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This study concerns water saturated flow boiling heat transfer in an array of staggered square micro-pin-
fins having a 200 x 200 um? cross-section by a 670 pm height. Three inlet temperatures of 90, 60, and
30 °C, six mass velocities for each inlet temperature, ranging from 183 to 420 kg/m? s, and outlet pres-
sures between 1.03 and 1.08 bar were tested. Heat fluxes ranged from 23.7 to 248.5 W/cm?. Heat transfer
coefficient was fairly constant at high quality, insensitive to both quality and mass velocity. Heat transfer
was enhanced by inlet subcooling at low quality. Possible heat transfer mechanism was discussed.
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1. Introduction

Two-phase miniature heat sinks that incorporate micro-scale
internal heat transfer enhancement structures that are tens to hun-
dreds of micrometers in size and capitalize on latent heat exchange
through liquid flow boiling have recently emerged as a highly effi-
cient cooling technique to meet the current and future high heat
flux dissipation needs in many cutting-edge technologies. Key
technical merits of these heat sinks include very high heat transfer
coefficient, small overall heat sink mass and size, small liquid cool-
ant storage and flow rate requirements, and uniform temperature
distribution in the stream-wise direction. Among a wide variety
of possible micro-scale enhancement structures, parallel micro-
channels have received the most attention (Fig. 1(a)). Flow boiling
heat transfer in micro-channels has been studied quite extensively
in the past decade with the aim to establish reliable predictive
tools for effective heat sink design [1-8]. Results from these studies
indicated that the micro-scale channel size had a profound effect
on liquid flow boiling behavior, and heat transfer correlations
developed for conventional size channels were unable to predict
micro-channel flow boiling data.

Recent advancement in micro-fabrication techniques, however,
allows more complex micro-scale geometries to be fabricated into
high-thermal-conductivity solid substrate at low cost, which
makes it possible to explore other enhancement structures that
may be more effective than the aforementioned parallel micro-
channels. A promising configuration is arrays of staggered or
aligned micro-size pin-fins (Fig. 1(b) and (c)) [9-17]. Performance
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assessment of micro-pin-fin arrays as alternative enhancement
structures for two-phase miniature heat sinks requires a funda-
mental understanding and accurate prediction of flow boiling heat
transfer in the configuration. Although there are a number of stud-
ies on single-phase convective heat transfer in micro-pin-fin arrays
[9-15], studies on flow boiling heat transfer are rather scarce
[16,17].

Kosar and Peles investigated flow boiling heat transfer of refrig-
erant R-123 in an array of hydrofoil pin-fins with chord thickness
of 100 pm and height Hg, of 243 um [16]. They found that at low
quality heat transfer coefficient increased with increasing heat
flux, which might be attributed to the nucleate boiling heat trans-
fer mechanism. At high quality, heat transfer coefficient decreased
with increasing heat flux, which might be linked to convective
boiling heat transfer mechanism. Flow patterns were identified
to be bubbly, wavy intermittent, and spray-annular depending on
heat flux and mass velocity. Previous heat transfer correlations
developed for conventional size tube bundles could not predict
their experimental data. Two new heat transfer correlations were
proposed.

Krishnamurthy and Peles experimentally studied water flow
boiling heat transfer in an array of staggered circular pin-fins with
diameter d of 100 pm, height to diameter ratio Hg,/d of 2.5, longi-
tudinal pitch to diameter ratio S;/d of 1.5, and transverse pitch to
diameter ratio Sy/d of 1.5 [17]. They found that heat transfer coef-
ficient was moderately dependent on mass flux and independent of
heat flux. Flow patterns were identified to be vapor slug and annu-
lar flow. Based on the observed dominant annular flow pattern and
characteristics of heat transfer coefficient, the heat transfer mech-
anism was determined to be convective boiling. Two new heat
transfer correlations based on the convective boiling mechanism
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Nomenclature

ay, aq, G, empirical constants in present correlation

Ac cross-sectional area of a micro-pin-fin
Acell unit cell base area
Afin wetted surface area of a micro-pin-fin
Amin minimum transverse flow area of micro-pin-fin array
A platform area of heat sink top surface
Cpf specific heat of liquid water
diameter of circular pin-fin
de equivalent diameter of a square micro-pin-fin
frnsubi  friction factor in segment i
F subcooling enhancement factor in present correlation
G mass velocity
Gmax maximum mass velocity
hep saturated flow boiling heat transfer coefficient

hep.eq saturated flow boiling heat transfer coefficient in high x,
region for a near saturated inlet

hep,tci saturated flow boiling heat transfer coefficient at ther-
mocouple stream-wise location

