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DEVICE AND METHOD FOR A TWO PHASE HEAT TRANSFER

Field of the Invention

The invention relates to the dissipation of heat from electronic devices using a heat

transfer device. In particular, the invention relates to the creation of two phase flow in

such devices.

Background

Flow boiling heat transfer in micro-channels has been a subject of wide interest due to
its ability to dissipate high heat fluxes from a relatively small footprint. In view of this
advantage and the ever-increasing need for ultra-high heat flux removal, various micro-
channel design schemes have been put in place to further improve heat transfer
performance and reduce pressure drop penalty. Nevertheless, the main purpose of these
design improvements is to stabilise the flow boiling process by reducing pressure drop

fluctuations caused by unsteady boiling within the micro-channels.

Pressure drop oscillation is associated with fairly periodic, large amplitude fluctuations
in inlet and outlet pressure as well as heat sink temperature. This type of instability can
be suppressed by throttling a control valve situated upstream of the heat sink. Parallel
channel instability, on the other hand, produces only mild fluctuations in the net

pressure and temperature, and therefore, does not play a very significant role in overall
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flow boiling instabilities, However, this type of instability causes the flow in an
individual channel to oscillate between different flow regimes even at constant

operating conditions.

Pressure oscillations are related with premature critical heat flux (CHF) conditions, in a
way that the phase-change process tends to be exceedingly rapid, instigating
hydrodynamic fluctuations. CHF is the maximum heat dissipation of a heat sink before
burn-out, which is the limiting factor in achieving higher heat fluxes. CHF is
characterised by an extreme heat sink temperature overshoot caused by sudden dry-out

in parallel micro-channels.

In spite of the abovementioned drawbacks, flow boiling heat transfer in micro-channels
remains an interesting heat transfer technology due to its effectiveness in heat

dissipation at a small surface-to-volume ratio.

Summary of Invention

The invention provides a two phase heat transfer device comprising an inlet for
receiving a heat transfer fluid, and; an array of heat transfer fins in spaced relation;
primary spaces between said heat transfer fins defining primary channels parallel to a
path from the inlet to outlet, and; oblique spaces between said heat transfer fins defining

oblique channels arranged at an angle to said primary channels. It is preferable that
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walls defining the primary and oblique spaces provide nucleate boiling regions and the

interruption of fully developed convective boiling regions.

As compared with straight fins, there is significant augmentation in heat transfer and the
delay in the onset of critical heat flux for the oblique-finned micro-channels. This is due
to enhancement in the flow boiling stability offered by the oblique fins in terms of
reduced wall temperature gradients and pressure fluctuations. Flow visualisations
performed on both micro-channel geometries show increased bubbles generation in the
nucleate boiling region. In one embodiment, the oblique channels, at an aperture
between the primary and oblique channels, may interrupt fully developed thin liquid and
so causing a continuously developing thin liquid-film in the convective boiling region

for the oblique fins.

In one embodiment, the oblique channels may be arranged to provide pathways for
bubbles formed from said nucleate boiling regions between said primary channels. In
this way, by providing an alternate pathway for the bubbles and slugs to escape, this
avoids obstructing the primary channel which may increase flow resistance. In the case
where the oblique channels are narrower than the primary channels, bubbles following
this alternate pathway may prevent the bubbles developing to a larger size. For instance,

the oblique channels may be half the width of the primary channels.

In a further embodiment, the heat transfer fluid may enter entering the inlet close to a

saturation temperature.
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In one embodiment, oblique angle may be in the range 10~ to 50°. Further, the angle

may be in the range 30° to 50-. Still further, the angle may be 50-.

In one embodiment, the two phase heat transfer device may be arranged to dissipate

applied heat flux greater than 20 W/cm?2.

In one embodiment, a mass flux for said heat transfer fluid may be in the range 175
kg/m2 to 349 kg/m2. Further, it may be in the range 218 kg/m2 to 306 kg/m2. Still

further, it may be-262 kg/m?2.

Brief Description of Drawings

It will be convenient to further describe the present invention with respect to the
accompanying drawings that illustrate possible arrangements of the invention. Other
arrangements of the invention are possible and cons‘equently, the particularity of the
accompanying drawings is not to be understood as superseding the generality of the

preceding description of the invention.

