (PDO) [51], they are fundamentally differ-
ent from PDO in terms of (a) synchronous oscillations of mass
velocity and pressure drop for CTI as opposed to out of phase oscil-
lations for PDO, and (b) ability of system incurring CTI to reach nor-
mal operation (albeit after a long waiting period and with
persistent low amplitude PCI) compared to sustained instability
for PDO.
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5. Charge transition instability (CTI) versus pressure drop
oscillation (PDO)

5.1. Characteristics curve for CTI

Prior investigators [35,37,48,49,52,53| used characteristics
curves represented by pressure drop versus mass velocity to pre-
dict occurrence of instabilities, static or dynamic, in the region of
negative slope,

d(AP)
dG
To investigate possible applicability of the same criterion to CTI,
present transient experimental data are plotted in Fig. 14(a) and
(b) to generate internal characteristics (AP, versus G,,.) superim-
posed on steady-state trends. Fig. 14(a) shows steady-state charac-
teristics curves (after instability suppression with PID control),

<0 8)

both experimental and predicted, for different heat fluxes. The
pressure drop predictions are based on a technique detailed in a
previous paper by the present authors [43]. Shown in Fig. 14(a)
are values for total pressure drop, which is comprised of compo-
nents representing single-phase liquid, two-phase mixture, and
single-phase vapor,

AProrqi = APy + APy, + APy 9

Notice slope change for each heat flux with decreasing G,
which is brought about by the flow in the micro-channel’s down-
stream region switching from two-phase mixture (APg,z=0) to
superheated vapor (APs,z>0). The exit condition for all present
experimental data is saturated mixture, with G, values exceeding
those corresponding to X, mcoue = 1. Absent from all characteristics
curves in Fig. 14(a) are any saturated mixture regions with
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negative slope. This can be interpreted by the increase in G,
increasing (dP/dz),, faster than the decrease in length of two-
phase mixture region.

As discussed in Section 3, all present experimental data without
PID control produced CTI. Fig. 14(b) compares, for three sets of con-
ditions, transient experimental CTI data recorded during three con-
secutive cycles from the first oscillation with analytically predicted
steady-state characteristics. Notice, for all three conditions, that
CTI data feature only positive slope, similar to that predicted
numerically, which is opposite to the negative slope trend
observed with PDO, implying oscillations observed in the present
study are mechanistically different than those observed in the vast
majority of prior negative slope based studies [48,49].

5.2. Characteristics curve for PDO

To contrast CTI behavior from that of PDO, prior experimental
conditions for water flow boiling in a micro-channel heat sink by
Qu and Mudawar [29] are plotted in Fig. 15 alongside numerical
predictions for steady-state operation using identical operating
conditions. It should be noted that Qu and Mudawar were able to
suppress PDO by throttling flow upstream of the heat sink in order
to isolate the heat sink from the loop’s upstream compressible vol-
ume, but the data region shown in Fig. 15 was measured under
PDO without the upstream throttling. Two sets of numerical pre-
dictions are shown, one by Qu and Mudawar [29] and the other
Kim and Mudawar [54,55]; both have been selected for superior
predictive accuracy compared to other methods [43]. Notice that
measured center of PDO falls almost exactly on the characteristics
predicted by Kim and Mudawar. The clockwise data trajectory
under PDO is clearly identified along negative slope of the charac-
teristics curve, which is directly opposite that of CTI. This points to
PDO and CTI following fundamentally different mechanisms.

6. Prediction of onset of charge transition instability (CTI)

Charge transition is an important manifestation of two-phase
flow systems reported in previous investigations [28,56,57]. Insta-
bility resulting from this transition is fundamentally different from

PDO in that the CTI can suddenly occur during steady-state opera-
tion in the form of oscillations in both mass velocity and pressure.
It is therefore important from a practical standpoint to unveil the
trigger mechanisms behind this phenomenon to ensure proper
operation of a two-phase cooling system.