Hpn height of a pin-fin

Hqc distance from thermocouple to micro-pin-fin base

i a stream-wise segment containing one row of micro-
pin-fins

k thermal conductivity

K., K contraction loss coefficient

Ke1, K2 expansion recovery coefficient

L length of heat sink top platform area

Liin length of a micro-pin-fin

m total mass flow rate

Mfin fin parameter

M number of data points

MAE mean absolute error

Ngup number of micro-pin-fin rows in upstream subcooled
region

Ppin cross-section perimeter of a micro-pin-fin

Pfin,in micro-pin-fin array inlet pressure

Pfin,out micro-pin-fin array outlet pressure

Pin measured heat sink inlet pressure

Poue heat sink outlet pressure

Psato pressure at Zgo

Py pressure at thermocouple stream-wise location
Pw total electrical power input

AP measured pressure drop across heat sink

AP, AP, contraction pressure loss
AP.1, AP,, expansion pressure recovery
APgp, pressure drop across micro-pin-fin array

Pr Prandtl number

Qep heat flux based on heat sink top platform area
Qloss heat loss

Sp diagonal pitch

St longitudinal pitch

Sr transverse pitch

Subscripts

ave average

exp experimental (measured)
f liquid (water) bulk

g vapor

i stream-wise segment

in inlet

out outlet

pred predicted

p1 deep plenum

p2 shallow plenum

S solid (copper)

sub upstream subcooled region
tci thermocouple stream-wise location (i = 1-3)

Re Reynolds number based on d,

Rey Reynolds number based on d. and actual liquid flow rate

tci thermocouple (i =1-3)

T temperature

Trici water bulk temperature at thermocouple stream-wise
location

Tin inlet temperature

T outlet temperature

Tsato saturation temperature at Zgeo

Tsatin saturation temperature at micro-pin-fin array inlet

Tsat tci saturation temperature at thermocouple stream-wise
location

Tici thermocouple reading (i = 1-3)

Tw,tci micro-pin-fin base temperature at thermocouple
stream-wise location

v specific volume

Vg specific volume difference between saturated vapor and
saturated liquid

w width of heat sink top platform area

Win width of a micro-pin-fin

Xe thermodynamic equilibrium quality

Xe,tci thermodynamic equilibrium quality at thermocouple
stream-wise location

Xov Martinelli parameter

z steam-wise coordinate

Zsat0 stream-wise location where thermodynamic equilib-
rium quality is zero

Ztci steam-wise location of thermocouple (i = 1-3)

Greek symbols

o two-phase frictional multiplier

Nfin fin efficiency

u viscosity

4 adjustment parameter in the Krishnamurthy and Peles

correlations (correlations 1 and 2)

and Reynolds analogy were proposed, which showed reasonable
agreement with their experimental data.

Other relevant studies include those on flow boiling heat trans-
fer in conventional size tube bundles that are several millimeters
or larger in diameter [18-23]. Tube bundles are widely used in
two-phase heat exchanger applications such as chemical reboilers,
steam generators, and evaporators. Although both involve boiling
heat transfer associated with liquid cross flow, results from these
tube bundles studies should not be directly applied to micro-pin-
fin arrays because of the following two factors: (a) diminishing
flow passage size may affect flow boiling heat transfer characteris-

tics substantially as demonstrated by the aforementioned micro-
channel flow boiling studies [1-8], and (b) nearly all previous tube
bundle studies adopted aligned or in-line configuration while stag-
gered arrangement was favored with micro-pin-fin heat sinks in
order to achieve better heat transfer performance [16,17]. Devia-
tion of flow boiling heat transfer characteristics in micro-pin-fin
arrays from those in conventional size tube bundles has been dis-
cussed in the previous study by Kosar and Peles [16].

Despite the previous efforts [16,17], our fundamental knowl-
edge of flow boiling heat transfer in micro-pin-fin arrays is far from
complete. In particular, many unique parameter trends observed in
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Fig. 1. (a) Micro-channel heat sink, (b) staggered micro-pin-fin heat sink, and (c)
aligned micro-pin-fin heat sink.

micro-pin-fin arrays are not well understood, i.e., it is not clear
what underlying transport process caused decreasing [16] or con-
stant [17] heat transfer coefficient with increasing heat flux. In
addition, a few proposed micro-pin-fin correlations have not been
assessed using a sufficiently large database. This study expands on
the previous studies by investigating water saturated flow boiling
heat transfer in an array of staggered square micro-pin-fins with a
cross-section of 200 x 200 um? and a height of 670 pm. The objec-
tives of the present study are: (1) to provide new heat transfer data
for water flow boiling in a micro-pin-fin array, (2) to reveal impor-
tant parametric trends and explore possible heat transfer mecha-
nism, (3) to assess the accuracy of previous micro-pin-fin
correlations at predicting the new data, and (4) to develop a new
heat transfer correlation for water saturated flow boiling in the mi-
cro-pin-fin array.