Figure 1 Schematic diagram of the experimental flow loop
Figure 2 Exploded view of the micro-channels test section
Figure 3 Location of temperature and pressure ports

Figure 4 Location of RTD and cartridge heater holes
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Figure 5 Heat loss characterisation curve

Figure 6 Temperature data repeatability for G =175 kg/m?® s

Figure 7 Pressure drop data repeatability for G =175 kg/m?’ s

Figure 8 Comparison of the various heat transfer correlations with experimental data

Figure 9 Boiling curves as a function of flow rate for the straight- and oblique-finned

Figure 10 Variation of heat transfer coefficient with (a) effective heat flux and (b) local
vapour quality as a function of flow rate for the straight- and oblique-finned micro-
channels

Figure 11 Bubbles generation in the (a) oblique-finned and (b) straight-finned micro-
channels

Figure 12 Thin liquid-film surrounding the (a) oblique fins and (b) straight fins with
negative images attached

Figure 13 Variation of critical heat flux with flow rate for the straight- and oblique-
finned micro-channels

Figure 14 Micro-channels wall temperature uniformity curves for the straight- and
oblique-finned micro-channels at different heat fluxes and flow rates

Figure 15 Variation of pressure drop with effective heat flux as a function of flow rate
for the straight- and oblique-finned micro-channels

Figure 16 Pressure drop fluctuations at flow rates of (a) 100 mi/min and (b) 200 ml/min
for the straight- and oblique-finned micro-channels

Figure 17 Inlet pressure fluctuations for the straight- and oblique-finned micro-channels

at 100 ml/min for (a) low, (b) medium and (c) high heat flux conditions
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Figure 18 Inlet pressure fluctuations for the straight- and oblique-finned micro-channels
at 175 ml/min for (a) low, (b) medium and (c¢) high heat flux conditions

Figure 19 Development of flow boiling process in a single straight-finned micro-
channel

Figure 20 Development of flow boiling process in a single oblique-finned micro-

channel

Figure 21 Boiling curves as a function of oblique angles for the oblique-finned micro-
channels at (a) low, (b) medium and (¢) high flow rates

Figure 22 Variation of heat transfer coefficient with effective heat flux for different
oblique angles at (a) low, (b) medium and (¢) high flow rates

Figure 23 Variation of pressure drop with effective heat flux for different oblique
angles at (a) low, (b) medium and (¢) high flow rates

Figure 24 Inlet pressure fluctuations for different oblique angles at (a) 100 ml/min and

(b) 200 ml/min for low heat flux condition

Detailed Description

Figure 1 shows the schematic diagram of the flow loop, with the exploded view of the

test section is shown in Figure 2.

The test section consists of three main parts: the top cover, the housings and the micro-
channel heat sink. The top cover is made of clear Polycarbonate, while the housings (top

and bottom housings and base) are made of Teflon to minimise heat loss. The top
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housing shown in Figure 3 has an inlet and outlet plenum, and four holes are drilled
through these plenums to permit the insertion of RTD probes and differential pressure
transducer. A groove is cut on the top housing where an O-ring is placed. The top cover
is screwed on top of the top housing with tightening screws and it presses against the O-

ring, which seals assembly from leakages.

Three small holes for the RTD probes at 3 mm (most upstream), 12.5 mm and 22 mm
(most downstream) from the inlet of the micro-channels are drilled through the copper
block at 8.8 mm below the channel surface to measure the stream-wise surface
temperature of the micro-channels . Four holes are drilled through the height of the
copper block at the bottom to hold the four cartridge heaters. The locations of these

holes are depicted in Figure 4.

The straight- and oblique-finned micro-channel heat sinks are made from copper blocks
with a footprint area of 25 mm % 25 mm, on which 40 parallel micro-channels are
machined with wire-cut electro-discharge machining process. The dimensions of the

straight- and oblique-finned micro-channels are given in Table 1.

Table 1 Dimensions of the micro-channels

Nominal Actual dimension
Parameter Unit

dimension  Straight fins Oblique fins
Material - - Copper
Footprint area, 4 mm” - 25 %25
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Number of channels, No, - -

Number of fins, Nz, - -

Channel width, wg, mm 0.30
Channel depth, H, mm 1.20
Fin thickness, #3, mm 0.30
Oblique-cut width, woy mm -
Oblique angle, 8 ° 27

40

39

0.35

1.19

0.26

PCT/SG2015/050088

780

0.34

1.17

0.25

0.15

26.6

Experimental Procedures

Detailed experimental procedures are listed below:

1. Valves on the main flow loop are ensured to be opened and those on the

degassing loop are closed before activating the pump.