The assumption used here is that CTI commences once the
amount of charge held in the loop falls below the minimum
required for normal operation,

Cloop < Cloop,min . (10)

Following is a detailed charge calculation procedure, which is
conducted to both help understand the mechanism for CTI and cor-
responding minimum charge responsible for initiating the instabil-
ity in a two-phase loop fitted with PID control. It is important to
emphasize that, in the analysis presented here, the condenser’s air-
side heat transfer coefficient, hy;, is held constant during the CTI
occurrence.

6.1. Charge calculation for micro-channel heat sink

Total charge in the micro-channel heat sink, Cy,, is comprised of
charges associated with inlet plenum, Cp, i, micro-channels, Gy cp,
and outlet plenum, Ccour

Cmc = Cmc,in + Cmc,ch + Cmc.ou[ . (1 1)

And, Cpneen is, in turn, the sum of charges of upstream single-
phase liquid, Gycspy, two-phase region, Cpep, and, when present,
outlet single-phase vapor, Cncsp.g,

Cmc.ch = Cmc‘sp.f + Cmc,tp + Cmc,sp,g . (12)

The single-phase subcooled liquid charge is calculated from

Ly

Cmc,sp,f = Amc.ch ) Pde7 (13)

where Apcn is total cross-sectional area of micro-channels, and Ly, ¢
length of single-phase liquid region, which is expressed as
_ Gchmc.ch
LSPf - "
Nch qB(Wch + 2 Ww

) Cp.f (Tsat‘in - Tf.in)7 (14)

where N, Wep, Wy, Toqtin, and Ty, are, respectively, number of par-
allel micro-channels, micro-channel width, half-width of copper
wall separating micro-channels, inlet saturation temperature, and
inlet liquid temperature. With base heat flux, gj, held constant dur-
ing CTI, local thermodynamic equilibrium quality along the chan-
nels can be determined from the relation

G(Wan +2 Wy) P

= ; 1
Xe,mc.z xe,mc,m + Gm[‘ Amc‘ch hfg ( 5)
The two-phase region charge is calculated as
Lopg+lep
Cmc.rp = Amc,ch /L <,0gOCZ + pf(l - az)) dZ, (16)
spf
_ Gchmc,chhfg
Ly = Nen(Wen + 2Wo)q5 (17)
Amc.ch = Nch Hch Wch ’ (18)

and o, is local void fraction in the two-phase region, which is calcu-
lated using Zivi's [58] correlation,

1 2/37 1
o — H(M) Pg 7 (19)
Xemcz pf

which showed good accuracy in predicting accelerational pres-
sure drop in a previous study by the present authors [43].
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Charge for single-phase superheated vapor is calculated as

Lch
Cmc,sp,g = Amc,ch/ PgdZ, (20)
LspJ+LfP

where L, is total channel length and

Lypg =Lep — Loy — Ly - (21)
Charges in the inlet and outlet plenums are calculated as

Cmc,in = [pgain + pf(] - ain)] Vplenum,in (22)
and

Cmc.out = [pgfxout + Pf(1 - aout)] Vplenum,out ’ (23)

where tin, %outr Vplenum,in, aNd Vpienum,our are, respectively, void frac-
tion in upstream plenum, void fraction in downstream plenum, vol-
ume of upstream plenum, and volume of downstream plenum.

Charge in the loop between micro-channel module and con-
denser is calculated according to

Cmc—cond = [,Dgfxout + Pf(1 - OCout) Vmc—cond ) (24)
where Vi;ccong is total fluid volume of loop components separating
micro-channel module and condenser, within which both X ncour
and o, are assumed constant because of minimal heat loss to
ambient.

6.2. Charge calculation for air-cooled condenser

Details of resistances and heat transfer coefficient relations for
both condensing fluid and air are provided in Appendix A.

As indicated in Appendix A and depicted in Fig. A1(b), total
thermal resistance between fluid inside the condensing tube and

ambient air is given by
R = Tcond — Tamb
tota qglmd (27-5 rj)AZ
1 In(ro/r:)

(25)

B heond 2rr)Az 2®m kw Az REquiv,
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Fig. 13. Thermal effects of CTI on thermal response of micro-channel heat sink with use of PID control for g5’ = 28,255 W/m? and G, = 208.8 kg/m? s: (a

) Temporal response

of representative heat sink thermocouples until full restoration of steady operating conditions. (b) Temperature response of all heat sink thermocouples during CTI. (c)

Temporal response of mass velocity during CTIL.

where Requiv is equivalent airside thermal resistance accounting for
both finned and bare portions of tube surface, and Teong and heong
are, respectively, the temperature and heat transfer coefficient of
internal condensing flow.

