International Journal of Heat and Mass Transfer 164 (2021) 120460

Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier.com/locate/hmt

Phase separation evaporator using pin-fin-porous wall microchannels: = g
Comprehensive upgrading of thermal-hydraulic operating performance | %

Xiongjiang Yu®P* Jinliang Xu®*, Guohua Liu?, Xianbing Ji®

2The Beijing Key Laboratory of Multiphase Flow and Heat Transfer for Low Grade Energy Utilization, North China Electric Power University, Beijing, 102206,
PR. China
b Department of Energy and Process Engineering, Norwegian University of Science and Technology, Trondheim, 7491, Norway

ARTICLE INFO ABSTRACT

Article history:

Received 20 December 2019
Revised 28 August 2020
Accepted 12 September 2020

Microchannel evaporator has intrinsic drawback of two-phase flow instabilities with large pressure drop
that is induced from bubble blockage in microchannels. Here, we propose a new concept of phase-
separation evaporator, in which flow instabilities can be completely suppressed by using gradient pin-
fin-porous wall microchannels. The phase-separation concept stems from the self-driven motion of nu-
cleated bubbles from pin-fin region to bare channel region. Vapor bubbles release from porous wall at a
high frequency of ~1000 Hz that ensures bare channels not totally wrapped by vapor. Thus, ultra-stable
flow and heat transfer can be achieved in a wide range of operating parameters: T;, = 81.9~92.6 °C,
P, = 110.57~219.77 kPa, G = 112~264 kg/m?s, ¢ = 20.79~292.82 kW/m? and X, = 0.005~0.318. Both
convective evaporation in bare channels and bubble nucleation in porous walls contribute to enhanced
performance. Heat transfer coefficients are not changed as the Bo numbers ranging from 6.91 x 10~ to
7.44 x 1074, This is because when heat flux and/or mass flux is changed, one mechanism is strengthened
while the other mechanism is weakened to achieve constant overall heat transfer coefficient. This heat
transfer mechanism is different from that in conventional microchannels in which nucleation mechanism
dominates at small Bo while convective mechanism dominates at large Bo. With mass fluxes in the range
of 112 ~264 kg/m?s, pressure drops are not changed versus mass fluxes at a given heat flux, which are
caused by the thermal driving effect in porous walls. Stable heat transfer coefficients and pressure drops
ensure flexible selection of running parameters. The evaporator can operate at smaller mass flow rates, as
long as dry-out does not occur, it can also operate at larger flow rates without accompanying additional
pressure drops.
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1. Introduction cross-section of microchannels. Hence, microchannels are easily

blocked by bubbles [5]. Besides, the bubble blockage in individ-

Microchannel heat exchanger (MHE), which has been developed
for decades since 1980s, is efficient for thermal management [1].
MHE with single-phase flow has been widely investigated [2], but
it is difficult to maintain uniform temperate along flow length,
with a limited heat dissipation [3]. On the contrary, convective
boiling in microchannels not only improves the non-uniform tem-
perature distribution, but also increases the maximum heat dissi-
pation [4].

For phase change heat transfer, microchannel usually refer to
its hydraulic diameter smaller than the capillary length of a work-
ing fluid, under which the bubble confinement number Co is larger
than 1. For a two-phase flow, bubbles almost occupy the whole
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ual channels may give rise to non-symmetry flow and heat trans-
fer among multi-channels, triggering flow instabilities and critical
heat flux, which should be avoided for practical applications [6].
Pressure drop in microchannels is another issue to be concerned,
which is influenced by two factors. First, the bubble blockage in
channels increases the pumping power [5]. Second, the two-phase
mixture increases interfacial area between the two-phases, yield-
ing the rise of energy dissipation for fluid transportation [7].
Boiling in microchannels includes two mechanisms of convec-
tive heat transfer and nucleate heat transfer, which are coupled
to each other to make the problem complicated. Chen proposed
that heat transfer coefficient consists of a macroconvective com-
ponent and a nucleation-induced micro convection component:
hew=Fhmacro+Shmicro» Where F and S are the Reynolds number fac-
tor and suppression factor, respectively [8]. The convective com-
ponent is important at high mass fluxes or vapor mass qualities,
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Nomenclature

Afim thin film heating area (m?2)

Ac effective cross section area of the microchannel
(m?)

Act cross section area of single pin fin (m?)

Am oscillation amplitude (m)

Ami oscillation amplitude in less vapor condition (m)

Amm oscillation amplitude in more vapor condition (m)

Auwp total bottom area of the unit cell (m?2)

Auc projected area of pin fins of the unit cell (m?)

Aufin total side area of pin fins (m?2)

Bi Biot number, Bi = h8 /K

Bo dimensionless boiling number, Bo = q/(h¢,G)

G specific heat (J/kg K)

D hydraulic diameter (m)

f dominating frequency (Hz)

G mass flux (kg/m? s)

h specific enthalpy (kJ/kg)

hgca heat transfer coefficient of bare channel area
(kW/m? K)

he prwa convective heat transfer coefficient of PFWA
(kW/m?2 K)

hgg latent heat of evaporation (kJ/kg)

he sat saturation liquid enthalpy (kJ/kg)

hin inlet liquid enthalpy (kJ/kg)

hy local heat transfer coefficient (kW/m?2 K)

hn prwa nucleate heat transfer coefficient of PFWA (kW/m?
K)

hppwa  heat transfer coefficient of pin fin wall area (kW/m?
K)

hep two phase heat transfer coefficient (kW/m? K)

i number of bare channel

I, heat conductivity of water (W/m K)

ks heat conductivity of silicon chip (W/m K)

L characteristic length (m)

l fluid local position (m)

Lunit length of unit cell (m)

Ime microchannel length (m)

Isp liquid phase flow length (m)

m mass flow rate (kg/s)

Nu Nusselt number, Nu = IﬂT x £

w, fil 1

n number of samples

Nfin number of pin fins of unit cell

P pressure (Pa)

Pgin cross-section perimeter of a single pin fin (m)

AP pressure drop across the microchannel (Pa)

Q effective heating power (W)

Q: heat power (W)

q effective heat flux (W/m?)

Rs standard resistance (£2)

T temperature (°C)

T local fluid temperature (°C)

Ty local wall temperature (°C)

Txy(t)  wall temperature at the location (X,Y) at time t (°C)

Ty time averaged temperature at (X,Y) (°C)

t1, tp time (s)

Vi voltage on film heater (V)

Vs voltage on standard resistance and film heater (V)

Vyacuum  Vacuum volume in the microchannel region (m3)

Vx main flow velocity (m/s)

vy velocity in channel width direction (m/s)

w bare channel width (m)

W total width of microchannel heat exchanger (m)
W edge length of pin fin cross section (m)
w bubble width (m)

Waynit width of unit cell (um)

length along flow direction (mm)

X vapor mass quality

Y length along width direction (mm)
Greek symbols

8¢ etched channel depth (m)

Sunit thickness of unit cell (m)

n bubble confinement ratio

Nfin fin efficient

0 density (kg/m?3)

01 liquid density (kg/m?3)

Om mean fluid density (kg/m?3)

Ov vapor density (kg/m?3)

w angular frequency (rad/s)

o(X, Y) standard deviation at position (X)Y)
T fluid residence time (s)