2. The required flow rate is set by varying the speed of the pump and the power

supplied to the cartridge heaters is set to the desired value after the flow rate and

the inlet fluid temperature are stabilised.

3. A 15-minute waiting time is observed in each test run, when all temperature

readings became stable. Temperature and pressure data are logged at a frequency

of 25 Hz and averaged over a 60-second period.

4. The heat flux is then increased for the next test condition, and Procedure 3 is

repeated.
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A total of five mass fluxes are tested, ranging from 175 kg/m? s to 350 kg/m® s. Inlet

temperature of FC-72 is maintained at 29.5°C, and the heat flux is increased until the

incipience of CHF.

Heat Loss Characterisation

It is found that the heat loss varies linearly with the difference between the average wall
and average ambient temperatures in Figure 5, as given by Equation (1).

qloss =0.1 819(T Ilavg Tamb.avg )[W] (1)

wa.

Data Reduction

As the differential pressure ports are located upstream and downstream of the micro-
channels in the inlet and outlet plenum, the pressure drop measurement represents the
combined losses due to the frictional loss in the micro-channels and minor losses across
the bends from the inlet plenum to the inlet manifold and outlet manifold to the outlet

plenum, as well as abrupt contraction and expansion from the inlet and manifolds to the

micro-channels .

Heat Transfer

The effective heat absorbed by the fluid, after taking into account heat loss, is given by
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Qe_ﬁ’ = qsupplied - QIoss (2)
where
qsupplied = V[ (3 )
V and I are obtained by measuring the voltage drop and current across the shunt resistor.
The associated heat flux in Equation (4) is calculated based on the footprint area of the
micro-channel heat sink. This is also the reported heat flux that the heat sink can
dissipate.

qeﬁ"

A — 2 4
Subcooled FC-72 (Tj;n < Ty) is pumped into the test section for all test conditions. The
micro-channels can therefore be divided into two regions: an upstream subcooled region
and a downstream saturated region. The location of zero thermodynamic equilibrium
quality (x = 0) serves as a dividing point between the two regions. The length of the two
regions can be evaluated based on energy balance as

me \I.. _.—T,.
Lmb — p( SL'I'I,AAO f,m) (5)
q eff’ w
and
Lsat = L - L,mb (6)

where Ty, = 0 is the saturation temperature at the location of zero thermodynamic

equilibrium quality.

10
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Local heat transfer coefficient is computed only at the location of the most downstream
thermocouple, which relates to the greatest amount of saturated boiling. For uniform
heat flux conditions, the bulk fluid temperature in the single-phase region vary linearly

with the energy balance

qﬂe ) WZ
Ty =T, +—" @
mc
14
Within the saturated region, the bulk fluid temperature is equals to the local saturation
temperature which is taken corresponding to the local pressure obtained as a linear
interpolation between the inlet and outlet pressures, which can be justified based on
very low measured pressure drop, as in Equation (8).
T, =T, in saturated region, where 7, = f° (,) (8)
The thermal properties of FC-72 are shown in Equations (9) to (14). Units of P is bar
and 7'is °C.
7., =51.6304+24.098In P+ O.S967/P—4.2899P+ 0.2159P° 9
¢,, =1000(1.0096 +1.55x10°T) (10)
k, = 9.0754><10-3[8.9897><10'9(T +273.15) =1.293x107(T +273.15)+ 1J (11)
hy = 1000(88.3048 ~5.23%9In P —-0.1398/ P -3.8508P + 0.27063P2) (12)

1, =—5.924x107(T +273.15) +6.333x107 (T +273.15) =2.286x107(T +273.15)+2.821x107 (13)

p, =-1618x107T¢ —1.269%10° T +1.027x107°T* —4239x10 ™ T* +4973x10T? — 40147 +1.755x1

(14)

11
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The local heat transfer coefficient can then be calculated using Equation (15).

qeff
hloc3 = - ( l 5)
Atotal (T wall3 ~ T f )

where A, 18 the total convective heat transfer area. 4,y for the straight fins is given in

Equation (16) and for the oblique fins is given in Equations (17) to (19).

