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Abstract

We study flow boiling in a rectangular minichannel of 0.5x4 mm? cross-section (hydraulic diameter: 889 pm). A
two-phase flow pressure drop analysis by ranging several mass flow rates for a chosen heat flux provided to the
minichannel has been performed. Two kinds of upstream conditions have been investigated to show up the confinement
influence on boiling. Steady and unsteady thermo-hydraulic behaviors are reported. A stability criterion is found
depending on the two controlled parameters (heat flux and mass-flow rate). The upstream condition is modified by
adding a compliant buffer tank and the procedure is repeated. Unsteady flows are observed with a different intensity and
with a different range of operating conditions when the flow is mainly vapor. When no compliance source is connected,
the unsteady behaviors are observed in the same operating conditions. Nevertheless the characteristics of the fluctu-
ations differ notably in amplitude and frequency. In the steady state conditions a pressure loss model is proposed based
on a homogeneous assumption. A total pressure loss steady state modeling of the boiling flow is realized using a
homogeneous model for the two-phase flow zone to check the steady average minichannel pressure loss. A good
agreement is found with the experimental and model results.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction trial developments of micro-systems (micro-heat-
exchanger, micro-fluid-heater, micro-reactors) imply a

When boiling occurs in a duct, fluid pressure and
temperature behaviors are strongly modified due to the
fluid flow state. For industrial applications, the flow
stability is needed and found for specific operating
conditions. When boiling is investigated in a research
area, steady and unsteady states may be observed
depending on the controlled parameters. Recent indus-
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focus of research on micro-heat and mass transfer in
confined geometries. In such small spaces, interfacial
phenomena which are often negligible in classical flows
become dominant. When a liquid—vapor phase change
occurs in a small hydraulic diameter minichannel, the
wall proximity may influence the bubble growth and its
evolution. On convective boiling in microminichannels
limited studies exist. This field is at present under
investigation [1,2]. Wen et al. [3] investigated water flow
boiling in a minichannel of 1.33 mm and observed wall
temperature excursions. They explained this behavior by
transient dryout due to the two-phase flow structure of
vapor plug and liquid film boiling cooled down by liquid
slugs.
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Nomenclature

A area (m?)

Bi Biot number (-)

Co confinement number (-)

C, heat capacity Jkg=!' K1)

d width (m)

Dy hydraulic diameter (m)

e thickness (m)

F frequency (Hz)

h heat transfer coefficient (Wm=2K™1)
L

length (m)
Ly latent heat of vaporization (Jkg')
Npch phase change number (-)
Naub subcooling number (-)
P pressure (Pa)
Po Poiseuille number (-)
Re Reynolds number (-)
S slip ratio (-)
U velocity (ms™1)
T temperature (°C)

z axial distance (m)

Greek symbols

o void fraction (-)

1 vapor quality (-)

A difference (-)

A friction factor ()

I dynamic viscosity (Pas)
0 density (kgm™3)

15 surface tension (Nm™")
Subscripts and superscripts

C critical

out outlet

in inlet

L liquid

SAT saturation
TP two-phase
v vapor

Many types of instabilities can develop in flow boil-
ing: flow excursion is the most common one explained in
a classical minichannel diameter by the Ledinegg crite-
rion [4]. Kew and Cornwell [5] highlighted an appear-
ance threshold of the instability phenomena when the
starting diameter of the bubble approaches the hydraulic
diameter of the minichannel. The authors proposed a
model of pressure fluctuation within cylindrical mini-
channels, based on the displacement of a liquid slug
surrounded by expanding vapor [6]. In 1998, Aligoodarz
et al. [7] observed temperature fluctuations of the same
order as the average overheating of the wall in mini-
channels of various sizes. Wang and Peng [8] conducted
single-phase and flow boiling experiments of some fluids
and mixtures in rectangular microminichannels of
hydraulic diameter from 343 to 133 pm and triangular
microminichannels ranging from 600 to 200 pm. Un-
usual phase-change transport phenomena were observed
by the authors. They tried to explain such behavior
through two new concepts of “evaporating space’” and
“fictitious boiling”. They deduced from their experi-
ments that “nucleate boiling in microminichannels
having dimensions from several hundred to less than one
micrometer is almost impossible”. Jiang and coworkers
[9] devised a transparent microminichannel heat sink
system to visualize the flow pattern and take tempera-
ture measurements during flow boiling. For the low
power supplied to the fluid flow, they observed that local
nucleation was possible but difficult to generate even for
40 pm hydraulic diameter minichannels. For interme-
diate power, slug flows develop and for a high power

supply a steady annular flow mode is noticed. Yu et al.
[10] realized single and two-phase flow experiments in
microtube diameters of 19, 52 and 102 pm. For a lam-
inar flow, they observed a lower value of Poiseuille
number (Po = ARe) of 53 instead of 64 and a similar
lower behavior for a turbulent one. The experimental
Nusselt number was also enhanced to compare with the
predicted values. To our knowledge, the influence of
upstream and downstream conditions on flow boiling
stability have rarely been studied.