© thermal efficiency

Subscripts

ave average
f liquid

g vapor

i number of channels

in inlet

max maximum

min minimum

out outlet

r residence

sat saturated

sp liquid phase

tp two phase

w wall

but the nucleation component is dominant at low mass fluxes or
vapor mass qualities. Table 1 summarizes some studies on boiling
in microchannels [9-19]. Earlier studies show that annular flow is
the dominant flow pattern, hence they conclude thin film evapora-
tion as the dominant heat transfer mechanism, in which the liquid
film separates superheating wall and saturation liquid [9-11]. Al-
ternatively, Kandlikar compared bubble dynamics during pool boil-
ing and boiling in confined channels, and emphasizes the impor-
tance of nucleation mechanism in microchannels [12]. Based on
experiments, Xu and co-authors provide a link between heat trans-
fer mechanisms and flow patterns using Bo number [13]. They
conclude that the nucleate mechanism and nucleation mechanism
are dominant in low and high Bo ranges, respectively, supporting
the Chen’s assumption [8]. Until recently, many investigations still
comment on boiling mechanisms in microchannels with various
working fluids and operating parameters [14-19]. Cheng and Xia
summarised investigations on boiling in microchannels, concluding
that a general correlation for heat transfer prediction does not exist
[20]. Various parameters such as heat flux, mass flux and pressure
influence boiling heat transfer in microchannels.

Boiling in microchannels may trigger flow instabilities, includ-
ing static and dynamic ones [21-23]. The former occurs when the
slope of the demand hydraulic curve smaller than that provided by
external pumping system [24]:

JdAP JdAP
Y |demand = W |externul (1 )
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Table 1
Microchannel flow boiling heat transfer studies in the literature.
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working dominating heat transfer comments on two phase heat transfer
Reference micro-condenser test section fluid mechanism coefficients
Lee & Lee (2001) [9] 3 single stainless steel rectangular R-113 forced convective boiling hy increased with increasing x for x >0.15
channels: 20 mm wide 0.4, 2 and and almost independent of q.
2 mm deep

Hestroni et al. (2002) 21 parallel silicon triangular channels, Vertrel XF forced convective boiling hyy decreased with increasing x and g, or

[10] D =130 um decreasing G.

Qu & Mudawar (2003) 21 parallel oxygen-free copper water forced convective boiling hyp decreased with increasing x, increase with

[11] rectangle channels: 231x713 um increasing G.

Kandlikar (2004) [12] - - nucleate boiling Bubble nucleate, rapid evaporation, flow
reversal were similar with the nucleate
boiling ebullition cycle.

Xu et al. (2005a) [13] parallel silicon triangular channels, acetone nucleate boiling and In low Bo region, hy, increased with

D = 154 um forced convective boiling increasing g, not sensitive to G; In high Bo
region, hy, increased with increasing G, not
sensitive to q.
Kosar et al. (2005) [14] 5 parallel silicon rectangular channels, water nucleate boiling and High Boiling number and Reynolds number
D = 227 um forced convective boiling have promoted convective boiling, while
Nucleate Boiling dominated at low Reynolds
number and Boiling number.

Agostini et al. (2008) 67 parallel silicon channels: 223x680  R236fa nucleate boiling hyp increased with heat flux and was almost

[15] p©m independent of vapor quality and mass
velocity

Bertsch et al. (2008) 17 parallel copper rectangular HFC-134a - hyp varied significantly with refrigerant inlet

[16] channels, D = 1.09 mm quality and mass flow rate, but only slightly
with saturation pressure.

Deng et al. (2014) [17] 14 parallel porous wall copper deionized nucleate boiling and Nucleation boiling governed at low heat

channels, D = 786 um water forced convective boiling fluxes, forced convective boiling associated
with thin film evaporation dominated at
moderate to high heat fluxes.

Falsetti et al. (2017) parallel silicon channels with pin fin R236fa - hyp depended on vapor quality, mass flux and

[18] structure, channel width W,=100m heat flux.

Fayyadh et al. (2017) 25 parallel oxygen free copper R134a nucleate boiling hy depended strongly on heat flux while it is

[19] rectangular channel, D = 420 um a week function of mass flux.

Specially, for constant pressure driving flow, %mtema, =0
yields an unstable flow at negative slope of the demand hydraulic
curve.

Boiling may trigger pressure drop instability, density wave in-
stability and thermal instability, belonging to dynamic ones. These
instabilities are more serious in microchannels than in large size
channels, due to flowing reasons: (i) enlarged instabilities due
to bubble blockage in microchannels [25]; (ii) intensified density
wave propagation due to multi-channels effect; and (iii) signifi-
cantly large upstream compressible volume relative to microchan-
nels volume enhances pressure drop instability [26-28]. Various
techniques such as inlet restrictions [29,30], nucleation cavities
[31], diverging channels [32], injection of seed bubbles [33], active
inlet flow supply [27], porous walls [34], elongated channel length
and enhanced thermal conduction in axial direction [35], were pro-
posed to suppress flow stabilities. In summary, microchannels pro-
vide large surface to volume ratio for heat transfer enhancement.
However, it possesses drawbacks such as serious vapor blockage
and flow instability, which should be overcome for practical appli-
cations.

Heat exchanger with phase separation concept was awarded by
US patent, referring to gas (vapor) and liquid phases transported
in separated flow paths using in-situ separation of the two phases.
The first paper regarding condenser tube using phase separation
technique was published in 2012 [36]. A membrane separator us-
ing mesh screen material is suspended in a condenser tube, gener-
ating an annular region and a core region interfaced by the mem-
brane surface. In such a way, liquid flows inside the core region,
but vapor flows in the annular region to yield ultra-thin liquid
film for heat transfer enhancement. Subsequently, comprehensive
investigations on the phase separation tube condenser were con-
ducted, including both experimental and numerical works under
different conditions [37-40]. Yu et al. [7] extended the phase sepa-

ration concept to micro-condenser using lined pin-fin structure as
the in-situ separator. The micro-condenser was fabricated by Mi-
croElectroMechanicalSystem (MEMS) technique, not only enhanc-
ing heat transfer due to thin liquid film thickness, but also reduc-
ing pressure drops due to decreased interfacial area between the
two-phases.

The phase separation concept is also useful for boiling heat
transfer. Xu et al. [41] experimentally studied pool boiling using
modulated porous structure as the enhanced surface. Small pores
in micron scale creates large capillary force for liquid suction,
while large pores (~10 wm) act as vapor channels for vapor escap-
ing and liquid film evaporation. Jaikumar and Kandlikar [42] con-
ducted experiments using open microchannels with selective sin-
tering on different regions, generating liquid supply passage and
vapor removal passage. Such device involves two types of bubbles
induced liquid jet enhancement mechanisms. Falzeli et al. [43] cov-
ered finned evaporator with a hydrophobic membrane to lock lig-
uid in the evaporator but allow vapor escaping. They showed sig-
nificantly increased heat removal capacity at high wall superheat-
ing. Dai et al. [44] developed a flow separation technique and ex-
perimentally demonstrated significantly improved performance of
pressure drop and heat transfer. Bai et al. [45] used porous artery
structure to provide individual flow paths for liquid supply and va-
por venting, avoiding the counter-current flow between the two-
phases to raise critical heat flux for pool boiling. In addition to
experiment investigations, theoretical and numerical works were
also performed in porous channels focusing on local thermal non-
equilibrium effect [46], heat transfer performance [47,48] and ge-
ometry optimization of porous fins [49].