Notice that both g/, and hcng vary along the condenser tubes,
and corresponding local thermodynamic equilibrium quality is
given by

Qe T)

26
o Geona (70 17 ) e (26)

xe,cond,z = xe.cond,in -

Eq. (26) can be used to determine extents of upstream super-
heated region, Ly, ,, two-phase region, Ly, and single-phase liquid
region, L5 according to

Lpg
/ q/c’und(27f Tf)dZ = Gcond (TC riz)cp,g (ngn - Tsat‘in) 3 (27)
0
Lspg+Lip
/ @427 171)dz = Geona (17 gy , (28)
Lpg
and
Lspf = Lcond - Ltp - Lsp,g . (29)

Total condenser charge is the sum of charges of the three
regions,

Ccond = Ccand,spg + Ccond,tp + Ccand,spf ) (30)
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3 Lypg
Conaspe = (T 17) [ Py
0

dz,

Lspg+Lep
Cwnd,tp = (nriz) / (pgacond,z + Pf(l - oQonc'l,z))dzy
Lypg

and

Ceondsps = (T0r7) /

Lspg+Lip

Leond

prdz.

Tables A.1 and A.2 provide different methods that were

(31) attempted to determine the condenser’s void fraction, ¢cong,, and
condensation heat transfer coefficient, respectively, for calculation
(32) of Ceong.
6.3. Comparison of CTI charge model with experimental results
(33) Excepting the reservoir, total fluid charge in the loop, Cigep, is

estimated from measurement of level indicator installed in the
reservoir, and is the sum of charges in four parts of the loop,
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Table A1

Void fraction relations attempted in prediction of onset of CTI. In this table o = tcond 2, X = Xe,cond,z2 G = Geond, and Dy, = D;.

Basic form: o0 = —1——
1) (%)
1. Homogeneous equilibrium model
HEM
2. Slip-ratio based
Rigot (1973) [64]
Ahrens (1980) [65],
Thom (1983) [66]

Zivi (1964) [58]

Smith (1969) [67]

3. X based
Lockhart-Martinelli (1949) [68],
Wallis (1969) [69], Domanski & Didion (1983) [70]

Baroczy (1965) [71]

4. Mass velocity based
Premoli et al. (1970) [72]

Hughmark (1962) [73]

S=1
S=2
S=f(PIL), Pl = (& 02 (o,
=feay il = () (%)
Pl 000116 00154 00375 00878 0187 0446 1.0
S 6.45 2.48 1.92 157 135 115 10
_ e\
57(1’/)
12
S—04+(1-04 ()0s)
=04+(1-04) 1+0.4(L%)
0.378
o= (1 +xg-3) for Xy < 10
o =0.823 — 0.157 InX;; for X, > 10
0.1 05
— (H 1-x)09 (Pg
X“*(ﬂi) (=) (ﬂf)
Liquid fraction,op = (1 — o)
Xt[
P 0.01 0.04 0.1 0.2 0.5 1 3 5 10 30 100
0.00002 00012 0009 0068 017 022 03 047 071
0.0001 00015 00054 0030 0104 023 029 038 057 079
0.0004 00022 00072 0.180 0066 0142 028 035 045 067 085
0.001 0.0018 00066 0.0170 0.0345 0091 0170 032 040 050 072 088
0.004 00043 00165 00370 00650 0134 0222 039 048 058 080 092
0.01 0.0050 00210 0.0475 00840 0165 0262 044 053 063 084 094
0.04 0.0056 00250 0.0590 0.1050 0215 0330 053 063 072 090 096
0.1 00058 00268 0.0640 0.1170 0242 0380 060 070 078 092 098
1.0 0.0060  0.0280 0.0720 0.1400 0320 0500 075 085 090 094 0994
12
S=1+Fi (1 -yF2)
0.22 —0.08
Fy =1578 Reﬁ]ﬂ-w(g) , Fy = 0.0273 Wep,Rep"5! (%) Y=k
Wep, — $0u Repy —SPu g — 1 _
S =T )
a=— KKy p,
1) (%)
_ ReY®Fri8 _ D, G _ 1 (Gx
}’szzlfﬁv
z 13 15 2 3 4 5 6 8 10 15 20
Ky 0.185 0225 0325 049 0.605 0675 072 0767 078 0808 0.83
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Empirical heat transfer correlations for saturated condensing flow attempted in prediction of onset of CTL. In this table hg, = hcond, X = Xe cond,z» G = Geona» and Dy, = D;.