In a previous study, in which we realized flow visu-
alization in a minichannel, we showed up the confine-
ment effect on two-phase flow behavior [11]. Typical
unsteady cases were detailed with pressure measurement
analysis. It was evidenced that when unsteady behavior
is observed with a compliant source connected, a back
two-phase flow to the entrance may appear. Without a
compliance source connected the flow visualization
indicated a liquid-vapor film flow coupled with two-
phase plug expulsion.

The aim of this paper is to analyze the stability range
and two-phase flow behaviors for two different upstream
conditions: when a damper is introduced upstream to
the minichannel coupling with the loop can appear. The
fluid flow is temporally stored in the compressible vol-
ume (damper) when the minichannel pressure loss is too
high and when the pressure in the buffer is higher than
the minichannel pressure loss, the fluid is re-injected. A
constant mass flow rate condition is considered before
the buffer whereas for the case without a buffer con-
nected, no coupling is possible and a constant mass flow
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rate is provided to the minichannel entrance. The
objective is to acquire better knowledge of the boundary
conditions’ influence on the two-phase flow and heat
transfer in the minichannel. The two-phase flow stability
will be analyzed through pressure loss versus inlet mass
flow rates for different heat fluxes supplied to the mini-
channel. An analysis of the experimental results is pre-
sented and non-dimensional pressure loss and heat
transfer laws are derived for both inlet flow conditions.

2. Experimental set-up

We briefly remind you in this paper the main com-
ponents of the loop and the new developments realized.
The experimental setup has been fully detailed in a
previous study [11]. The main component of the loop is a
minichannel heated through the back and the lateral
sides. The fluid (n-pentane) flows vertically upward
(Figs. 1 and 2). A compressible volume (buffer tank) is
realized using a 400 mm-long and 30 mm-diameter rigid
polycarbonate® tube. The buffer tank containing a given
volume of n-pentane is connected to the loop before the
minichannel entrance using a valve.

The fluid contained in the loop is boiled for several
minutes to eliminate the non-condensable gas through a
valve opening in the loop. The experiments are then
carried out using a given procedure: for a fixed heat flux
and mass flow rate, the fluid entering the minichannel is
heated. Depending on the experiment’s controlled
parameters, several zones may be observed in the
minichannel (liquid, two-phase, vapor). Temperature
and pressure measurements are permanently acquired at
different scanning frequencies (100-500 Hz) according
to the observed phenomena’s dynamics. The heating
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Fig. 2. Diagram of the engraved minichannel (front view on the
left and top view on the right).

power is stepped up then a new experiment is investi-
gated. All acquired data are post-processed. When the
stationary state is reached for each running condition
(mass flow rate, heat flux) the time averages of tem-
perature and pressure are calculated. The vapor quality,
the pressure drop and the local superheating are de-
duced. The dynamics of the parameters are then ana-
lyzed (temperature and pressure). For each experimental
condition, the frequency and amplitude fluctuations are
deduced.

vepor opening to the
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Fig. 1. Experimental set-up designed for two-phase flow stability investigations.
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3. Pressure loss variations
3.1. Typical pressure variations

In Fig. 3 the pressure drop is presented versus the
inlet Reynolds number (Rejy) for a supplied heat flux of
89.9 kWm~2. The inlet temperature is the room tem-
perature (25 °C) and the outlet pressure is kept constant
at atmospheric pressure. The provided mass flow rate is
constant at the minichannel entrance. These conditions
corresponding to a subcooled liquid are maintained
constant for all the experiment duration. An N-shaped
curve is found.