For the straight-finned micro-channels, the calculation of 4, is straightforward, and is

evaluated as

=(N,, +1fw,, +2nH)L (16)

A fin

total

On the other hand, A, for the oblique-finned micro-channels is given by

Atotal =4 + 77Aﬁn (1 7)

unfin
where 4,5, is the unfinned surface area at the bottom of the channels and 45, is fin area,
as in Equations (15) and (16), respectively.

A, = Base area of heat sink — Base area of oblique fins=WL~N, w, [ (18)

unfin

Ap =Ny H D g, (19)

For both micro-channel configurations, local fin efficiency is used to account for the
drop in temperature along the fin. An adiabatic fin tip condition is assumed due to the
non-conductive material of the Polycarbonate top cover and the corresponding fin
efficiency 1s given as

B tanh(mH_ m)
= mH i

(20)

12
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where m is the fin parameter, given by

1

PYRY]
= | JocsPpin (21)
k. A

Cu““es

Equations (20) and (21) are iteratively solved to obtain Ajc3.

As direct wall temperature measurements at the bottom of the channel are not available,
the one-dimensional heat conduction assumption is used to extrapolate the temperature

readings of the thermocouple. Thus, the local wall temperature at the most downstream

location is given by Equation (22).

q"e. d
Ty = T, e (22)

wa 0c3 )
kCu

The local thermodynamic quality is calculated using energy balance and is given by the

following equation

q"eﬁ' W(Z - Lsub ) 5]
: (23)
by,

Xioes =

Figure 6 and Figure 7 show the plots from the temperature and pressure drop
repeatability tests, respectively at G =175 kg/m” s for the straight-finned micro-
channels . The trends for both sets of readings are found to be repeatable, with
minimum deviations of 0.05°C and 0.3 Pa and maximum deviations of 6.8°C and 206.2

Pa for the temperature and pressure drop data, respectively.

13
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The mean absolute error (MAE) to determine the accuracy of each correlation is given
in Equation (24), with its corresponding plot in Figure &.

n=36

1
ZME—;Z

hloc3,exp,n - hloc3,pred,n

x100%

n=1 loc3.expn

Figure 9 plots the comparison of the boiling curves for both the straight- and oblique-
finned geometries at different mass fluxes. The boiling curves are plotted between wall
temperature at the most downstream location (7y.qn), instead of wall superheat (AT,),

and applied effective heat flux for direct and easier comparison.

After the onset of nucleate boiling (ONB), the slopes of the boiling curves for the
oblique-finned micro-channels remained rather stable. This indicates a more stable
boiling phenomenon compared to the straight-finned geometry. At higher effective heat
flux, the boiling curves of the straight-finned micro-channels exhibit a sudden decrease
in slope. This is primarily an indication of premature dry-out occurring in individual

micro-channel. The oblique fins are able to dissipate higher heat fluxes at the same wall

temperature compared to the straight fins throughout the entire range of flow rate tested.

At a wall temperature of less than around 60°C, the increment in effective heat flux
causes a slow rise in the wall temperature. When boiling incipient occurs, the effective
heat flux increases rapidly with the wall temperature, characterised by the sharp

increase in the slope of the boiling curves. This sudden increase of the slope of the

14

24)
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boiling curves occurs around 4°C above the saturation temperature of FC-72 and marks

the onset of nucleate boiling (ONB).

When the heat flux is increased further beyond the ONB, the slopes of the boiling
curves for the oblique-finned micro-channels remained rather stable, even at high heat
fluxes, indicative of a more stable boiling phenomenon compared to the straight-finned
geometry. At higher effective heat flux, the boiling curves of the straight-finned micro-
channels exhibit a sudden decrease in slope, where the wall temperature increases
rapidly with a small increase in heat flux. This is primarily an indication of premature
dry-out occurring in individual micro-channels, which causes the sudden decreases in
the heat transfer coefficients. It is interesting to note that the oblique fins may be able to
dissipate higher heat fluxes at the same wall temperature compared to the straight fins
throughout the entire range of heat flux tested. This shows that the heat transfer
performance of the oblique-finned micro-channels is fairly more superior to its straight-

finned counterpart.

The critical heat flux (CHF) values for both the oblique fins and straight fins are
indicated in Figure 9 of their respective boiling curves. It is clearly seen that CHF is
very much delayed for the case of the oblique-finned micro-channels for all five mass
fluxes, compared to the straight-finned micro-channels. On top of that, CHF conditions

occur at lower wall temperatures for the oblique fins.