Author(s)

Remarks

Akers & Rosson (1960) [74]

Cavallini & Zecchin (1974) [75]

Shah (1979) [76]

Haraguchi et al. (1994) [77]

Dobson & Chato (1998) [78]

Moser et al. (1998) [79]

Shah (2009) [80]

Bohdal et al. (2011) [81]

Kim & Mudawar (2012) [82]

05 08
hy = (1) 0.026Pr; {G[(] -0 +x(f) ] %;}

Reg (%) (%)05 > 20,000, Re; > 5000

05 08
hy = (1) 0.05ReP8Pro s> [1 + (&) (ﬁ)]
7000 < Re, < 53,000
0.04°
he = (5};) 0.023 ReRSPr (1 — x)°® 4+ 2805000

k [
hy = (g)0.0152(1 + 0.6Prp?) g Rep”?
0.75
G X0.35
ers (ﬂrvg)Dh] “

hy = (1£)0.023ReP®Pro4 (1+ 22%)

089
Xt

dg=1+05

€1 paC2 p,1+0875Ct b 0815
0.0994 1Rel2 Regq ‘Plf 1

hyp = (&
4 (D”) (1.58InRecg—3.28) (Z.SSInReEq+]3.7P1f"3—19.])
- 0. 8/7
C1 =0.126 Pr;"*3, C; = —0.113  Pr;**%, Reeg = ¢} LogeiRefo »
¢]go.Friedel =A +$' Fr= GZ/(gDh p?p)' We = (GZDh)/(me’),
B 2 200 (e o 024 (p,\091 /11, 019 1,070
A= (=072 () (). A =070 =02 () (i) (1)

Pg He K
po= ()
Region 1: (J; > 0.98(Z +0.263) *%): hy, = Iy
Region 2: (J; < 0.98(Z +0.263) *%):
hy = hy for Reg, < 35,000 (horizontal flow)
hyp = hy + hyy for Reg, > 35,000

n 076 (1 .
hy = hoppo (%) [(1 —x)0% +%
173
hyy = 1.32 Re;1/3 [ﬂf(p/;f;z)g k/] i

hypgo = 0.023 ReQ3Prd4 M n = 0.0058 + 0.557P,

ERE A
Je = oo o 2 G D

hyp = (’L;_/") 25.084 ReD255pr;0495p, 0258 (1228
For annular flow (We* > 7X%?):
lopPh — 0,048Ref 0 Prp34 e
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0.5
Puon_annDy 6915034 b5\ 2 7 ; 3912
L [(OAO48Re}’69Prf XJ) + (32 x 10 Ref°385u;039) }

REOGA
We* =2.45 £ o7 for Rep < 1250

Sud? (1+1.09X37)

0.084
. Regmxﬂlﬂ m 2 ”
We :O.SSW[(j) (f})] for Re; > 1250

GxDy _GD _ pyoD,
Reg = ;ng ", Repo = =52t Sligo = o 8
01 05
_ (K 1-x\0:9 (p, 2 2 2 _ (dP/dz),
Xe=(jt) (9% (5) 05 =1+ C X428, X =7

_(%B) _ 2y GPx)? _(ﬂ) 2,0, G
z)f — Dy ’ dz/g — h ?
fi = 16Re;;! for Re, < 2000
fr = 0.079Re; >2° for 2000 < Re; < 20,000
fi = 0.046Re; 02 for Re, > 20,000
(i) Turbulent-turbulent: Re; > 2000, Re; > 2000
f g
C = 0.39Re%sug, (%) o
t:4
(i) Turbulent-laminar: Re; > 2000, Reg < 2000
014
€= 8.7 x 10-*Rep7sug (1)
(iii) Laminar-turbulent: Re; < 2000, Re; > 2000
036
C = 0.0015Re*sul!® (£/)
(iv) Laminar-laminar: Ref > 2000,Re; < 2000
f g