2. Experimental apparatus and procedure
2.1. Flow loop

Fig. 2 shows a schematic of the flow loop that supplied the
liquid coolant, deionized water, to a micro-pin-fin test module at
desired operating conditions. Water was stored in a reservoir that
also served as a pressure reference point for the flow loop. An
immersion heater was installed in the reservoir to deaerate water
through vigorous boiling to force any dissolved gases to escape to
the ambient. The water was circulated using a gear pump. A com-
pact heat exchanger connected to the laboratory tap water supply
was used to bring the testing water to a temperature of approxi-
mately 19 °C before it entered the pump. After leaving the pump,
the water flowed through a filter to prevent solid particles from
clogging micro-size flow passages across the micro-pin-fin array.
The water then passed through one of two rotameters for mass
flow rate measurement. The rotameters were calibrated using the
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Cooling
Water Downstream Upstream
Control r————=====-- * Control
Valve = | 1 Valve | ~ |
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Heat Exchanger meter meter
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Fig. 2. Schematic of flow loop.

standard weighting method. The accuracy of mass flow rate mea-
surement was better than 4% of the readings. Afterwards, the water
flowed through a second heat exchanger that was connected to a
constant temperature bath, where the water was brought to the
desired test module inlet temperature. The water then entered
the micro-pin-fin test module. The water exiting the test module
flowed through a third heat exchanger that was also connected
to the laboratory tap water supply to condense vapor before it re-
turned to the reservoir.

2.2. Test module

The test module was composed of a 110 copper micro-pin-fin
heat sink, a G-7 fiberglass plastic housing, a polycarbonate plastic
(Lexan) cover plate, and nine cartridge heaters. Fig. 3 illustrates all
test module components. The micro-pin-fin heat sink had a plat-
form (top) area of 3.38 cm (length) by 1.0 cm (width). An array of
1950 staggered micro-pin-fins with a 200 x 200 um? cross-section
by a 670 um height were milled out of the top surface using a mi-
cro-end mill. Dimensions of the micro-pin-fins were measured
using a scanning electron microscope (SEM). Uncertainty in Wy,
and Lg, was estimated to be +5 pm, and in Hp, was 10 um. SEM
Images showed the surface roughness of the micro-pin-fins was
in the order of 1 um. Fig. 4(a) shows a top view of the micro-pin-
fin array together with key dimensions. For the present micro-
pin-fin array configuration, the ratio of the overall heat transfer
area to the heat sink top platform area is equal to 3.9. Below the
heat sink top surface, three Type-K thermocouples, indicated in
Fig. 3 as tc1 to tc3 from upstream to downstream, were inserted
along the center plane to measure the stream-wise temperature
distribution inside the heat sink. The stream-wise distance of the
three thermocouples from the micro-pin-fin array inlet, z;q, Zc3,
and z.s, is 5, 16.6, and 28.2 mm, respectively. Nine holes were
drilled into the bottom surface of the heat sink to accommodate
the cartridge heaters that provided heating power during the tests.
The nine cartridge heaters were connected in parallel and powered
by a 0-110V AC variac. A 0.5% accuracy wattmeter was used to
measure the total electrical power input to the cartridge heaters
Py,.

The micro-pin-fin heat sink was inserted into the center portion
of the G-7 housing with RTV silicone rubber applied along the
interface to prevent leakage. Upstream and downstream of the mi-
cro-pin-fin array were plenums to ensure an even distribution of
water flow across the micro-pin-fin array in the transverse
direction. Each plenum had a deep portion leading to a shallow
portion. Two Type-K thermocouples were located in the inlet and
outlet deep plenums to measure the inlet and outlet temperature,
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respectively. Errors associated with the measurements of these as
well as the thermocouples inside the heat sink were smaller than
+0.3 °C. An absolute pressure transducer was connected to the inlet

a $p=447.2 um
S, =400 um

—

S,=400 pm_f
[]

[l

——]
Flow

ogoooof

O Oood

O
L]
L]
[
N

deep plenum via a pressure tap to measure the heat sink inlet pres-
sure. A differential pressure transducer was connected to the inlet
and outlet deep plenums to measure the pressure drop across the
heat sink. The uncertainty in both inlet pressure and pressure drop
measurements was estimated to be less than 0.25% of the readings.
The readings of pressure transducers and thermocouples were re-
corded using an PC based data acquisition system.

Closed flow passages across the micro-pin-fin array were
formed by bolting the cover plate atop the heat sink and housing.
A shallow groove was machined into the housing around the heat
sink top surface. The groove was filled with RTV silicone rubber to
create a leak-proof seal. The transparent cover plate allowed direct
visual access to liquid-vapor two-phase flow in the micro-pin-fin
array.

After the test module was assembled, multiple layers of ceramic
fiber were wrapped around the heat sink to reduce the heat loss to
the ambient.