In this paper, boiling in a phase separation evaporator with pin-
fin porous walls was investigated, dividing the cross-section into
bare channels area (BCA) and pin-fin porous wall area (PFWA). The
gradient porous structure ensures bubbles generated in porous me-
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dia automatically releasing into bare channels driven by surface
energy, creating bubbles jet in evaporator width direction. An over-
all thermal performance of the evaporator depends on the contri-
butions from the two regions of PFWA and BCA. We show that at
smaller Bo number, convective mechanism in BCA is strong but nu-
cleate mechanism in PFWA is weak. On the other hand, at larger
Bo number, nucleate mechanism in PFWA is strong but convec-
tive mechanism in BCA is weak. Hence, the overall heat transfer
coefficients are insensitive to running parameters. Moreover, pres-
sure drops across microchannels are found to be not sensitive to
mass fluxes, exhibiting “flat” hydrodynamic demand curves in two-
phase regions to eliminate static instability. Compared with tradi-
tional microchannels, the phase-separation evaporator is attractive
for performance improvement.

2. Material and methods
2.1. Gradient-porous-wall microchannels

Silicon substrate has a size of 32.0 mm in length, 10.5 mm in
width and 400 pm in thickness. The etched substrate was bonded
with a 7740 glass to form the whole chip that includes the etched
microchannels, inlet and outlet rectangular holes for plenums and
a deposited platinum film heater on the back wall (Fig. 1(a)). The
microchannels occupy a length of 20.0 mm and a total width of
5500 um with an etched depth of 75 um, as showed in Fig. 1(b).
The bare channel had a width of 164 um with a 336 um width of
porous-pin-fin wall and, respectively. Each pin fin had a cross sec-
tion size of 15 um x 15 wm with a dense or a sparse fin-gap of
5 um and 15 pm, respectively. Fig. 1(c) presents a high-resolution
optical image of the resulting gradient-porous-walls for more de-
tails. The back-platinum heater is about 300 nm, and its size was
exactly correspondence to the microchannel area. Two gold pads
were populated at margins of the platinum heater. The electrical
resistance of the heater is 64.8 Q2 at 24 °C. To recognize the local
positon, a planar coordinate was established with the origin point
(0, 0) located at a corner of the microchannels (Fig. 1(a)). The X
and Y coordinates guide to the horizontal (flow direction) and lon-
gitudinal direction, respectively.

2.2. Experimental setup

The experimental setup consists of a flow loop and a measure-
ment system, as shown in Fig. 2. The pressurized nitrogen bottle
was used to drive the working fluid (pure deionized water). The
deionized water flowed through a 7 um filter before entering a
mass flow mete. A needle valve installed at the downstream of the
flow meter was used to adjust the flow rate. Then, the working
fluid flowed through a hot water bath running at a constant tem-
perature to preheat for achieving a desired inlet temperature. A
3 wum filter was further arranged at the upstream of test chip to
prevent impurities entering the microchip. A direct current power
was applied to heat the test section. The releasing vapor-liquid
flow was cooled by a cold-water bath after discharging from the
test section and finally collected by a beaker.

The measurement system includes a high-speed camera (IDT
Motion pro Y4, USA) coupled with a microscope, an IR image sys-
tem (Infrared Camera Image IR 5300 Series, Germany) and a data
acquisition system (Yokogawa DL850, Japan). The camera system
has a spatial resolution of 1280 pixels by 1024 pixels with a max-
imum frequency of 58,000 frames per second. The recording rate
of 5000 frames per second was used to capture the flow patterns
in this study. The IR camera with a micro-lens was placed below
the test section to capture the temperature field on the backside
of chip. The viewed area was identical to the microchannel area
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with a spatial resolution of 91 pixels by 25 pixels. The spatial res-
olution was about 220 um per pixel. Hence, the temperature of
any point on the heater can be extracted from the thermal image.
A thin black lacquer having emissivity of 0.99 was painted on the
heater to ensure the measure accuracy. After a careful calibration
of the emissivity, temperature accuracy of the black lacquer ap-
proaches to 0.5 °C. The recording rate of IR image system is 500
samples per second.

The flow rate of working fluid was monitored and acquired by
a Coriolis mass flow meter (DMF-1-1AB), with an accuracy of 0.5%
and response time of 0.1 s. The pressure transducer and differential
pressure transducer (Rosemount 3051) were used to collect pres-
sure data at the inlet and the stride across of the test section, re-
spectively. The transducers had an accuracy of 0.1% with response
time of 0.1 s. The inlet and outlet fluid temperatures of the test
section were measured by K type thermocouples (Omega) with ac-
curacy of 0.2 °C and response time of 0.2 s. The recording rates
of these data were 500 samples per second. Table 1 summarizes
detailed information that includes instruments, ranges and uncer-
tainties of the measured parameters.

2.3. Experimental procedures

Before the experiment, a vacuum pump was used to vacuum
the whole system and non-condensable gas was degased from the
working fluid. Then, the degassed deionized water was filled into
the water tank. The data acquisition system and the optical system
were available in waiting mode. A synchronization hub synchro-
nized the measurement equipment during the experiment, and
thus all the data are recorded simultaneously including tempera-
tures, pressures, flow rates, input heating power as well as the vi-
sualized images. The recording systems start to run after the mass
flux and the inlet temperature of the water reaching to steady
state.

2.4. Data reduction

Heat flux:

q = Q/Afim (2)

where Q = ¢(V; — Vl)‘% is the effective heating power, V,-V; is the
applied voltage on the film heater. V;/Rs is the flowing current and
@ is the thermal efficiency of 0.93. ¢ was determined by the sig-
nal phase energy balance, ¢=mCp(Tout-Ti,)/Qt, where m is single-
phase mass flow rate, C, is the specific heat of water, Q: is the
heat power recorded by the power meter.

Mass flux:

G=m/A. (3)
where m is the total mass flow rate, Ac is an effective cross sec-
tion area of the microchannel network and defined as A = V"‘,’;%
Vvacuum iS the vacuum volume in the microchannel region exclud-

ing all the pin fin volume, [y, is the microchannel length.
Outlet vapor mass quality:

hin + % - hf,sat
hyg
where h;p, hig,e and hg, are the inlet water enthalpy, saturation wa-

ter enthalpy and latent heat of evaporation.
Axial flow velocity:

G
- (5)

where pm = pyor + pj(1 — )is mean fluid density of two-phase
flow, py is vapor density, p, is liquid density, « is void fraction.
Local heat transfer coefficient:

(4)

Xout =

Ux
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(b) gradient porous wall bare channel
2500 s 336 | 164 86

{ [

AW

Fig. 1. Porous wall microchannels (a for overall size of the microchannel chip; b for cross section of A-A; ¢ for SEM image of the gradient porous wall).

Due to the geometric symmetry, an area with a width of
500um covering two half bare channels and one single pin-fin
porous wall is selected as a unit cell. A simple energy balance
equation was applied to a unit cell at X = [ that contains both
micro-pin fins as well as the surrounding base surface. By assum-

ing heat flux and wall temperature are spatially uniform in the unit
cell because of the ultra-small Bi number of silicon base, one can

get:

unb = hl (Tw,l - Tf,l) (Aub —Auc + nfinAufin)

(6)
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Microscope systems

Pin Tm Tom dufebie
- =l I LL Test section  H—1—
3um filter t Cold water
bath
Synchronization |
control hub —
Safety value Beaker
Hot water iEG |
bath Pressure
= 1 R S— .
@_ — regulator
Water tank
A
Needle valve ~ Mass flow meter  7um filter Mgl
N, gas

Fig. 2. The experimental setup.