Before point C of Fig. 3, that is for Reynolds num-
bers lower than 2000, the pressure drop increases as Reyn
increases. In addition, for inlet Reynolds numbers lower
than 1500, pressure fluctuations appear. In the range of
250-6500, two zones exist in the minichannel: a liquid
and a two-phase one. The length of each zone varies in
accordance with Repy. The two-phase zone is larger for
Reny = 1500 at point D while the liquid one is smaller.
On the contrary the liquid zone is larger for Repny > 6500
at point A. For Repy lower than 250, that is before point
E, a vapor zone appears near the minichannel exit. It
invades the minichannel as Repy decreases. In the range
of 0-250, three zones (liquid, two-phase and vapor)
coexist in the minichannel.

3.2. Modeling

To analyze the previous experimental pressure loss
variation, a one-dimensional model is developed. The
physical parameters for the model are listed in Table 1
for a numerical application. Let us consider an electrical
power provided to the minichannel from 125.6 to 15.7 W.
It gives a heat flux from 125.6 to 15.7 kW m~2. The model
takes into account the existence of three possible zones
depending on the controlled parameters and the physical
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Fig. 3. Average pressure loss versus inlet liquid Reynolds
number for a heat flux of 89.9 kWm™2.

Table 1
n-Pentane liquid and vapor physical properties
Conditions Value Unit
25°C o 13.12x 1073 Nm™!
25 °C Iy 2.23x107* Pas
oL 621 kgm™3
Cy 2142 Jkg ' K!
36 °C oy 2.57 kgm™
Uy 6.78x10°¢ Pas
Cpy 1717 Jkg ' K!
1010 hPa Tsat 36 °C
36 °C Ly 382,450 Jkg!

properties of the fluid. The detailed model is presented in
Appendix A. In Fig. 3 the experimental pressure loss and
model results are presented. A good agreement between
the experimental and calculated pressure loss is found.
The N-shaped curve is also described with the one-
dimensional model in the steady state regime. For Rey-
nolds numbers lower than 1500, the non-steady regime
appears. The present model is no longer relevant for this
regime due to the steady state assumption.

3.3. Two-phase flow pressure loss analysis

From the proposed model, the conditions of the
several effects on the pressure loss are analyzed in the
two-phase zone. In Fig. 4, the pressure loss for the liquid
and two-phase zones are presented versus Repy. More-
over, the corresponding total pressure loss is presented.
As Repy increases the conditions of the liquid pressure
loss become significant while the two-phase flow pres-
sure loss decreases. The two-phase zone vanishes for
inlet Reynolds numbers higher than 5400. In the two-
phase zone, the pressure loss is due to three effects
(gravity, acceleration and friction). The main effect on
the pressure loss is that of friction. The acceleration is
five times less while the gravity effect is negligible
whatever the inlet Reynolds number considered.

3.4. Influence of the heat flux

We investigated the pressure loss versus the inlet li-
quid Reynolds number for five heat fluxes. The mini-
channel pressure loss measured is plotted as a function
of the inlet Reynolds number in Fig. 5. The same N-
shape behavior is observed whatever the imposed heat
flux. As the heat flux is increased, the pressure loss is
shifted for higher values and the N-shaped curve is more
and more pronounced. The steady and unsteady regimes
exist for all the imposed heat fluxes. The dark points
correspond to the steady state regime whereas the white
ones correspond to the unsteady regime.
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Fig. 5. Average pressure loss versus inlet Reynolds number
when the buffer is not connected to the loop for five heat fluxes.

4. Influence of the inlet condition

The two-phase flow stability is generally influenced
by the boundary conditions. These conditions have sel-
dom been investigated in the literature. Preliminary

experiments indicated a strong dependence of the
boundary conditions on the thermo-hydraulic behavior
in the minichannel [12]. In the present paper, we inves-
tigated two different inlet conditions. The first one cor-
responds to the constant liquid velocity at the
minichannel entrance which will be called the confine-
ment case. The second corresponds to a constant
velocity at the syringe outlet. Between the syringe and
the minichannel a compressible buffer tank is intro-
duced; this case will be called the compliant case. This
configuration simulates common cases where compliant
tubes or elements exist in two-phase loops. The thermo-
hydraulic characteristics are determined for these two
cases.

4.1. Compliant case

In Fig. 6, the pressure loss variation versus the inlet
Reynolds number is presented for several heat fluxes
when the buffer tank is connected. The same N-shaped
behavior is observed. Similar results of the average
pressure loss are evidenced for the steady state regime.
However, for the unsteady state regime, the two-phase
flow dynamics is clearly different. This will be detailed in
a further section.