0.48
-5 . . P
€ =3.5x 10" RepHsug ()

Diameter: 19.05 mm
Fluids: R12, propane

Fluids: R12, R22, R113

Diameter: 7-40 mm

Fluids: water, R11, R12, R22, R113,
methanol, ethanol, benzene, toluene,
trichloroethylene

Diameter: 8.4 mm

Fluids: R22, R123, R134a

Diameter: 3.14-7.04 mm

Fluids: R12, R22, R134a, R32/R125
Diameter: 3.14-20 mm

Fluids: R11, R12, R125, R22, R134a,
R410A

Diameter: 2.0-49.0 mm

Fluids: benzene, Dowtherm 209,
ethanol, isobutene, methanol,
propylene, propane, toluene, water,
R11, R113, R12, R123, R125, R134a,
R142b, R22, R32, R404, R410A, R502,
R507.

G: 4-820 kg/m?s

68 < Ref, < 85,000

0.0008 < P < 0.9

1 <Py <18

Diameter: 0.31-3.30 mm

Fluids: R134a, R404A

Diameter: 0.424-6.22 mm

Fluids: R12, R123, R1234yf, R1234ze(E),
R134a, R22, R236fa, R245fa, R32,
R404A, R410A, R600a, FC72, methane,
and CO,

G: 53-1403 kg/m? s

276 < Rej, < 89,798

0 < Rey < 79,202

0 < Reg < 247,740

0<x<1

0.04 < P <091
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micro-channel test module, G, loop components between test
module and condenser, Cp,c.cong» condenser itself, C.ong, and loop
components between condenser and test module, Ceong-mc-

Cloop = Cmc + Cmc—cond + Ccond + Ccond—mc . (34)

The individual charges are calculated using the methodology
outlined in the previous sections and Appendix A, of which con-
denser charge is found to vary most with changes in operating con-
ditions. This required special care in condenser calculations using
nine different correlations for void fraction, Table A.1, and 18 cor-
relations for condensation heat transfer coefficient, Table A.2.

Predicted loop charge under CTI (Cioop = Cioop,cTi,pred) is compared
to 69 charge measurements, calculated according to

ClOOp‘(.TI,EXp = Ctatal - Cre‘s 3 (35)
where Cyorq is total mass of R134a in the entire system. The onset of
CTI for both with and without PID control could be identified using
two different criteria, mild and sharp, as discussed in Section 3; the
one based on sharp charge drop (identified by minimum Cy,p) is
used to model onset of CTI.

Fig. 16 compares predicted and measured values of loop charge
at CTL Accuracy of predictions using different combinations of
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Fig. 16. MAE achieved using different condensation heat transfer coefficient and void fraction predictive methods to calculate loop charge, Cjoop, at CTI initiation based on
criterion of minimum loop charge. The heat transfer coefficient is calculated using correlations by (a) Akers and Rosson [74], (b) Cavallini and Zecchin [75], (c) Shah [76], (d)

Haraguchi et al. [77], (e) Dobson and Chato [78], (f) Moser et al. [79],

[70], and (9) Ahrnes [65] and Thom [66].

(g) Shah [80], (h) Bohdal et al. [81], and (i) Kim and Mudawar [82]. The void faction calculations are based
on (1) Homogeneous Equilibrium Model (HEM), (2) Hughmark [73], (3) Zivi [58], (4) Baroczy [71], (5) Smith [67], (6) Premoli [72], (7) Rigot [64], (8)

Domanski and Didion
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condensation correlations is assessed using mean absolute error
(MAE), which is expressed as

. 1 {Cloop,CTl.pred - Cloop,CTl,exp|
MAE (%) = > { Com o x 100] . (36)

Overall, as shown in Fig. 16(i), smallest MAE of 8.8% is achieved
using Kim and Mudawar’s [82] correlation for condensation heat
transfer coefficient combined with Hughmark’s [73] correlation
for void fraction. It is noted that MAE is far more sensitive to choice
of heat transfer correlation than to void fraction. However, the
same combination underpredicts Cgop with a higher MAE of
21.7% when using mild mass velocity drop as criterion for onset
of CTI, which can be explained by the mild condition occurring
ahead of actual onset of CTI initiated by lack of loop charge.