2.3. Experimental procedure

Prior to conducting a flow boiling test, the water in the reser-
voir was deaerated through vigorous boiling for about an hour to
force any dissolving gases to escape to the ambient. Effectiveness
of this deaeration method was verified by visually observing the
gas bubble activity in the micro-pin-fin array during the flow
boiling test. It was observed that no gas/air bubble coming out
of the water inside the micro-pin-fin array prior to boiling incip-
ience. At boiling incipience, the reading from the downstream
thermocouple tc3, which was the highest among those from
the thermocouples tc1 to tc3, was above 100 °C, and nucleation
of water vapor bubbles occurred inside the micro-pin-fin array.
The flow loop components were then adjusted to yield the
desired test module inlet temperature T; and mass flow rate
m. Table 1 summarizes the operating conditions in the present
study. Gnax in Table 1 indicates the maximum water mass veloc-
ity in the micro-pin-fin array and is defined based on the mini-
mum transverse flow area,

Hpin=670 pm
w,tci

H,=2.505 mm

ra A1

Qs
IW""=200 wm Unit cell
Segment i L;,=200 pm
z
b -+
z|c1 zsat,o z!cz ztcs
—
Subcooled Xe=Xqin X,=0 X=X, out
c;max | N
I L '1

Fig. 4. (a) Top view of micro-pin-fin array and schematic of unit cell. (b) Schematic of flow regions.
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Table 1
Operating conditions.

Inlet temperature, Mass flow rate, Maximum mass velocity, Outlet pressure,

Tin (°C) 1m (g/s) Grmax (kg/m? ) Poy (bar)

90 0.611-1.398 183-417 1.03-1.08

60 0.611-1.398 183-417 1.03-1.08

30 0.611-1.408 183-420 1.03-1.08

m
Gmax = (1)
Amin ’
where
W mn
Amin = WHﬁn <1 - —sf . (2)
T

P,,: represents the heat sink outlet pressure and is evaluated from
the measured heat sink inlet pressure P;,, and pressure drop AP.

Pour = Pin — AP. (3)

As shown in Table 1, the flow boiling tests were performed at
near-ambient pressures with P, ranging from 1.03 to 1.08 bar.

After the flow became stable, the heating power was set to a
low level where the water flow in the micro-pin-fin array remained
single-phase liquid. The power was then increased in small incre-
ments as the flow loop components were adjusted to maintain the
desired inlet temperature and mass flow rate as given in Table 1. At
each new heating power level, the heat sink was allowed to reach
steady state conditions. Once at steady state, readings from the
pressure transducers and thermocouples were recorded at 0.5-s
intervals for 3 min using the data acquisition system. Readings
from the rotameter and wattmeter were recorded manually.

Prior to conducting flow boiling experiments, a series of water
single-phase heat transfer tests were conducted at the same mass
flow rates. Results from these single-phase tests were reported in a
separate paper [15]. During single-phase tests, heat losses from the
test module were evaluated by deducting the measured enthalpy
increase of the water flow from the total electrical power input
measured by the wattmeter.

Qloss = PW - mcpf(Tout - Tin)~ (4)

For T;;, =30 °C, Qpss ranged from 3% to 15% of Py [15]. Higher
heat losses occurred at lower water mass flow rates. For a given
water mass flow rate, it has been observed that Q;,s; was not sen-
sitive to the electrical power input.

In the present study, the level of input heat flux that was re-
moved by the water flow boiling from the micro-pin-fin array is
represented by an effective heat flux gy, defined based on the
top platform area of the heat sink, A; = 1.0 x 3.38 cm?.

" PW - Qloss,ave
o A (5)
where Qjoss.ave iS the average heat loss obtained from the single-
phase tests at the same mass flow rate.

Each test was terminated when the reading from the down-
stream thermocouple tc3 inside the heat sink reached about
130 °C to avoid overheating the test module.

2.4. Data reduction

In the present study, the water was supplied to the micro-pin-
fin array in a subcooled state (Tj, < Tsq.in) for all operating condi-
tions as shown in Table 1. The micro-pin-fin array can therefore
be divided into two regions along the stream-wise direction based
on the value of water thermodynamic equilibrium quality x.: an
upstream subcooled region (x.<0) and a downstream saturated

boiling region (x. > 0). Fig. 4(b) shows a schematic of the two flow
regions. The stream-wise location zs;o where x, reached zero
serves as a dividing point between the two regions. zs ¢ is evalu-
ated from

MCps(Tsaro — Tin)

1" ? (6)
GegW

Zsat.O =
where Ty, is the saturation temperature at zy,. o corresponding to
local pressure P, 0. The following equation is employed to evaluate
Psut,O:

Psut.O = Pﬁn.in - APﬁn,subv (7)

where Py is the pressure at the micro-pin-fin array inlet, and
APgp sup is the pressure drop across the upstream subcooled region
0 < Z < Zsaro. Prin,in is evaluated by deducting inlet contraction pres-
sure losses from the measured heat sink inlet pressure P;,,

Pﬁn.in = Pin - (APcl + APCZ)- (8)

AP and AP, in Eq. (8) are the contraction pressure losses from the
housing deep plenum to the shallow plenum and from the shallow
plenum to the micro-pin-fin array, respectively, and are calculated
from [24,25]

Vfin Kav Jin
APC] = fT (Gﬁlin - G;Lin) + Clzf G;Z‘im (9)
and

Vfin KoV, in
APCZ = %(G;ax - G;Z,in) + szf Grznax' (]O)

APfn qup is determined using the following pressure drop correlation
developed by the present authors for water single-phase flow in the
micro-pin-fin array [24].