15
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Flow boiling heat transfer coefficients are plotted against effective heat flux and local
vapour quality in Figure 10(a) and Figure 10(b), respectively. Similar to the boiling
curves, the figures clearly reveal significant augmentation in heat transfer for the
oblique-finned micro-channels. Enhancements in the heat transfer coefficients of

between 1.2 to 6.2 times are observed for the range of mass flux tested.

Figure 10(b) shows the relationship between the local heat transfer coefficient and local
vapour quality for the straight and oblique fins geometry. As can be seen, the range of
vapour quality for the straight-finned micro-channels is from 0 to 0.204, whereas the
range of local vapour quality for the oblique-finned micro-channels is from 0 up to
nearly unity, at 0.988. Judging by this huge difference in the range of vapour qualities, it
can be deduced that premature dry-out occurs in the straight-finned micro-channels,
which gives rise to premature CHF conditions. As a result, CHF for the oblique-finned
geometry is delayed and occurs at a much higher heat flux than that for the straight-

finned micro-channels.

The heat transfer coefficients clearly reveal significant augmentation in heat transfer for
the oblique-finned micro-channels. The straight-finned geometry experiences a notable
decrease in heat transfer coefficient, while its oblique-finned counterpart observed a less
significant decreasing trend. The range of vapour quality for the straight-finned micro-
channels is from 0 to 0.204, versus 0 up to 0.988 for the oblique-finned micro-channels.
It can be deduced that premature dry-out occurs in the straight-finned micro-channels,

which gives rise to premature CHF conditions.

16
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The straight-finned geometry experiences a notable decrease in heat transfer coefficient,
while its oblique-finned counterpart observed a less significant decreasing trend. This
can be attributed to the different physical boiling phenomena in both micro-channel
geometries, which is explained using high-speed visualisations. In the nucleate boiling
region, the larger surface area of the oblique fins increases the amount of active

nucleation sites, thus promoting the density of bubble growth.

As illustrated by Figure 11, the increase in the density of bubbles generated in the
micro-channels can be observed. This enables more effective heat transfer to the
flowing fluid, which is seen in the increase in heat transfer coefficient of the oblique
fins over its straight fins counterpart. On the other hand, in the convective boiling
region, a constantly developing thin liquid-film surrounding the oblique fins can be seen
in Figure 12(a), as opposed to a fully developed thin liquid-film for the straight fins in
Figure 12(b). The continuous interruption of the boundary layer is recognised to be
beneficial for single-phase heat transfer, using the oblique-finned micro-channels . As a
result, the disruption of the liquid thin-film by the secondary oblique channels, which
creates a constantly developing boundary layer, is likewise beneficial for the case of

two-phase convective boiling heat transfer in the oblique-finned micro-channels.
The larger surface area of the oblique fins increases the amount of active nucleation

sites, thus promoting the density of bubble growth. The increase in the density of

bubbles generated in the micro-channels can be observed. This enables more effective

17
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heat transfer to the flowing fluid, which is seen in the increase in heat transfer
coefficient of the oblique fins over its straight fins counterpart. A constantly developing
thin liquid-film surrounding the oblique fins can be seen in Figure 12(a), as opposed to a
fully developed thin liquid-film for the straight fins in Figure 12(b). The interruption of
the thermal boundary layer is recognised to be beneficial for single-pha‘se heat transfer.
It can be inferred that the disruption of the liquid thin-film by the secondary oblique
channels is likewise beneficial for the case of two-phase convective boiling héat transfer

in the oblique-finned micro-channels.

The relationship between CHF and mass flux is depicted in Figure 13, with the local
vapour quality as indicated for each data point. The CHF values increase linearly with
mass flux for both type of micro-channels structure. This is because a larger heat flux is
required to reach the same vapour quality at a higher mass flux. The variation of the
CHF with mass flux for both geometries exhibits similar trend with conventional-scale

channels.

The CHF of the oblique-finned micro-channels is much larger than that of the straight-
finned micro-channels, with an increase of 2.5 to 2.8 times for the range of mass flux in
Figure 13. Boiling commences at high liquid superheats in micro-channels with
significant shortage of nucleation sites. Under such conditions, the phase-change
process tends to be exceedingly rapid, instigating hydrodynamic fluctuations. Pressure
fluctuations and premature CHF conditions may be related to each other, which in turn,

causes boiling instabilities. The improved flow boiling stability and uniformity offered

18
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by the oblique-finned geometry over its straight-finned counterpart seem to be able to
control pressure fluctuations, and this may be considered to be the primary cause of the

delay in the incipience of CHF.