Fig. 17(a) shows detailed comparison of predicted and mea-
sured CTI loop charge using the combined correlations of Kim
and Mudawar, and Hughmark. Shown are all predictions falling

well within £30% of measurements. Fig. 17(b) shows C.on¢ and
Ceond-mc contribute the most to Cj,0p, Which can be explained by
comparatively much smaller fluid volume in the micro-channel
module compared to the condenser, and reinforces the rationale
for careful assessment of condenser contribution when calculating
MAE for Cqp at CTL

7. Conclusions

This study investigates two-phase flow instabilities in a micro-
channel heat sink module inserted in a pumped R134a loop. A
dominant charge transition instability (CTI) is clearly identified
as precipitating appreciable oscillations in micro-channel module’s
mass velocity and pressure drop. The study also discusses how PID
control could be used to suppress CTI. A detailed analytical model
is presented to predict onset of CTI when using PID control. Also
discussed are differences in cooling system responses resulting
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Fig. 17. Prediction of onset of CTI using correlations for condensation heat transfer coefficient by Kim and Mudawar [82] and void fraction by Hughmark [73]. (a) Comparison
of predicted and measured loop charge at CTI. (b) Contributions of loop component charges to Cy,p, calculated using correlations from (a) for different operating conditions.
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from CTI, parallel channel instability (PCI), and pressure drop oscil-
lation (PDO). Following are key conclusions from the study:

(1) Without PID control, CTI occurs in response to heat addition
in the micro-channel heat sink, and is manifest by increased
vapor generation in the loop increasing system pressure,
forcing charge transition from loop to reservoir. The onset
of CTI is associated with synchronized periodic oscillations
in mass flow rate, micro-channel inlet and outlet pressures,
condenser inlet and outlet pressures, and reservoir pressure.

(2) PID control can suppress CTI by increasing reservoir pres-
sure. However, specific criteria for PID set pressure, dictated
mostly by ambient temperature, must be met to ensure suc-
cessful suppression and return to normal steady-state
operation.

(3) CTI can increase heat sink temperature by up to 30 °C before
being suppressed by PID control system. However, PCI also
occurs within individual CTI oscillation cycles, taking the
form of comparatively small amplitude, high frequency
oscillations. But maximum rise in heat sink temperature
with PCI is only 5 °C, which proves dominance of CTI com-
pared to PCI.

(4) The mechanisms of CTI and PDO are fundamentally different
in that ensuing fluctuations in micro-channel heat sink mass
velocity and pressure drop are synchronized for the former,
but out of phase for the latter. Additionally, CTI occurs in the
positive slope region of the heat sink’s pressure drop versus
mass velocity characteristics, while PDO occurs in the nega-
tive slope region.

(5) Because of comparatively much smaller fluid volume in the
micro-channel module compared to the condenser, most of
the loop charge (minus reservoir) is concentrated in the con-
denser as well as loop components between condenser and
heat sink. Therefore, when using PID control, the condenser
plays a major role in determining overall system stability.

(6) An analytical model, which includes detailed calculation of
fluid charges in different parts of the system with PID con-
trol, is used to predict CTI commencement once total loop
charge (minus reservoir) falls below a low threshold
required for normal operation. Given high sensitivity of CTI
to condenser operation, analysis is presented that includes
evaluation of several alternative empirical formulations for
condenser thermal performance. Overall, best predictions
of minimum loop charge (MAE = 8.8%) are achieved with a
condensation heat transfer coefficient correlation by Kim
and Mudawar [82], combined with a void fraction correla-
tion by Hughmark [73].