The unsteady behaviors are mainly found to be in the
range where the pressure drop increases with the inlet
Reynolds numbers. The unsteady behavior points con-
firmed by spectral analysis of the pressure drop signal
are reported. Two typical pressure drop variations are
presented in Fig. 7a and Fig. 8a for Reynolds numbers
of 1336 and 382 respectively, with a same heat flux
(125.6 kWm™2). Only the fluctuating component of
the pressure loss signal is presented. In Fig. 7a for
Rein = 1336 the inlet and outlet pressure signals fluctu-
ate at 3.8 Hz with an average oscillation amplitude of 11
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AP (Pa) Unsteady state ¢ 15.7 v30.4 260.2 089.9 o 125.6
30000 — T T T T T T T T T T T T T T T T T
250004 ynsteady ! Steady .0
state : state .
20000 4 e, .. 1
Lol e, . et
. N
15000 - o’ ‘ 1
o aree, :
o o . .
100004 ° o LN J
e
° ° alaaa a N
8 atfTatat s
5000 { ¢ ,a . A
GEAA e ve ‘.'.w Re
X ,'..;.ﬂ' IN
0 T T T T T T T T T

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Fig. 6. Average pressure loss versus inlet Reynolds number
when the buffer is connected to the loop for five heat fluxes.
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Fig. 7. Inlet and outlet pressure evolution with (a) BT connected and (c) BT not connected. Average pressure drop FFT with (b) BT
connected and (d) BT not connected (Rerny = 1336 and Qw = 125.6 kWm™2).

kPa. For Repn = 382, the signal evolves as a chugging
flow at 4 Hz. Pressure peaks in the pressure signal reach
45 kPa. The main differences between these two behav-
iors are an oscillating flow around the average pressure
loss and a chugging flow with pressure peaks up to 10
times the average pressure loss.

By means of a fast camera analysis at 1000 frames per
second of the two-phase flow in the minichannel a spe-
cific unsteady behavior was observed for the case:
Re = 1336. Liquid flows in the minichannel. Bubbles are
created at the beginning of the two-phase flow zone.
Their size and generation rates are such that bubbles
coalesce to vapor slugs which evolve in the minichannel.
Vapor slugs generate over-pressure which reduces the
upstream boiling flow rate. Bubbles growing before the
vapor slug slow down, stop and quickly reach the entire
minichannel cross-section. Vapor created by bubble
expansion must be evacuated; but downstream in the
minichannel vapor slugs block the flow. Expanding
vapor pushes the inflow back to the entrance using the

buffer tank as a mass flow storage. Finally the mini-
channel is full of vapor. The surface temperature rises
due to the heat flux permanently provided to the fluid
and not removed by boiling. When the minichannel is
empty and upstream pressure before the minichannel
entrance is sufficient, the entire vapor slug which occu-
pies the minichannel is expelled. The minichannel is re-
filled with liquid. Due to the high surface temperature,
bubbles are quickly formed and the phenomenon is re-
peated.

4.2. Confinement case

Without a buffer tank, the mass flux at the bottom of
the minichannel is provided constantly. Also, two
behaviors may be observed according to the operating
conditions. For increasing inlet Reynolds numbers,
when the maximum pressure loss exceeds a critical
Reynolds number a steady behavior is observed. For
lower Reynolds numbers, an unsteady behavior is also
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Fig. 8. Inlet and outlet pressure evolution with (a) BT connected and (c) BT not connected. Average pressure drop FFT with (b) BT
connected and (d) BT not connected (Repy = 382 and Ow = 125.6 kW m™2).

found as we observed for the previous case. Typical
signals are presented in Fig. 7c for a Reynolds number
of 1336 and in Fig. 8 for a Reynolds number of 382.
For both cases the same heat flux is applied (125.6
kWm~2). The pressure loss fluctuates at a high fre-
quency 17.4 Hz with a small average fluctuation ampli-
tude 1.6 kPa when the inlet Reynolds number is high
(Re = 1336) whereas with a lower Reynolds number
(Re = 382), the pressure loss fluctuates at 6.6 Hz with a
fluctuation amplitude of 20 kPa which is not centered on
the average pressure loss. All the pressure characteristics
are summarized in Table 2.