As shown in Figure 13, CHF for straight fins occurs at vapour qualities of between 0.10
and 0.19, while CHF for oblique fins only occurs at vapour qualities exceeding 0.9. On

top of that, the CHF vapour qualities for straight fins fluctuate as mass flux is increased.
This is another indication of premature dry-out in the straight-finned geometry. Serious

pressure oscillations, which is caused by flow reversal during rigorous boiling in the

micro-channels is the main contribution towards premature CHF.

Surface temperature reduction and minimisation of temperature gradient on the device
are two of the most important objectives in thermal management of electronics. These
are crucial aspects in flow boiling in micro-channels to prevent thermal stresses on the
electronic device which will usually lead to damage of the electronic components. A
decrease in the average wall temperature of 1.2 to 1.5 times is observed for the oblique-
finned micro-channels at a given heat flux. This lower wall temperature coupled with an
increase in the total heat transfer area have a direct influence on the computed flow

boiling heat transfer coefficients, which are much greater for the case of the oblique fins.
The CHF of the oblique-finned micro-channels is much larger than that of the straight-

finned micro-channels for the range of flow rate. The improved flow boiling stability

and uniformity offered by the oblique-finned geometry is able to control pressure

19
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fluctuations, and this may be considered as the primary cause of the delay in the
incipience of CHF. CHF for straight fins occurs at vapour qualities of between 0.10 and
0.19, while CHF for oblique fins only occurs at vapour qualities exceeding 0.9.

This is another indication of premature dry-out in the straight-finned geometry.

Figure 14 shows the trends of wall temperature at three different locations in the micro-
channels. The three locations are measured near the inlet, in the middle and near the
outlet of the micro-channels test section. Besides maintaining lower wall temperatures
at a given heat flux and mass flux, the oblique-finned geometry also exhibits a fairly
uniform temperature distribution in the stream-wise direction for all conditions. This
uniform temperature variation is due to a more stable boiling process offered by the
oblique fins. Additional active nucleation sites contributed by the fin walls on the
secondary micro-channels trigger more bubble generation and expansion. This higher
density of nucleating bubbles, in turn, increases the rate of heat transfer which results in

a more uniform and lower wall temperature.

The oblique-finned geometry exhibits a fairly uniform temperature distribution in the
stream-wise direction for all conditions. This uniform temperature variation is due to a

more stable boiling process offered by the oblique fins.
Two-phase pressure drop is plotted against effective heat flux in Figure 15, as a function

of mass flux. Generally, two-phase pressure drop increases with heat flux for a given

mass flux for both the straight- and oblique-finned geometries due to the vapour

20
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acceleration component and two-phase frictional component. As can be seen, the
pressure drop in the oblique-finned micro-channels is consistently higher than that of
the straight-finned micro-channels, with a much steeper slope for all mass fluxes. This
is most likely caused by the sudden change in direction of the flow, where fluid and
bubbles are being forced into the adjacent micro-channels through the secondary
oblique cuts. Although the generation of secondary flow is beneficial for heat transfer,
the higher pressure drop penalty suffered by the oblique-finned micro-channels has to

be taken into consideration.

An interesting point to note is that at CHF, the pressure drop for the straight fins
declined abruptly for all the five mass fluxes tested. Severe flow reversal in the straight
micro-channels may cause bubbles to be pushed back into the inlet plenum, which then
agglomerate and block the incoming fluid from entering the micro-channels. This leads
to a sudden decrease in flow rate through the micro-channels, and the differential
pressure transducer responds to this sudden decrease by registering a reduction in

pressure drop.

Pressure drop in the oblique-finned micro-channels is consistently higher than that of
the straight-finned micro-channels, with a much steeper slope for all flow rates. This is
most likely caused by the sudden change in direction of the flow, where fluid and
bubbles are being forced into the adjacent micro-channels through the secondary
oblique cuts. The net pressure drop in the oblique fins can be moderated by fine-tuning

the oblique-finned structure so as to control the amount of secondary flow generated.