(7) Given the importance of CTI suppression to overall cooling
system performance, it is recommended that future work
be performed to monitor detailed vapor generation every-
where in a cooling loop, as well as explore alternative PID
controls, including provision for pneumatic adjustment of
reservoir pressure. For industrial use, loop charge signals
can be used with the analytical model presented in this
study for early detection as well as prevention of instability.
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Appendix A
A.1 Condenser thermal resistances

Fig. A1(a) shows both longitudinal and cross-sectional views of
the finned-tube condenser employed in the present study, includ-
ing definitions for key geometrical parameters. Fig. A1(b) provides
an equivalent thermal circuit for a single tube, along with defini-
tion of resistance parameters, used to calculate local condenser
heat transfer rate for a single unit cell. The total resistance from
internal R134a flow to ambient air per unit tube length Az is
expressed as

Rtotal = Rcond + Rw + Requiv 5 (A41)

where Reong, Ry, and Requiv are, respectively, resistances associated
with internal condensing flow, tube wall, and finned outer surface.
The first two resistances can be expressed as

1

Rcond = m (AZ)
and
_In(ro/r)

Ro= ok Az° A3

where hqnq and k,, are the condensation heat transfer coefficient
and tube thermal conductivity, respectively.
Equivalent resistance for the outer surface is calculated accord-
ing to
1 1 1
Requiv Rﬁn Runﬂn ’

(Ad)

where Rg, and Ryqan are resistances of fin and bare outer surface,
based on mean outer airside heat transfer coefficient, hy;,, which
are expressed, respectively, by

1
Rpp=——— (A5)
o haierin ’/’ﬁnAﬁn
and
Rugin = ——— . (A6)
hairAunﬁn

In Eq. (A5), Ny is number of fins per unit length, and #g,, Asn,
and A5, are fin efficiency, fin surface area, and bare surface area,
which are expressed, respectively, as

_tanh (Mg 1o ¢)

i =~ (A7)

Aﬁn = (8 Xr X, — 21 r§)7 (AS)
and

Aunﬁn = Nﬁn27'ET0 (pﬁn - tﬁn)- (A9)

The fin parameters in Eq. (A7) are calculated according to [59]

o 2 Flair
M = ,l% (A10a)
and
b= (rq——1) <1+o.35 ln(rq—>> (A10b)
To To

where T.qy is equivalent radius, which is expressed as [60,61]
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A.2 Condenser average airside heat transfer coefficient

Figs. A1(c) and (d) are used as guides for condenser’s airside
geometrical parameters. The Colburn j factor, Nu/(RePr'/?), for
fin-and-tube heat exchanger with staggered tubes is determined
using following correlations, depending on number of tube rows,
Niow, [62],

3 ST 0.106 Sf 0.0138 ST 0.13
js = Stp,Pr2;} = 0.163 Re,0*% (S_L) (D_o) <D_o) for

Nrow > 3 (A12)

and

. _ _ (3~Nrow)

et o4 <5T> 0.564 <Sﬁn> 0.123 <ST>1.17

——==1.043 |Re - — — for
.]3 |: Do SL Du Do

Niow = 1,2 (A13)
where

Nuip,
Stp, Reo, Pray (A14)

(d)

Fig. A1. (a) Longitudinal and cross-sectional views of single unit of finned condenser tube. (b) Equivalent thermal circuit between condensing fluid and ambient air. (c) End

Nitp, = o Do (A15)
air
and
Mgy D
Rep, = —= 0 (A16)
P Heir Agirmin
In Eq. (A16), Agir.min is the smaller of flow areas in traverse plane,
N Leond Nii
Ap =—<¢4IP TG D), Al17
T Sﬁn +tfin ( T o) ( )

and in diagonal plane,

AD _ 2n Lcond‘lpsﬁn (SD _ Do) 7

Al18
Sﬁn + tﬁn ( )

where

S\ 2
Sp= (g) +S7,

n is number of tubes in one row (or one plane), and Lopq 7 length
of single condenser tube pass.