Noup Noup lufl 058 Vf iGZ
APﬂn,sub = Z APﬂn,sub,i = Z f}"m,sub,i r - zmax ) (11)
i=1 i=1 Wi

where Ny, is the number of micro-pin-fin rows in the subcooled re-
gion, i indicates a segment in the stream-wise direction that con-
tains a row of micro-pin-fins as well as the surrounding portion
of the top and bottom endwalls as shown in Fig. 4(a), and ffn sub,i
represents the friction factor across the segment i and is determined
from [24]

—0.547
Sinsubi = 20.09Rep o, = zo‘ochxde . (12)

Ky

d. in Eq. (12) represents an equivalent diameter of the square mi-
cro-pin-fins,

4A.
d=p. (13)
where A, is the cross-sectional area of a single micro-pin-fin,
AC = WﬁnLﬁm (14)

and Py, is the cross-section perimeter of a single micro-pin-fin,
Psin = 2(Whn + Lin). (15)

All water properties in Eq. (11) except pu,,; are evaluated based
on the average water bulk temperature in the segment i. u,; is
evaluated based on the average micro-pin-fin base temperature
in the segment i. For brevity, details on how to evaluate these prop-
erties are omitted from this paper and can be found in Ref. [24].

Once z4o is obtain from Eq. (6), it is easy to determine whether
each thermocouple stream-wise location z;; is within the up-
stream subcooled region 0 < z;; < Zsgro Or the downstream satu-
rated boiling region Zsro < Zii < L. FOr Zgaro <z < L, the local
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saturated flow boiling heat transfer coefficient averaged over the
four surfaces (upstream, downstream, and side) of a single mi-
cro-pin-fin as well as the surrounding portion of the base surface
at Zi, Nip iy can be evaluated by using the following equation:

qgffAcell = htp‘tci(Tw,tci - Tsat‘tci)[(Acell - Ac) + nﬁnAﬁn}‘ (16)

Eq. (16) is obtained by applying a simple energy balance to a
unit cell at z,; that contains a single micro-pin-fin as well as the
surrounding base surface as shown in Fig. 4(a). The left-hand side
of Eq. (16) represents the heat input to the unit cell, and the right-
hand side the heat removal from the unit cell by the water flow
boiling. In Eq. (16), Ace; indicates the unit cell base area,

Acell = SiSt, (17)
Ajn is the wetted surface area of a single pin-fin,

Agin = PpinHjin, (18)
and s, represents the fin efficiency,

__tanh(mg;Hgn)

i = naHp (19)

where mgy, is the fin parameter,

o htp‘tcipﬁn
Mpin =4 | kA (20)

Tw,tci and Tsqreei in EQ. (16) represent the local micro-pin-fin base
temperature and the local water saturation temperature, respec-
tively. Assuming one-dimensional heat conduction between the
thermocouple location and the micro-pin-fin base as shown in
Fig. 4(a), Tw, is evaluated from
ngthc

ks
where T, represents the readings from the thermocouple tci. Tsar rci
is evaluated from the local pressure P;.;. Assuming a linear decrease

in local pressure in the saturated boiling region zso < Zici < L, Prei IS
calculated from

Tw.tci = thi -

(21)

Psa —P ,
Ptci = Psat,O - H (Ztci - Zsa[,0)7 (22)
sat,

where Ppp, o, Tepresents the pressure at the micro-pin-fin array out-
let and is evaluated by adding the outlet expansion pressure recov-
eries to the heat sink outlet pressure P,;.

Pﬁn,out = Pout + (APEZ + APE])- (23)

AP, and AP, in Eq. (23) are expansion pressure recoveries from
the micro-pin-fin array to the housing shallow plenum and from
the shallow plenum to the deep plenum, respectively, and are calcu-
lated from [24-26]

Vf.ou[ +X9.0urvfg,out 2 2 KEZ (vf,aut +Xe‘outvfg‘ou[) 2
APy, = 2 (GpZ,out - Gmax) + 2 Gmax7
(24)
and
v XeoutV Ker (v Xe outV
APE] - W (Gil,out - GiZ,out) + L ( Lo oo fgﬂur) G;Z.our'
(25)

Once Ty, and Tsqe i are determined, the value of hy, . can be
readily calculated from Eq. (16). Eq. (16) is a transcendental equa-
tion, which can be solved iteratively to obtain hy, ;. For the present
operating conditions as shown in Table 1, z,; was always in the
subcooled region, i.e., Z¢1 < Zsaro. epici Values were therefore ob-
tained only at z,, and z.s3. Only hy, values corresponding to

Xeci > 0.01 are reported in this paper to ensure that the saturated
flow boiling conditions were well established. The uncertainty in
hiprei is calculated using the method developed by Kline and
McClintock [27]. The uncertainty ranges from 3.1% to 34.5%, with
an average of 8.3%. The best uncertainty in hy, . occurs at z,.3 under
the condition of T;, = 30 °C, Gynax = 183 kg/m? s, Qo = 198.5 W/cm?,
and X3 =0.27. The worst uncertainty in hy, ; occurs also at zs
under the condition of T =90°C, Gpax=228 kg/m?s,
qyy = 48.0 W/cm?, and X, 3 = 0.05.