21
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The above description further justifies that the CHF which occurs in the straight-finned
micro-channels is mainly due to flow instabilities, which is effectively mitigated by the
oblique-finned structure. As shown in Figure 16, the pressure drop fluctuations for the
oblique fins are very minor relative to its straight fins counterpart, although the net
pressure drop for the former is much higher. However, the net pressure drop in the
oblique fins can be moderated by fine-tuning the oblique-finned structure so as to
control the amount of secondary flow generated. Pressure drop fluctuations for the
oblique fins are very minor relative to its straight fins counterpart. This shows that the

oblique fins are able to stabilise the flow boiling process.

The inlet pressure fluctuation curves are presented in Figure 17 and Figure 18 for two
mass fluxes of G =175 kg/m2 s and G =300 kg/m2 s, respectively, at low, medium and
high heat fluxes. The inlet pressure is selected for comparison because the inlet pressure
transmitter, located near the inlet port of the test section, is able to capture boiling

instabilities associated with flow reversals.

It can be seen in the plots that inlet pressure fluctuations in the oblique-finned micro-
channels are smaller compared to its straight-finned counterpart. At G =175 kg/m2 S,
reductions in the inlet pressure fluctuations of 1.0 times, 2.0 times and 3.6 times at low,
medium and high heat fluxes, respectively, are obtained. On the other hand, at G =306

kg/m” s, reductions of 1.8 times, 1.2 times and 2.5 times at low, medium and high heat
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fluxes, respectively can be seen. Mitigation of the inlet pressure instabilities is
particularly notable at high heat flux condition, as seen in Figures 17(c) and 18(c). This
is due to premature dry-out experienced by the straight-finned micro-channels, which
then leads to very unstable premature CHF conditions. For the case of the oblique fins,
the branched secondary channels act as bridges for neighbouring straight channels to
“communicate” with cach other, thus eliminating sudden pressure spikes arising from

flow resistance.

The inlet pressure fluctuations in the oblique-finned micro-channels are smaller
compared to its straight-finned counterpart. Mitigation of the inlet pressure instabilities
is particularly notable at high heat flux condition, as seen in Figures 17(c) and 18(c) due
to very unstable premature CHF conditions. The branched secondary channels in the
oblique fins act as bridges for neighbouring straight channels to “communicate” with

each other, thus eliminating sudden pressure spikes.

The reasons for this reduction in instabilities will be explained using high-speed
visualisations. Sequential high-speed flow images are illustrated in Figure 19 and Figure
20 for a single straight-finned and oblique-finned micro-channel, respectively. These
figures show the development of the boiling process near the location of the third
temperature sensor, where boiling is most intense. The images in Figure 20 appear
brighter because the oblique fins with larger surface area allow more light to illuminate

the micro-channels.
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The first frame (¢; = 0 s) in Figure 19 shows several bubbles nucleating from the fin
walls. As time progresses, the bubbles start to grow and coalesce with adjacent bubbles
(to = t; + 0.00033 s), which then expand stream-wise (z3 = #; + 0.011 s). Two expanded
bubbles finally merge into an elongated bubble (24 = ¢, + 0.015 s). The elongated bubble
occupies the entire width of the micro-channel and is forced to expand in the stream-
wise direction, thus increasing flow resistance and the likelithood of flow reversal.
Significant flow boiling instabilities associated with flow reversal for the straight-finned

geometry is detected and recorded in the inlet pressure fluctuation curves in Figures 17

and 18.

In Figure 20, the first frame (7; = 0 s) shows bubbles nucleating from the fin walls in the
secondary channel. The bubbles grow (#, = ¢ + 0.0002 s) and coalesce with an incoming
bubble to form a larger bubble (13 = #; + 0.0048 s). The final frame (¢4 = #; + 0.0061 s)
reveals the responsibility of the oblique fin in diminishing flow reversal. As the
expanded bubble flows further downstream, it is sheared by the sharp edge of the
oblique fin, causing it to break into two smaller bubbles. These bubbles will recombine
with other bubbles downstream and the sequence of shearing, breaking and recombining
repeat itself throughout the micro-channels. This constant shearing and breaking of
enlarged bubbles and slugs minimise the possibility of bubbles getting confined to the
micro-channel width, which contribute significantly to a more stable flow boiling

process as seen in the inlet pressure fluctuation curves in Figures 17 and 18.

Experimental Results
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1. Boiling curves [Figure 21 (a) to (c)]

The 10° oblique-finned micro-channels provide the least effective heat transfer
compared to the other two cases at all flow rates tested. Heat transfer is enhanced as the
oblique angle is increased from 10° to 30° for all flow rates; however, this enhancement

becomes less apparent as the oblique angle is increased from 30° to 50°.