The overall airside heat transfer coefficient is determined
(based on Ny, = 1,2 for present condenser) as

(A19)

z Kai 1/3:
hair = ﬂReDu Prai/r]3

e - . (3—Nraw)
x 1.043 [ReDS'M (?> 0.564 (Sgi) 0.123 (g_r>1 17} |
L N 3

(A20)
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A.3 Condensation pressure drop and heat transfer coefficient

Total pressure drop across the condenser, APy, is expressed as
APong = AP; + APy, ¢ + (AP“, A+ AP[p,F) + APy + AP, (A21)

where AP, APspg, APipa, APyyr, APgys and AP, are, respectively,
pressure drop components associated with inlet contraction,
upstream superheated single-phase vapor, two-phase acceleration
(negative for condensation), two-phase friction, single-phase liquid,
and outlet expansion. Given long condenser tubing length, inlet
contraction and outlet expansion components are comparatively
negligible. And, pressure drops in the single-phase superheated
vapor and subcooled liquid regions are expressed, respectively, as

2
2 koGeona LspkVspc

APy = o (A22)
with
C C
fro= Rel ~ 7(%;401)" : (A23)
k

where k = g for vapor and k = f for liquid. The constants c and n in Eq.
(A23) as given by [63]

c=16,n=1 for Rey, < 2,000 (A24)
c=0079,n =025 for 2,000 < Rey, < 2 x 10%, (A25)
c=0.046,n=020 for Rey, =2 x 10* (A26)

The accelerational pressure gradient in the two-phase flow
region is expressed as

dP 2 d xg,cond‘z
N (E)A B Gcondaz |:Ug Ocond.z T

(1 - Xe‘cond.z) 2:|

(1 - OCcomtz) 2

_ GZ dxe.cond,z {2 |:1/ Xe,cand,z — 1- Xe,cand,z:|
dZ & acond,z 1- OCmnd,z
2 2
Xe,cond‘z (] - xe.cond,z) dacond‘z A27
N 7| i : (A27)
cond .z (1 — acond.z) e,cond,z

Tables A.1 and A.2 provide different predictive methods for void
fraction, dcongz and condensation heat transfer coefficient that are
attempted in the present study for calculation of condenser charge.

The frictional pressure gradient for condensation is expressed

as
dP\  (dP\ ,
(), = (&), (A28)
where
dap _ 2f, foczond Usps AZ
(E)ﬂ, = 7&‘ . (A29)

The friction multiplier d)fo in Eq. (A28) is expressed, for annular
flow (jgx > 2.5) [83], as

2 = (1 = Xecondz)” + %2 (ﬁ> To) .
¢fa ( X d.z) e,cond,z Uf ffo

0.3278 -1.181 3.477
+1.262xX0578. ( ﬁ) Hg 1o M) 0
N K Ky

(A30a)

and, for other flow regimes (jg+ < 2.5) [84],

2 2 v,
8= (1=t + (3 (1)

) 091 L 0.19 1 0.7
+o+324X078 (1 - x)*2 (7;{) (#f) (1 - Fﬁ)

« Fr;po,o45 We;p°'°35 , (A30D)
where
jg* _ Gcond Xe cond,z (A31)
Py
I
Fr, = cond , A32
? g Di pi ( )
2
Wey, = CeonaD ) (A33)
Puo
and
1
Py (A34)

Xe.cond,zyg + (1 - Xe.cond,z) yf

Both wall heat flux and wall temperature change along the flow
direction inside the condenser tube, so neither constant heat flux
nor constant temperature boundary conditions are used for the
single-phase vapor and liquid regions. Instead, an asymptotic solu-
tion for Nusselt-Graetz problem is used for laminar conditions [85],
where heat transfer coefficient is given by

4364+ Nu,, (ke
hsp,k.lam - 1 + Nuw/3.657 (E) ) (A35)
The wall Nusselt number, Nu,, is defined bywhere
Nu,, = Ov Di , (A36)
kk
and
1 1 In (D,/D;)
. = = + , (A37)
Uy (21 D; Az) Nar Mair Adivaz 27 ky Az

The first and second terms in Eq. (A37) are the air-side convec-
tion resistance and tube wall conduction resistance, respectively.

For turbulent single-phase vapor and liquid regions, the Dittus-
Boelter equation is used,

k
08 pr03 Ky

hsp,k.l‘urb = 0'023Resp.k D
i

(A38)

Appendix B. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.ijheatmasstransfer.2019.05.077.
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