Where A, = Wypielunic 1S total bottom area of the unit cell. wy,;;
and [;; are the width and length of the unit cell, respectively. h; is
local heat transfer coefficient at X = I, T, is local wall temperature
and Ty is local fluid temperature. Ayc =n fianin2 is the projected
area of pin fins, ng, is the number of pin fins. Wg, is the edge
length of pin-fin cross section. A, = nyipPrinH, is total side area
of pin-fins. P, is the cross-section perimeter of a single pin fin.
The fin efficient can be calculated by:

tan h(mg;,H)
{nfin = M H 7
[ WP (7)
Mgin = keAc s

where ks is the conductivity of silicon chip, A.¢ is the cross section
area of single pin-fin. The local fluid temperature at X = [ can be
calculated by:

T,‘n+1~7T°Ni;‘“,0<l§lsp
Tsat,l(Psat.l)s lsp <l <l

where Tgnpg is local fluid temperature at the onset of nucleate boil-
ing (ONB), and Py can be calculated by assuming a linear de-
crease in local pressure in two phase region. Due to ultra-small Bi
number (~1072) of silicon base and advantage of untouched tem-
perature measurement of IR, the location ONB is obtained where
the axial highest wall temperature is detected. This is because
the single-phase fluid temperatures are evidently increasing along
flow direction while single-phase heat transfer coefficients do not
change much before ONB, leading to the increase of wall tem-
peratures. After ONB, however, sharp increase of heat transfer co-
efficient occurs owning to boiling heat transfer taking place and

Tri={ (8)

the saturated fluid temperatures decrease with decreasing satu-
rated pressures along channels, leading to the decrease of wall
temperatures. Thus, the location of ONB is acquired where highest
wall temperature appears. Single phase length I, can be thereby
defined by the distance between channel inlet and the location
where highest temperature detected, which can be directly mea-
sured by IR camera. In previous papers, single phase length is of-
ten calculated according to energy balance. There are two reasons
for that: a) Flow instabilities gain troubles for the determination
of ONB using characteristic of wall temperatures; b) In case that
thermal couples being used to measure temperatures, it is difficult
to achieve successive measurement of wall temperatures. In this
work, however, the above two shortcomings has been overcome
by stable operation and successive temperature measurement of IR,
making accurate determination of ONB location available.

The pressure drop along flow direction can be divided into two
regions: single phase region and two-phase region. In single phase
region, the pressure drop can be expressed as:

ls, G?
APsp:f‘ﬁ‘

D 25 (9)

Where f is single phase fraction parameter, which is related
to Re number of single-phase flow. p, is liquid density. D is hy-
dro diameter of a channel. In order to calibrate the value of f,
single phase experiments with different inlet fluid temperatures
and mass fluxes were performed. Finally, the single-phase pressure
drop part of flow boiling case is calculated using following iterative
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calculation adapting the correlation between f and Re| ;:

Tons = f1(Pong)
T ave = Tin+Tong
Miave = f (Tl ave)
. ' 10
f = f(Rel,aue) ( )
Is 2
AP = fT%- 2%
Pong = Bn — Ap

Where Poyg is local pressure of ONB, 4] ave Tjave R€jave are aver-
age dynamic viscosity, temperature and Reynolds number of single
phase flow, respectively. f, f1, f are relationships between Reynolds
number and single-phase fraction parameter, saturated pressures
and temperatures, fluid temperatures and dynamic viscosities, re-
spectively. All the properties and f;, f, relationships are from NIST
9.1 software. The calculation of local pressure in two-phase re-
gion is extremely complicated in present gradient porous wall mi-
crochannels not only because the existing of porous media but also
because of the “thermal driving” effect which will be discussed
later. Thus, a simple linear decrease of local pressure along mi-
crochannel in two-phase region was used.

Local Nusselt number (Nu):

q D

Nu=—1 2 (11
Tw,l 7Tf,l kl )

Sensitivity of 0.02 °C, accuracy of 0.2 °C, response time of 1 ms.

Uncertainty or relative error
0.2 °C

0.01%

0.01%

0.50%

0.54% ~ 5.46%
+4 um

0.01%

0.10%

0.10%

+0.12 W
+1.1 kW/m?

where kj is the thermal conductivity of water.

Totally 59 runs were performed in the present experiment cov-
ering the data ranges: T, = 81.9~92.6 °C, P;, = 110.57~219.77 kPa,
G = 112~264 kg/m?2s, q = 20.79~292.82 kW/m?, Xout = 0.005~0.318.
Table 2 listed uncertainties of key parameters. Uncertainties of
these parameters were evaluated based on the error transmission
theory [50].

3. Fundamental concept of phase separation
3.1. Phase-separation theory

Fig. 3 shows phase separation process under less vapor con-
ditions (see Fig. 3a-c) and more vapor conditions (see Fig. 3d-f).
In Fig. 3a, one bubble nucleates at the edge of PFWA, a dash line
connecting corners of neighbouring pin fins separates the bubble
into up part having spreading length of I; and down part hav-
ing spreading length of I,. The contact angles between water and
solid silicon surface are measured to be 66.8°. It can be proved
theoretically that when [; increases, the surface energy of whole
three phase system decreases. That means once a bubble is formed
at edge of pin fin wall, it will be driven to bare channel due to
surface energy gradient as Fig. 3b showed. Finally, the bubble de-
taches solid pin fins and goes into bare channel by shearing stress
of liquid flow as well as further decreasing surface free energy.
Fig. 3¢ shows the bubble completely goes into the bare channel.
When there is more vapor in bare channels, the formation and
motion of nucleate bubble could push the central vapor core aside
(see Fig. 3d-e), owning to releasing of extra local pressure through
porous pin-fin walls to other-side channels. After the bubble con-
tacting vapor core and finally merging itself into the vapor flow,
shown in Fig. 3f, the surface free energy as well as vapor-liquid in-
terface area become minimum. Thus, boiling phase-separation pro-
cess is completing.

A bubble-pin-fin system including a half bubble are indicated in
Fig. 4. The gas-liquid interface was marked in red color, solid-liquid
interface was marked black color.

Gibbs free energy of a system is: Ggipps = Asg¥sg + AlgVig + Asi Vsl
where y is the surface tension, A is the interface area, the sub-
scripts s, g and [ represent solid, gas and liquid, respectively. For
the problem studied in Fig. 4, Asg=0, A equals to total side area of

determined by MEMS fabrication technique

Chemical vapor deposition
Coriolis mass flow meter (DMF-1-1AB)
calculated by Eq. (6)

Pixel ruler
Pressure transducer (Rosemount-3051)

Pressure transducer (Rosemount-3051)
Voltage module(Yokogawa DL750)

IR detector(Infra TeclmagelR 5300)

determined by power measurements
K-type thermocouples

Physical Vapor Deposition

Measurements

effective cross section area of the microchannel

thin film heating area

mass flux
wall temperature at the location (X,Y) at time t

pressure drop across the microchannel
inlet and outlet flow temperature

inlet pressure of the microchannel

total heating power

local heat transfer coefficient
effective heat flux

bubble width
bare channel width

Explanations

in s

The major parameters, instruments and uncertainties.