3. Results and discussion
3.1. Boiling curve

Fig. 5 shows boiling curves obtained at z;; to z.3 for T;, = 60 °C
and Gya = 260 kg/m? s. In these curves, o7 is plotted versus the
difference between T,y ; and Ty, where Tf; represents the local
water bulk temperature. For 0 < Z;¢; < Zsaro, Tfici i evaluated from
the following equation by assuming a linear increase in water tem-
perature along the flow direction:

Zii
Tf,rci = Tin + (Tsat‘O - Tin) @ . (26)
Zsat,0
For Zsat,0 < Zei < L.
Tf.tci = Tsat,tci- (27)

Three regions featuring drastically different relationships
between ¢y and (Ty i — Tfei) can be readily identified at z.» and
Zie3: a low Qogy single-phase region where the slopes of the boiling
curves are positive and fairly constant, an intermediate qg; sub-
cooled flow boiling region where the slopes of the boiling curves
become negative due to a sharp rise in the convective heat transfer
coefficient, and a high q;;; saturated flow boiling region where the
local thermodynamic equilibrium quality X..; is above zero and
the slopes of the boiling curves are again positive. Transition from
one region to another occurs at a lower Qo value at z;.3 than that at
Zic2, indicating that the boiling front propagated from downstream
to upstream. z; is always in the single-phase region.

3.2. Heat transfer characteristics

Figs. 6-8 plot all h,; data obtained in this study for T;, = 90, 60,
and 30 °C, respectively. Each figure consists of two parts: part (a)
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Fig. 5. Boiling curves at z,.; to z,3 for Tj, = 60 °C and Gpax = 260 kg/m? s.
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plots hyp i VErsus X, and part (b) hyp i versus o The hollow
symbols in Figs. 6-8 represent data points obtained at z,,, and
the solid ones at z;s.

A close examination of part (a) of Figs. 6-8 reveals several
important parametric trends. Firstly, for the highest T;, of 90 °C,
Fig. 6(a) shows that hy,; is a weak function of x «; and tends to as-
sume a constant value except in the very low x. . range. As T;, de-
creases from 90 to 60 °C and further to 30 °C, the dependence of
hepci ON X i becomes progressively stronger. For a constant Gy,
Figs. 6(a)-8(a) show that hy, ; decreases with increasing Xe cci. hip tci
decreases more rapidly at lower x. . and levels off at higher X, ;.
Secondly, an increase in G from 183 to 420 kg/m? s at each Tj,
does not have an appreciable effect on hyp ;. For a fixed Xe tci, Nip,rci
is not very sensitive to Gpqy. Thirdly, for a given X, (i, hip,¢; does not
show strong dependence upon the stream-wise location z;.

Part (b) of Figs. 6-8 illustrates the effect of gg; on hyp . For
Tin =90 °C, Fig. 6(b) shows that hy, ; tends to assume a constant va-
lue except in the low quy range for each Gqx For lower T;, of 60
and 30 °C, Figs. 7(b) and 8(b) show that for a constant Gmax, Nep,ci
decreases with increasing at low ¢ and levels off at high gy,
and for a fixed Qofps hp i increases with increasing Gpgy. In addition,
for given gz and Gax, Mip rci at the upstream z;; has a higher value
than that at the downstream z,.s. These trends are consistent with
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Fig. 7. Variation of measured hy,,; with (a) X.; and (b) Qo for T;, = 60 °C.

those of constant hy,.; for high T, and decreasing hy,; with
increasing X, .; for low T;, as shown in Figs. 6(a)-8(a).

Figs. 6(a)-8(a) reveal that T;, has a considerable effect on the
variation of hy, s with Xe .. To further illustrate the effect, hy i
Versus Xe . at zq3 for three Tj, and six Gp,q is plotted in a single
graph, Fig. 9. It can be seen from Fig. 9 that for a given X3, Nip 3
increases with decreasing T;,, but is not sensitive to G,q. The trend
implies that heat transfer in the saturated flow boiling region was
enhanced by the inlet subcooling. The enhancement effect is more
profound at low X, s, and diminishes as x. . increases to a higher
value.