By means of a fast camera analysis at 1000 frames per
second two-phase flow behavior was observed for the
case: Re = 382. It is composed of a liquid—vapor film
flow with liquid plugs which evolve and vaporize in the
minichannel. A film flow is established, liquid plugs are
formed at the entrance and evolve. The plug formation
and evolution induce a pressure loss increase. During
their evolution in the minichannel, the plug vapor
quality increases, so the pressure loss decreases. When
the last plug is virtually vapor, the minichannel pressure

loss is minimum and the film flow occupies all the
minichannel until the following plug forms. The lower
vapor flow and liquid film flow average speed are esti-
mated from experimental measurements at the mini-
channel entrance. We found Uy = 4.5 ms™! and U =
0.46 ms™!' respectively, so a speed difference AU =
Uy — U =4 ms~!. A specific study is needed to char-
acterize the flow characteristics.

4.3. Discussion

The average and amplitude values of the pressure loss
for the two cases investigated are reported in Table 2. In
Fig. 9 two pressure loss variations are presented for a
given heat flux (89.9 kWm™2), with the pressure loss
fluctuation for the unsteady flow state. The pressure
fluctuation amplitude is clearly higher in the compliance
case. The pressure fluctuation amplitude increases with
Reynolds numbers decreasing until they reach a maxi-
mum which corresponds to an exit vapor quality of 1.
For this case (exit vapor quality of 1) such an amplitude
is seven times the average minichannel pressure loss
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Table 2

Comparison of the average pressure loss (AP), the oscillation frequency (F) and the oscillation amplitude (3P) for two typical unsteady

behaviors (with or without the buffer tank connected)

Inlet Reynolds number (heat flux: 125.6 kW m™2)

382 1336

AP (kPa) Fy (Hz) OP (kPa) AP (kPa) F (Hz) OP (kPa)
With compliance 5.2 4 9.4 3.8 11
Without compliance 4.5 6.6 14.3 17.4 1.6

(AP ~ 5 kPa, 8P ~ 33 kPa). Then the amplitude de-
creases due to the fact that the minichannel is more and
more empty of liquid and a two-phase flow; the fluctu-
ation is only a vapor flow fluctuation and so a low
pressure fluctuation. For the case where no compliance
source is connected, the pressure loss fluctuation
amplitude is smaller compared to the previous situation.
The pressure loss fluctuation amplitude maximum is
reached for a lower Reynolds number compared with
the previous case. The corresponding amplitude, is
however, still about seven times the average minichannel
pressure loss (AP ~ 2.2 kPa, 6P ~ 14 kPa).

In a minichannel of a typical diameter of a few milli-
meters, instabilities have been found to appear in the
compliant case for given operating conditions [4,13,14].
In the representation of the total pressure drop versus
the inlet Reynolds number, the negative slope part of the
curve may be unsteady. However, depending on the
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Fig. 9. Comparison between the two upstream conditions of

the minichannel pressure loss with the pressure fluctuations
(Ow = 89.9 kWm™2).

operating conditions, we do not observe such unsteady
behavior in our experiments.

5. Analysis
5.1. Stability criteria

A stability criterion might be derived from the
experimental results considering the two controlled
parameters (heat flux and liquid inlet mass flow rate). In
both cases previously investigated, instabilities occur in
the first increasing part of the curve (Figs. 5 and 6).
Whatever the heat flux applied, the unsteady state ap-
pears for lower inlet Reynolds numbers compared to the
case without compliant upstream conditions. The
threshold is lower when a compliance source is inserted
in the loop. For all inlet Reynolds number and heat
fluxes investigated, the fluctuation amplitudes are much
more smaller in the confined case compared to the
compliant case. Oscillation frequencies are higher in the
compliant case. Furthermore the fast Fourier transform
exhibits a characteristic frequency with a narrow band in
the second case (Figs. 7b and 8b).

The objective is now to find a common presentation
of all the results to summarize all the pressure loss
curves obtained experimentally. The pressure loss result
will thus be presented non-dimensionally. In the same
way, the heat transfer results will be put in non-dimen-
sioned form to be compared. To find the parameter
which will allow a comparison between all the experi-
ments, it is necessary to represent the exit vapor quality
variation function of the inlet Reynolds number. In
Figs. 10 and 11, the experimental results are plotted
(%our: €Xit vapor quality function of Repy: inlet Reynolds
number). Each curve presents the vapor quality varia-
tion versus the inlet liquid Reynolds number for a given
heat flux for both upstream conditions. Theses varia-
tions can be described by the energy balance equation
(1). The exit vapor quality may be deduced assuming a
uniform heat flux at the wall.