Parameter
(t)
Tout

Table 2
Ac
Afiim
G
hy
w
w
AP
Plﬂ
Q
q
T
T;
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complete merge

Fig. 3. Surface energy induced phase separation phenomenon: (a for a bubble nucleate in less vapor condition; b for a bubble escapes from PFWA due to decreasing surface
energy; c for a bubble detach solid pin fins completely; d for a bubble nucleate in more vapor condition; e for a bubble contact with vapor core and f for the bubble merges

itself into the vapor flow after escaping from PFWA.).

pin fins which is a constant. Ajg=H(C;+l;+2l,+C,), where H is the
height of pin fins, Cy, Ly, I, C; are lengths indicated in Fig. 4, not-
ing that all in unit of micro meter. 6 = 66.8°, @ = 135° — 6 = 68.2°,
ro= A8 —11.42
0= Siha S
Triangle COA is similar with triangle CO’A’:
r CA L+15
n CA~ 15
In sector OA’F, differential area with respect to r is written as:

(12)

dSOA’F =qor-dr (13)
In shape ADEC, differential area with respect to [, is:
dSADEC =AC x dlz =15. dlz (14)

Assuming constant volume during the bubble moving, we can
get:

dSoar + dSappc = 0 (15)

By combining (12-15), yields the equation:

d, _ L
@~ —0.7 x (E + 1) (16)

It should be noticed that if the down part of the bubble can
reach the below pin fin 2, the following equation should be sat-
isfied: l;>7.15um according to geometric features. Differentiating
Ggibps With respect to Iy yields

) HG +1L+2L+C
ag(;;bbs _OH(G + 1511 2Oy 05-011)  (17)

Under condition that l;>7.15um, aﬂmflbﬁ < 0, indicating the sur-

face free energy of whole three phase system decreases when [
increases.
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Fig. 4. Gibbs free energy analysis of growing bubble at interface between PFWA
and BCA.

3.2. Mass exchange

Fig. 5 illustrates pressure-delivering process between neigh-
bouring channels. At t = tq, local pressure in down channel is high
due to bubble expanding, imbalanced pressure pushing the bubble
in up channel away from porous wall, leaving more space to liquid
to pass through. The pressure difference between two channels can
be expressed as [34],

Pr—Pg 2 Pf— Pg

Pri—Privg = peR(Tyi — Tyipq) — {m?,| —22 | —m2,

fi—Friv1 = Pg (g-x g»l+1) { e,x[ P10s ]l_ E,1+1[ 0705 ]m}
(18)

where P, R, T, me, p, are pressure, density, vapor constant, tem-
perature evaporation rate, respectively, substances f, i, g stand for
liquid, number of channels, vapor phase, respectively.

When it comes to t = tp, the local pressure in up channel over-
whelming that of down channel, the bubble in up channel begins
to expand, pushing the down bubble away from porous wall to let
the fluid go through from down channel. In this way, pressures be-
tween different channels can exchange smoothly, fluid can always
find some channels to flow through with no bubble blockage tak-
ing place.

Fig. 6 shows out-of-phase flow pattern inside two neighbouring
bare channels along flow direction at run 40 with G = 212 kg/m?s,
q = 113.53 kW/m?, T;;=92.87 °C, Xout = 0.065. Numbering of chan-
nels can be seen in Fig. 1(b). In Fig. 6(a), bubble rushed into #4
bare channel form PFWA at t = t; ms when former bubble in
#5 was blown downstream in the meantime. However, when it
came to t = t;+1.0 ms bubble run to #5 and former bubble in #4
was blown downstream. Fig. 6(a) illustrates bubbles injecting from
PFWA to BCA alternatively within 1 ms. Fig. 6(b)-(d) show out-
of-phase interface behaviours happened between #4 bare channel
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and #5 bare channel at three locations (A;/A3/A4) along flow di-
rection. For example, in #4 channel near point A,, vapor core was
“fat” at t = t, and then became “thin” at t = t,+1.0 ms. But in
#5 channel, vapor core was initially “thin” at t = t, and then be-
came “thin” at t = t,+1.0 ms. The variation of vapor core widths
behaved out of phase property between neighbouring channels.

To get the quantitative analysis of bubble width oscillation, bub-
ble confinement ratio , was defined as:

_ vapor corewidth ~ w (19)
= Smooth channel width ~ W

The vapor core width was obtained manually by counting the
number of pixels between up and down borders of a vapor core
on the computer screen. The picture resolution was 3.64 pm/pixel
under present magnification. Definition of 7 in each channel was
illustrated in Fig. 7(a), w; is the vapor core width in channel #i.
Transient bubble confinement ratios for channels #3 and #4 were
showed in right side of Fig. 7(a) in black and red curves, re-
spectively. By comparing the power spectrum distribution (PSD)
of these two curves, one can find similar dominant frequencies
of 1008.1 Hz and 917.7 Hz for channels #3 and #4, respectively.
Fig. 7(b) magnifies the transient bubble confinement ratios in
a narrow time span (9-16 ms). The bubble confinement ratios
showed the spatial-time out-of-phase property quantitatively be-
tween two neighbouring bare channels. For example, when chan-
nel #3 reached maximum n=w/W, channel #4 reached minimum
at t;=10.8 ms; when channel #3 reached minimum n=w/W, chan-
nel #4 reached maximum at t,=11.6 ms, highlighting the “spatial-
reverse” feature. The variations of 1 vs time in each bare channel
showed the “time-reverse” feature. Fig. 7(c) gives direct observa-
tions at above specific transient time.

3.3. Stable operation parameters

The high frequency interface oscillations (~1000 Hz) yielded
overall stability. The responding time of measured parameters such
as Py, (inlet pressures), T;, (fluid inlet temperatures), Toy: (outlet
temperatures) were ~10 ms order. It was impossible to trace os-
cillations of 1 ms. So high level of stabilities in typical cases of
present study were shown in Fig. 8. Tyae was obtained by av-
eraging transient bottom-wall temperatures over the entail heater
area (20.0 mm by 5.5 mm). Transient parameter variations of run
2 (Xout=0.02, first row), run 9 (Xou=0.121, second row) and run
12 (Xout=0.188, third row) were illustrated in Fig. 8a-c respectively.
Locations of T, were chosen along flow direction covering single
phase flow region (SP), onset of flow boiling region (ONB) and the
two-phase flow region (TP), respectively. Since the recorded vari-
ation of Py, Tj,, and Tout was near the sensitivity of the mea-
surement method, quantitative analysis was performed by adopt-
ing wall temperatures whose measurement sensitivity is 0.04 °C.
The standard deviation of wall temperature writes:

1

n-1
oXY) = [—= 3 (Tey () - Tuy)’ (20)
i=1

n—1~¢

where Ty y(t) is the wall temperature at location (XY) and time
t, TX,y is the time averaged temperature over sampling time,
n = 2500 is the number of samples. The calculated values range
of o is 0.02 °C to 0.38 °C. These above data show the function of
gradient-porous walls in terms of stabilizing flow boiling param-
eters. It has been demonstrated that wall-temperature-oscillations
amplitudes are inversely proportional to interface oscillations fre-
quency [34]

1 qW + Woorous) lunitSn
— X
f 2mrmsCps

Ty = Tw.ave + x (cos 2w ft) —1) (21)
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Fig. 5. Pressures delivering between two neighbouring bare channels.