Previous studies indicated that the two mechanisms of nucle-
ate boiling and two-phase forced convection that govern satu-
rated flow boiling heat transfer in conventional size tubes
could also be applied to explain the observed parametric trends
in tube bundles [18,19,22,23]. The regime dominated by nucleate
boiling is usually associated with bubbly and slug flow. In this
regime, liquid near the heated surface is superheated to a suffi-
cient degree to sustain nucleation. Heat transfer coefficient is
dependent upon heat flux, but fairly independent of mass veloc-
ity and vapor quality. The general trend is increasing heat trans-
fer coefficient with increasing heat flux due to intensification of
nucleation. The regime dominated by two-phase forced convec-
tion, on the other hand, is often associated with annular flow.
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In this regime, nucleation is suppressed along the heated surface,
and heat is transferred mainly by conduction across the liquid
film and evaporation at the liquid-vapor interface. Heat transfer
coefficient is dependent upon mass velocity and vapor quality,
but less sensitive to heat flux. The general trend is increasing
heat transfer coefficient with increasing mass velocity and vapor
quality due to reduction in liquid film thickness along the heated
surface.

A close examination of the measured variations of h,; with
Xe tci» Gmax, a0d qyp as shown in Figs. 6-9 reveals that neither nucle-
ate boiling nor two-phase forced convection could be directly ap-
plied to explain the observed parametric trends in the present
micro-pin-fin array. Figs. 6(b)-8(b) show hy,; decreases with
increasing qg; for a constant Gynqy, which is in opposite trend to that
associated with nucleate boiling. Figs. 6(a)-8(a) and 9, on the other
hand, show hy, i is less sensitive to Gmax, and is either fairly con-
stant (low inlet subcooling) or decreasing (high inlet subcooling)
with increasing X..;, which is not supported by the two-phase
forced convection mechanism.

In the present study, two-phase flow patterns in the micro-pin-
fin array were examined with the aid of a high-speed video camera.
The dominant flow pattern at moderate to high heat fluxes was ob-
served to be annular flow, which is in consistence with the findings
from the previous visualization studies [16,17]. In addition, it has
been observed that a large number of liquid droplets were en-
trained in the vapor flow. Based on this observation, two-phase
forced convection is believed to be the governing heat transfer
mechanism, where heat was first transferred across the liquid film
that was formed on the micro-pin-fin surfaces by conduction and
then carried away by evaporation at the liquid-vapor interface.
Heat transfer behavior, however, was significantly altered by the
complex liquid-vapor two-phase transport as a result of the inter-
ruptive nature of the flow passages in the micro-pin-fin array. In
particular, the large amount of liquid droplets presented in the
vapor flow are believed to play a vital role in shaping the unique
heat transfer characteristics.

While other mechanisms may exist, it is believed that the liquid
droplets in the vapor flow was mostly formed through the follow-
ing processes: (a) liquid slugs were broken off as discrete droplets
at the onset of annular flow, and (b) liquid films were dispersed
into the vapor flow as discrete droplets from the downstream edge
of the micro-pin-fin side surfaces. While being carried away by
vapor flow, a portion of the droplets deposited back onto the front,
side, and base surfaces of the micro-pin-fins. It is postulated that
the thickness of the liquid film was governed by the following
two competing processes: (a) liquid droplet deposition that tended
to thicken the liquid film, and (b) vapor flow acceleration and
liquid film evaporation that tended to thin the film. It is further
postulated that the droplet deposition rate increased with increas-
ing vapor flow velocity in the micro-pin-fin array. In the saturated
boiling region, vapor velocity increased with increasing x, in the
flow direction, which led to a rising interfacial shear stress and a
decreasing film thickness. On the other hand, the droplet deposi-
tion rate would also increase with increasing vapor velocity, which
had an opposite effect on the film thickness. It is possible that the
net result was a fairly uniform film thickness distribution in the
stream-wise direction. It is believed that an increase in G,qx would
not alter the film thickness significantly as both vapor velocity and
deposition rate would rise, which again brought in two competing
effects on the film thickness.

The above postulated two-phase transport process may explain
the observed parametric trends in the micro-pin-fin array. For a
near saturated inlet, most liquid droplets in the vapor phase would
reach saturated state soon after entering the saturated boiling
region. Heat transfer in the saturated boiling region was therefore
mainly governed by the film thickness. A uniform film thickness
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distribution in the stream-wise direction would lead to a fairly
constant heat transfer coefficient, insensitive to both x, and G;qx.
For a highly subcooled inlet, a substantial amount of liquid drop-
lets might still remain subcooled as they flowed into the low x, re-
gion due to the non-equilibrium effect. These subcooled droplets
would enhance heat transfer and yielded higher heat transfer coef-
ficient in the region. Most liquid droplets would eventually reach
saturated state in the high x, region, and the subcooling enhance-
ment effect diminished.