2. Heat transfer coefficient [Figure 22 (a) to (c)]

Oblique angles have quite a strong influence on heat transfer coefficient. Heat transfer
coefficient increases with oblique angle from 10° to 50°. The heat transfer coefficients
show a strong relationship with heat flux at low effective heat fluxes, which is an
indication of a nucleate boiling dominated mechanism. At higher effective heat fluxes,

nucleation begins to be suppressed as bubbles elongate and form vapour slugs (tail-end

of nucleate boiling).

3. Pressure drop [Figure 23(a) to (c)]

The increment of oblique angle from 10° to 30° causes a rather substantial increase in
the pressure drop penalty at all flow rates. However, as the oblique angle is further
varied from 30° to 50°, the pressure drop penalty is seen to be almost negligible,

especially for the case of medium and high flow rates.

Advantages
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The heat transfer perfbrmance of the oblique-finned micro-channels is
significantly better than its straight-finned counterpart, with augmentations in
heat transfer coefficient of between 1.2 to 6.2 times. This is likely due to the
increase in the density of bubbles generated in the micro-channels in the
nucleate boiling regime and a constantly developing thin liquid-film in the

convective boiling regime.

The disruption of the liquid thin-film by the secondary oblique channels is
beneficial for the case of two-phase convective boiling heat transfer in the

oblique-finned micro-channels.

The critical heat flux of the oblique-finned micro-channels is much larger than
that of the straight-finned geometry. Increments of 2.5 to 2.8 times in the CHF
values are observed for the oblique fins in the experiments, which is contributed

by a more stable flow boiling process offered by the oblique fins.

Two-phase pressure drop in the oblique-finned micro-channels is consistently
higher than the straight-finned micro-channels, with a rise of up to 1.7 times at
the highest comparable heat flux. This is possibly caused by the sudden change
in the flow direction, where fluid is being forced to flow through secondary
channels. However, pressure drop fluctuations in the oblique-finned geometry

are much lower compared to the straight-finned geometry.
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5. Pressure instabilities in the oblique-finned micro-channels are relatively smaller
than that in the straight-finned micro-channels, with reduction in standard
deviations of close to 4 times. This phenomenon is because of the constant
shearing and breaking of enlarged bubbles and slugs by the sharp corners of the
oblique fins, which minimises the possibility of bubbles getting confined to the

micro-channel width.
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Claims
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A two phase heat transfer device comprising:
an inlet for receiving a heat transfer fluid, and;
an array of heat transfer fins in spaced relation;

primary spaces between said heat transfer fins defining primary channels parallel

to a path from the inlet to outlet, and;

oblique spaces between said heat transfer fins defining oblique channels

arranged at an angle to said primary channels;

wherein walls defining the primary and oblique spaces providing nucleate
boiling regions, and the interruption of fully developed convective boiling

regions.

The two phase heat transfer device according to claim 1, wherein the oblique
channels are arranged to provide altemative pathways for bubbles formed from

said nucleate boiling regions between said primary channels.

The two phase heat transfer device according to claim 1 or 2, wherein apertures
between the oblique and primary channels are arranged to interrupt fully
developed thin liquid-film formed from said convective boiling regions in said

primary channels.
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4. The two phase heat transfer device according to any one of claims 1 to 3,
wherein said heat transfer fluid on entering the inlet is close to a saturation

temperature.

5
5. The two phase heat transfer device according to any one of claims 1 to 4,
wherein said angle is in the range 10 to 50 . -
6. The two phase heat transfer device according to claim 5, wherein said angle is in
10 the range 30 to 50 .
7. The two phase heat transfer device according to claim 5, wherein said angle is
50 .
15 8. The two phase heat transfer device according to any one of claims 1 to 7,

wherein said two phase heat transfer device is arranged to dissipate applied heat

flux greater than 20 W/ em”.
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9. The two phase heat transfer device according to any one of claims 1 to 8,

wherein a mass flux for said heat transfer fluid is in the range 175 kg/m” to 349

kg/m2 .

5 10. The two phase heat transfer device according to claim 9, wherein a mass flux for

said heat transfer fluid 1s in the range 218 kg/m2 to 306 kg/mz.

11. The two phase heat transfer device according to claim 9, wherein a mass flux for

said heat transfer fluid is 262 kg/mz.
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