As seen in Eq. (21), high frequency interface oscillation is the
key to overall wall temperature stability. The wall temperature os-
cillation amplitude is inversely proportional to the oscillation fre-
quency of bubble confinement ratio f. The higher the f, the more
stable wall temperature is. For oscillation frequency ~103 s! as de-
tected in present work, the oscillation amplitude value is in order
of 1072 °C.

4. Thermal-hydraulic performance
4.1. Heat transfer process

4.1.1. Nucleate mechanism in PFWA

Bubbles prefer to nucleate in PFWA compared to BCA. This is
because that large number of ideal nucleation cavities such as
corners of solid pin fins in PFWA weakening the thermal non-
equilibrium between vapor and liquid when the fluid is warmed
up above saturated temperature. During bubble growing up period,
there is a trend for bubbles to move from PFWA to the BCA, own-
ing to surface energy gradients discussed in Section 3. Fresh lig-
uid refills the space after the former bubbles leave, then bubble
nucleation takes place again. The periodical formation and depar-
ture of bubbles in PFWA, followed by liquid rewetting, accounts for
the nucleate heat transfer mechanism in PFWA. The surface energy
gradients promote nucleate heat transfer by continuously driving
bubbles away from PFWA.

4.1.2. Convective mechanism in BCA

In traditional solid wall microchannles, bubbles get expanded
once they are triggered, quickly occupying channel, pushing nearby
liquid up and down stream, then flushed by fresh liquid. These
transient flow patterns account for the nucleate mechanism at low
or moderate Bo cases. However, it is different in gradient porous
wall microchannels: Because liquid mass exchange can be per-
formed at channel width direction through PFWA, the bubble ex-
pansion induced over-pressure can be instantaneously transmitted
to its neighbouring channels. So instead of occupying the whole
channel after entering BCA, bubbles yield continuous annular flow
even at low heat flux cases. Fast moving liquid film between vapor
core and solid walls shows convective mechanism in BCA.

4.1.3. Hybrid heat transfer mechanism

When boiling number Bo is low. There are small numbers of
cavities, indicating nucleate heat transfer in PFWA is weak. Lit-
tle mass fluxes is transported from BCA to PFWA due to small

10

amount of bubble nucleation in PFWA. On the other hand, as a
result of phase separation, bubble gathering in BCA, unconfined
annular flow ensured strong convective heat transfer in BCA. This
conclusion can be validated by Fig. 9. Fig. 9(a)(b) show wall tem-
peratures and heat transfer coefficients in central axial line along
flow direction for run 3, 17 and 48 respectively. Fig. 9(b) indicates
the mass fluxes effects with the heat flux fixed around 38 kW/m?,
Fig. 9(c)(d) illustrate situations of run 49,50 and 52, indicating heat
fluxes effects on wall temperatures and heat transfer coefficients
with mass flux around 247 kg/m?2s. Fig. 9(d) indicates heat flux
effects with similar mass flux around 247 kg/m2s. By comparing
Fig. 9(b) and (d): Higher mass fluxes induce a slightly higher heat
transfer coefficients at similar heat fluxes. While the heat fluxes
have almost no effect on the heat transfer coefficients at similar
mass flux. Thus, the competition of heat transfer in BCA and PFWA
is confirmed: Neither heat fluxes nor mass fluxes have obvious in-
fluence on overall heat transfer coefficients.

As Bo number go to high level, high wall superheat tempera-
tures extend the size ranges of nucleate cavities from micro meter
to sub-micro meter or nano meter [51]. Large amounts of corners,
defects of silicon pin-fin structure, usually have character length
of less than 1 um, gains more possibility for nucleation. The en-
larged number of boiling cavities, increasing nucleate heat trans-
fer in PFWA. However, higher heat fluxes generate more vapor, at-
tracting more liquid move from BCA to PFWA, the decreased liquid
mass fluxes weaken the whole convective heat transfer in BCA. As
a result of such competition, overall heat transfer coefficients stay
constant, being independent of both heat fluxes and mass fluxes.
Fig. 10 shows cases at high Bo. Fig. 10(a)(b) show wall tempera-
tures and heat transfer coefficients in central axial line for run 24
and 55 respectively. Fig. 10(b) indicate the mass fluxes effects with
the heat fluxes fixed around 113 kW/m2. Fig. 10(c)(d) illustrate sit-
uations of run 53, 55 and 57, indicating heat fluxes effects with
mass flux fixed around 249 kg/m?s. Fig. 10(d) indicates heat flux
effects with similar mass flux around 249 kg/m2s. By comparing
Fig. 10(b) and (d), heat-and-mass fluxes independent heat transfer
coefficients are observed: Both heat and mass fluxes have almost
no effect on the heat transfer coefficients. This gives evidence that
hybrid heat transfer mechanism also dominates at high Bo number
region.

4.1.4. Two-phase heat transfer at different Bo number
Widest range vapor quality can be found at channel exit, so
investigation of heat transfer coefficients near channel outlet was
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Fig. 6. Out of phase interface oscillations at different axial locations at run 40 with G = 212 kg/m?s, ¢ = 113.53 kW/m?, T, = 92.87 °C, Xou:=0.065: a for location A; (7.5,
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Fig. 7. Definition of bubble confinement ratio and its values versus time (at point A (15.0 mm, 1.4 mm), run 40 with G = 212 kg/m?s, ¢ = 113.53 kW/m?, Tj, = 92.87 °C and

Xout = 0.065).

often performed [52]. However, for present microchannel evapo-
rator with inlet/outlet reservoirs, the measured wall temperature
or heat transfer coefficients at channel exit location is influenced
by axil heat conductivity from the end of microchannels to down-
stream reservoirs. To minimize conducting effect of reservoirs, a
location (X = 18 mm, Y = 2.8 mm) near channel exit (X = 20 mm,
Y = 2.8 mm) is chosen to investigate two phase heat transfer coef-
ficients. Fig. 11 shows experimental results covering runs with pa-
rameters range of g = 37.7-201.2 kW and G = 112.2~252.6 kg/m?s.
The values of Bo number cover 1 order of magnitude and two-
phase heat transfer coefficients behave like “horizontal line”. This
indicates that regardless of variation of G and/or g, the heat trans-
fer coefficients remain unchanged. That is the result of competition
of nucleate heat transfer in PFWA and convective heat transfer in
BCA which will be further discussed in Section 4.2.

4.1.5. Heat transfer coefficients along flow direction in two phase
regions

High-frequency interface oscillation results in high speed liquid
rushing velocity in channel width direction vy. When vy is com-

12

parable to main fluid flow velocity vy, the convective heat transfer
in PFWA should be addressed because PFWA owns large amount
of heat transfer areas. Fig. 12(a) indicates the local heat transfer
coefficients along flow direction.