3.3. Assessment of previous heat transfer correlations

Based on the two-phase forced convection mechanism and Rey-
nolds analogy, Krishnamurthy and Peles developed two correla-
tions for water flow boiling heat transfer in an array of circular
micro-pin-fins [17]. The two correlations are summarized in Table
2 as correlations 1 and 2. Comparisons between correlation predic-
tions and the present hy, ; data are shown in Fig. 10(a) and (b). The
mean absolute error (MAE) for the two correlations, defined as

MAE = 1 |htp tciexp — htp tci. pred| .100(7 (28)
M htp tci,exp

where M is total number of data points, is presented in Fig. 10(a)
and (b), respectively. Aside from the scatter in the predicted-to-
measured heat transfer coefficient ratio, the two correlations are
unable to predict the correct trend of hy . versus X ;. The devia-
tion may be explained by the fact that the Krishnamurthy and Peles
correlation was developed based on the data for circular micro-pin-
fins, while the shape of the present micro-pin-fins is square.

3.4. New heat transfer correlation

Deviations in the predictions of previous micro-pin-fin correla-
tions from the present data point to the need for developing a new
correlation that can yield more accurate predictions. A new heat
transfer correlation is developed based on the following observa-
tions: (a) for a near saturated inlet, heat transfer coefficient was
fairly constant in the high x, region, insensitive to both x. and G4y,
(b) inlet subcooling enhanced heat transfer in the low x, region,
and (c) the subcooling enhancement effect diminished with
increasing x.. The following functional form is proposed for the
present correlation.

htp = thp,eq; (29)

where hy, ¢4 represents the heat transfer coefficient in the high x,
region for a near saturated inlet, and assumes a constant value of
50.44 kW/m? °C. hpeq is obtained by averaging all hy,; data corre-
sponding to T;,=90°C and X..; > 0.1. F in Eq. (29) represents a
correction factor accounting for the subcooling enhancement effect.
F adopts the following functional form

Table 2
Krishnamurthy and Peles micro-pin-fin correlations [17].
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F = 1.0 + QX ineXP|— (@1 Xejn + @2)Xe), (30)

where X, ;, is the thermodynamic equilibrium quality at the micro-
pin-fin array inlet. aq, a4, and a, in Eq. (30) represent empirical con-
stants and are determined to be —12.2, 101, and 29.4 by correlating
all hyp, i data.

Fig. 11(a) compares the predicted and measured hyp i Versus gy
for Ti, = 60 °C and G,,qx = 260 kg/m? s. Fig. 11(a) shows the present
correlation is able to capture the trend of decreasing hy i with
increasing q;;;. The overall predictive capability of the present cor-
relation is shown in Fig. 11(b), which compares the correlation pre-
dictions with all hy.; data. Nearly all data points are located
within a #30% error band with a mean absolute error (MAE) of
7.6%, which demonstrates the excellent predictive capability of
the present correlation. It should be noted that the correlation is
developed based on the data for water saturated flow boiling
(xe = 0.01) in the micro-pin-fin array under the condition of sub-
cooled inlet (x.;, <0). Experimental validation is needed before
the correlation can be applied to conditions beyond which the cor-
relation was originally proposed.

hipeq in the present correlation takes a constant value of
50.44 KW/m? °C. It is expected that hyp,,, is dependent upon mi-
cro-pin-fin geometrical parameters such as Wy, Lan, Hpn, S, and
Sr as the two-phase transport processes are strongly affected by
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the micro-pin-fin geometry. Ideally, hy, o, should be correlated as a
function of these geometric parameters. Unfortunately, such a gen-
eral correlation for hy, q is not possible at present due to the lack of
experimental data for water saturated flow boiling heat transfer in
staggered square micro-pin-fin arrays having a wide range of geo-
metrical parameters.

4. Conclusions

In this study, experiments were conducted to measure heat
transfer coefficient for water saturated flow boiling in an array of
staggered square micro-pin-fins. Unique parametric trends were
identified and possible heat transfer mechanism was discussed.
Previous micro-pin-fin correlations were assessed using the new
data. A new heat transfer correlation was developed. Key findings
from the study are as follows:

(1) For a near saturated inlet, heat transfer coefficient was fairly
constant in the high quality region, insensitive to both qual-
ity and mass velocity. Heat transfer in the low quality region
was enhanced by inlet subcooling. The enhancement effect
due to inlet subcooling diminished with increasing quality.

(2) Two-phase forced convection associated with annular flow
was postulated to be the governing heat transfer mecha-
nism. The unique heat transfer characteristics were attrib-
uted to the complex liquid-vapor two-phase transport as a
result of the interruptive nature of the flow passages in the
micro-pin-fin array. In particular, it was believed the liquid
droplets entrained in the vapor flow played an important
role.
Predictions of two correlations developed by Krishnamurthy
and Peles for water saturated flow boiling heat transfer in an
array of circular micro-pin-fins were compared to the pres-
ent data. Significant scatter in data as well as deviation in
overall trend point to a need for a new correlation that can
yield more accurate predictions.

(4) A new heat transfer correlation was developed based on the
unique parametric trends in the micro-pin-fin. Good agree-
ment was achieved between the correlation predictions
and the experimental data.

—
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