For a bubble confinement ratio oscillation with amplitude of
Am and dominating frequency of f, the average rushing velocity in
channel width direction can be calculated as:

vy = 4An fW (22)
In present study,
Am = (W/W)max — (W/W)min (23)

2
which is determined experimentally. For example, at point ‘a’
where X = 10 mm showed in Fig. 12(a), (W/W)max = 0.80,
(WW)min = 0.25, f = 708 Hz, vyq = 4AnfW=0.128 m/s (see left
of Fig. 12(b) ). Fig. 12(b)-(d) show confinement ratio oscillations
in axial central line of channel #5 at point a (X = 10 mm), point
b (X = 15 mm) and point ¢ (X = 20 mm) at run 40, respectively.
Average confinement ratio (w/W)ae is increasing with higher lo-
cal vapor mass quality. Visualization photos on the right hand



X. Yu, J. Xu, G. Liu et al. International Journal of Heat and Mass Transfer 164 (2021) 120460

(a) 102 128 102.5

] at (10.0, 2.8) [ONB
100 T e 1124 102.0- ( HIaNE]

98--\nm-—--\v-v—\.rv—whv‘\n~
5] L 1120 101.5

o < O
— 941 p {116 % = 101.0A at (7.5, 2.8) [SP]
~ in = &3 /

O
l\l)
P

90 i

- 2
" 1108 4

881 100.04  4¢(15.0,2.8) [TP]
86— 104 99,54 .
0 1 2 3 4 5 0 1 2 3 4 5
£(s) 1(s)
(b) 108 156 111.0
= at (3.3, 2.8) [ONB]
104_ w,ave A 154
0. J152 HO01 w117, 2.8) [TP
= T, 1150 = o
© 9. ' & 210901
= P f148 =,
&92"""'-"""'""""""""'"""'""146& MWW
i 1080 s
881 T 4144 at (1.7, 2.8) [SP]
84 L) L L} L) 142 107-0 T L) T
0 1 345 0 1 2 3 4 5
1(s) 1(s)
(c) 112 172 115.5
T at (2.6, 2.8) [ONB]
108‘ _170 115.0‘
i e s e
104 3 114.51
- {1683 &
O .
100 2 <1140
&~ Tout 4166 Q\E
964 113.5
| ¢(11.3,2.8) [TP
9 " e T ) [TP]
88 +——r—r———————r1 162 17|
0 1 2 3 4 5 0 1 2 3 4 5
1(s) 1(s)
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Fig. 9. Wall temperatures and heat transfer coefficients along flow direction at central line of the microchannels at low Bo number cases (a, b for runs 3 and 17 and 48; c,

d for runs 49 and 50 and run 52).

shows evidently increase of average confinement ratio under in-
creasing local vapor mass quality. In Fig. 12(b), where average local
confinement ratio is lowest among those three points, the varia-
tion of confinement ratio is obvious, causing large vy=0.128 m/s.
In Fig. 12(c), where local average confinement ratio is relatively
higher, the variation of confinement ratio is less obvious, causing
smaller vy—0.067 m/s. Fig. 12(d) illustrated situation near exit of
channel, where local confinement ratio reaches highest with vy be-
ing smallest. Decreased vy means weaker convective heat transfer,
resulting to decreased h; from point ‘a’ to point ‘b’ as showed in
Fig. 12(a). The reason for rising of h; near exit of channel is axil
heat conduct of bottom silicon base.

4.2. Heat transfer robustness and physical essentials

4.2.1. Thermal driving effect in gradient porous wall microchannels
At inlet of channels, as shown in Fig. 13(a) total mass flow
rate mg=my,+mp, where my, and m, are flow rate in bare chan-
nels and pin fin walls respectively. The existence of bubbles de-
creases mass flow rate in a certain channel but the whole mass
flow rate remains unchanged as shown in Fig. 13(a)(b). As demon-
strated in Section 3.1, a bubble emits from PFWA to BCA driven by
surface energy gradient, during which process liquid fluid is pro-
pelled from BCA to PFWA by the growing bubble. In Fig. 13(c), as-
suming at t = ty, a bubble was growing at the interface between
BCA and PFWA. Pressure inside the bubble Pg is larger than the
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pressure of surrounding bare-channel liquid P, and pin-fin liquid
P, because of interface curvature. When it comes to t = t,, the
down part of bubble shrinks and the up part extends, making local
pressure P,>Pp. The liquid flows is thereby from Py, to Pp. Liquid
flow from bare channel to pin-fin area, which is driven by grow-
ing bubbles from opposite direction, is called thermal driving effect
of gradient porous wall. The thermal driving effect has two func-
tions: a) reforming two-phase distribution in microchannels and b)
pulling upstream flow in the BCA to the downstream of PFWA.

4.2.2. Variable mass flow rate in BCA along flow direction

In regular channels where mass exchange is forbidden between
solid walls, mass flow rate along channels stay constant regard-
less of variation of heat fluxes or vapor fraction in a certain chan-
nel. However, in porous wall channels, mass fluxes in BCA is vari-
able along flow direction. At small Bo number cases where two
phase length Iy, is short, as shown in Fig. 13(d), collective effect
of thermal driving effect is weak, less liquid is sucked into porous
walls, so the outlet mass flow rate in BCA is larger. When the boil-
ing number goes larger, longer two-phase length is expected in
Fig. 13(e), more liquid goes into porous walls due to increasing col-
lective effect of thermal driving effect. The outlet mass flow rate in
BCA becomes smaller. The average mass fluxes in two-phase region
is the space-average mass fluxes along channels. For bare channels
with same inlet mass fluxes, the average mass fluxes at large Bo
number cases are lower than that of small Bo number cases. In
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Fig. 10. Wall temperatures and heat transfer coefficients along flow direction at central line of the microchannels at high Bo number cases (a, b for runs 24 and 55; c, d for
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Fig. 11. Two-phase heat transfer with respect to Bo number at location (17.5, 2.8).

other words, the mass fluxes are higher in PFWA at larger Bo num-
ber cases because of stronger thermal driving effect.

4.2.3. Nucleate mechanism in PFWA vs convective mechanism in BCA

When Bo number is small, as discussed above, mass flow rate
in BCA is large, causing strong convective heat transfer. On the
other hand, nucleate heat transfer in PFWA is week because of

small number of active nucleation caves. In addition, the wall su-
perheat in PFWA is further decreased by strong convective heat
transfer in BCA. So it is convective heat transfer overwhelming
the nucleate heat transfer at small Bo cases. For large Bo num-
ber cases, however, the amount of liquid being sucked from BCA to
PFWA due to thermal driving effect is large, the convective mecha-
nism in BCA being suppressed. On the other hand, nucleate mech-
anism is reinforced because of high wall superheat under large Bo
number cases. The thermal driving effect benefits for fresh lig-
uid refilling from BCA to PFWA, supporting nucleate mechanism
in PFWA. Therefore, the competition of heat transfer in BCA and
PFWA makes global heat transfer coefficient insensitive to Bo num-
ber: One mechanism being strengthened while the other mech-
anism being weakened to achieve constant overall heat transfer
coefficient, accounting for the robust heat transfer characteristics
shown in Fig. 11.

4.3. Pressure drop

4.3.1. Phase-separation two-phase pressure drop reduction theory

For an isothermal system containing two-phase mixture of bub-
ble and liquid, two-phase pressure drop is related to two items:
(1) friction dissipation between liquid and bubble Ey,, and (2) fric-
tion dissipation between two phase flow and solid walls Epw. By
changing discontinuous phase from liquid drops to vapor bubbles
described in [6], one can get flow boiling pressure drop gradient

15
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along flow direction:

M _ Elb +Etp,w _

L.~ Apulc

Where Ap is the channel cross sectional area. vy is the ve-
locity of two-phase mixture. L is the channel length. C4 is the
drag coefficient of a vapor bubble in surrounding flowing liquid,
py is the liquid density, vs is the slip velocity between liquid and
vapor bubble: vs=vy-v|, v, and v, are the vapor bubble velocity
and the liquid flow velocity, respectively. a is specific interface
area of two-phase system. Ty w is the shear stress between two-
phase mixture and solid channel wall. dp, is the channel diameter.
Eq. (24) tells us phase separation technology is helpful in reduc-
ing two-phase pressure drop because when small bubbles merge
into continuous vapor phase, C4 and a are both decreased due to
increasing bubble diameter in two-phase system, while other pa-
rameters is not related to bubble diameter. In fact, surface energy
gradients merge small bubbles together to form big bubbles or

£CaPVUs?VpApa + Tep T dpUm
Aplnm

(24)
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continuous annular flow. This process reforms vapor-liquid inter-
face for a given void fraction, decreasing two-phase vapor-liquid
interface areas and friction dissipation. Here, only frictional pres-
sure drop was considered because the microchannel evaporator
was horizontally placed. The pressure drops measurement points
locate in the main flow pipe that are very closed to microchannels
inlet/outlet (~1 mm). The diameter of main flow pipe (2 mm) is
20 times larger than the hydro diameter of present microchannels
(~100m). Thus, the friction pressure drops in the main flow pipe
between the measurement points can be neglected. Thus, we re-
gard the measured pressure drop from differential pressure sensor
as the two-phase pressure drop. The detailed calculation of local
pressure drops can be seen in Eqgs. (9) and (10).

4.3.2. Heat-flux dependent two-phase pressure drop in
phase-separation microchannel evaporator

Fig. 14 shows very interesting relationships between two-
phase pressure drops with heat/mass fluxes: In Fig. 14(a), pres-
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sure drops of four groups of mass fluxes ranging from 117 kg/m?s
to 249 kg/m2s are compared under different heat fluxes. Linear
correlations are found between pressure drops and heat fluxes
while the fluid mass fluxes have almost no effect on the pressure
drop. This heat-flux-dependent-only property is clearly illustrated
in Fig. 14(b) in which four groups of heat fluxes ranging from
38.22 kW/m?2 to 128.28 kW/m? curves are compared under differ-
ent mass fluxes. Flat curves in each group of Fig. 14(b) show that
pressure drops are insensitive to fluid mass fluxes under same heat
fluxes. This unique dynamic characteristic is also a result of phase
separation. Pressure drops mainly take place in two-phase region
where vapor speed is much higher than liquid speed, causing most
surface friction energy dissipation. Pressure drops in BCA owning
most two-phase interface should be focused. According to energy
balance, vapor producing rates is in liner relationship with heat
fluxes. Most produced vapor are concentrated in BCA, determin-
ing two-phase pressure drops. So, heat fluxes have strong effect on
pressure drops. The pressure drops are not sensitive to mass fluxes
under similar heat fluxes for phase-separation evaporator. If we
check the pressure drops against vapor qualities under four groups
of mass fluxes ranging from 117 kg/m?s to 249 kg/m?s, as seen in
Fig. 14(c), it is obvious that the pressure drops are larger under
higher outlet vapor qualities for all the 4 groups of mass fluxes.
This is because there is more vapor concentrated in BCA causing
larger two-phase pressure drops as the vapor qualities are larger.
Besides, under same outlet vapor qualities, the pressure drops are
higher for larger mass fluxes.

5. Comments on the phase separation evaporator

Boiling heat transfer consists of two mechanisms of nucleation
and convection, which are influenced by flow patterns. The link be-
tween heat transfer and flow patterns can be characterized by the
Bo number [13]. Holding the phase separation evaporator within
the Bo number in the range of 6.91 x 107> to 7.44 x 1074, heat
transfer coefficients are not sensitive to heat fluxes at a given mass
flux, ensuring flexible selection of running parameters. This finding
is explained by defining two Bo numbers: Boprwa = q/(Gprwahg)
in porous wall region (PFWA) and Bopcy = q/(Gpcahgg) in bare
channel region (BCA). Vapor concentrated in BCA suffering two-
phase pressure drop, which is higher than single-phase pressure
drop in PFWA. This leads to Gppwa>Gpgca, Noting that the vapor
mass quality in PFWA is quite smaller than that in BCA, resulting in
Boppwa < Bogca. This analysis concludes the nucleation mechanism
in PFWA and convection mechanism in BCA, which are supported
by the observed flow patterns (see Figs. 6 and 7).

The evaporator performance is competed by the two mecha-
nisms in the two regions. When heat flux increases but mass flux
keeps constant, the nucleation component in PFWA is enhanced.
On the other hand, the enhanced bubble generation enhances the
pumping effect from bare channel region to porous wall region.
This reduces the mass flux in BCA to decrease the convection in-
tensity there. The overall effect is to keep constant heat transfer
coefficient at varied heating intensities (see Fig. 11).

Now we explain why pressure drop does not change at varied
mass flow rates at a given heat flux. One notes that pressure drop
is a function of both mass flux and vapor mass quality in a chan-
nel. When the total mass flow rate increases, the increased mass
flow rate in bare channels gives rise to the reduced vapor mass
quality, yielding the constant pressure drop. On the other hand, the
increased mass flow rate in porous wall region weakens the bub-
ble generation and release to yield the reduced vapor mass quality
there, thus the pressure drop is not changed. The constant pres-
sure drop can also be understood that it is caused by the self-
assignment of the total flow rates in the two regions (see Fig. 14b).
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In summary, by spatially population of pin-fin porous wall
over the evaporator cross-section, we could decouple the two heat
transfer mechanisms assigned in tow regions. The phase separa-
tion evaporator not only results in constant heat transfer coeffi-
cient at varied heat fluxes and/or mass flow rates, but also causes
constant pressure drop at varied mass flow rates at a given heat
flux, which are distinct to the conventional microchannels evapo-
rator. These characteristics are benefit for the thermal management
of heat transfer devices.

6. Conclusions

Phase separation evaporator concept was proposed: Gradient
distributed micro pin fin arrays were used as phase separators.
Boiling/evaporation heat and mass transfer in the evaporator with
ultra-stable running parameters were investigated. Main conclu-
sions of this study are drawn as follows:

e Decreased Gibbs free energy during bubble releasing from
PFWA to BCA is the basic principle of microscale phase sepa-
ration.

o A new hybrid heat transfer mechanism was discovered in phase

separation evaporator. Competing of nucleate heat transfer in

PFWA and convective heat transfer in BCA accounts for a sta-

ble overall heat transfer coefficient, ensuring predictable heat

transfer.

Physical principles and applications of thermal driving effect in

the phase separation evaporator were analysed and discussed.

o Hydrodynamic demand curves in two-phase region was mod-

ified to “flat curve” without introducing extra restriction unit,

eliminating static instability without sacrificing pressure drop.

Advantages of phase separation evaporator over traditional

solid wall microchannel evaporators were summarised.

e In the running parameters range, i.e. P;,=110.57~219.77 kPa,
G = 112-264 kg/m?s, q = 20.79~292.82 kW/m?,
Xout=0.005~0.318, pressure drop is independent of mass
flux for a given heat flux while the heat transfer is indepen-
dent of Bo. It is recommended to test a wider range of running
parameters such as higher heat fluxes and/or higher mass
fluxes in the further research.
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