Hout =

1 (46]wLH

— — Ahi | = Npeh — N 1
Ly \ piRer ) pch sub (1
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Fig. 10. Exit vapor quality versus inlet Reynolds number for
buffer connected to the loop case for five heat fluxes.
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Fig. 11. Exit vapor quality versus inlet Reynolds number for
buffer not connected to the loop case for five heat fluxes.

In Fig. 10, for example, the exit vapor quality is plotted
versus the inlet Reynolds number. Each curve corre-
sponds to a heat flux investigated.

4 L
Ny =~ 1 2)
2oUoLy Dy
Ah;
Nsu i 3
b=, (3)

In Figs. 10 and 11, the critical transition conditions (x5,
Re€) are located by a dash line for all heat fluxes
investigated. The characteristic curve of the marginal
stability can be evaluated. A linear relation is deduced.
,C _ nC
Xout = N, pch

— NS, = AReC (4)

In Eq. (4) Re® is the critical Reynolds number, yS, the
critical vapor quality and 4 a constant.

For all Reynolds numbers below this line, boiling is
steady whatever the heat flux supplied whereas above
this line the boiling flow is unsteady. The flow stability
transition is thus observed for a given ratio of
(Ngen — N&b)/ReC. The constant 4 differs for the two
inlet conditions and have been obtained for given
parameters such as heated perimeter, cross-section area
and fluid. Only experiments can definitively evidence
if this stability criteria found is a constant.

5.2. Heat transfer coefficient

The heat transfer coefficient dealt with is the average
one using the assumption of a constant heat flux. The
heat is provided using an electric resistance element
which delivers a constant power and so a constant heat
flux to the resistance element (Qy,). However the heat
flux redistributed in the aluminum rod depends on the
fluid flow and its states. The local temperature mea-
surements taken cannot be used to obtain a local heat
transfer coefficient but provide an average surface tem-
perature and fluid temperature. Using these temperature
differences (Ts — Tr), in Fig. 12 we provide the average
heat transfer coefficient variation function of the inlet
Reynolds number for several heat fluxs as defined by Eq.
(5) solely for operating conditions with a two-phase zone
in the minichannel to analyze the two-phase heat
transfer coefficient variations. In fact, vapor bubbles are
created all along the minichannel; this situation corre-
sponds to flow boiling with a subcooled liquid.
9w

T Tr ®)

Increasing the heat flux the shape of the average heat
transfer coefficient is more and more pronounced like
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Fig. 12. Heat transfer coefficient for all heat fluxes investigated.
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for the pressure loss variation. The dark points in Fig 12
represent the steady state regime whereas the white ones
are for the unsteady regime. For the liquid inlet Rey-
nolds number of 8500 and the highest heat flux (125.6
kW m~2) the flow is liquid and the average heat transfer
coefficient is only a forced convection one. For lower
Reynolds numbers, a two-phase zone exists and the
average heat transfer coefficient decreases to a value of
the liquid inlet Reynolds number then increases to reach
its maximum. The transition from steady to unsteady
state occurs during this increasing part of the curve but
does not affect the curve variation. Finally for
Repy < 1200, the average heat transfer coefficient de-
creases. The same behavior can be observed for all heat
fluxes studied. The maximum heat transfer coefficient
decreases with decreasing heat fluxes.

6. Conclusion

Experiments on flow boiling in small minichannels
are carried out and new results are provided. Steady and
unsteady behaviors are evidenced and found to be a
function of the upstream boundary conditions. A critical
Reynolds number is found to delimit steady and un-
steady states behaviors in the diagram AP = f(Re).
Two types of unsteady behaviors due to confinement
and compliant effects have been detailed and analyzed.
They evidence coupling effects between the minichannel
and damper in the unsteady regime characterized by
pressure loss fluctuations with high amplitudes
2< }V’/E < 8) and oscillation frequencies depending
on the operating conditions which vary between 3 and 4
Hz. The results obtained differ from those for flow
boiling in larger tubes. When a compliant source is
provided, the unsteady state regime does not match with
the Ledinegg criterion. Furthermore, when the damper
is not connected, the flow boiling is still found to be
unsteady with different flow patterns and fluctuation
characteristics. The pressure loss fluctuations present
relatively small amplitudes (0.25 < 1~’/E<3) and
higher frequencies between 6 and 18 Hz. The average
heat transfer coefficient is found to have a maximum
value when the unsteady state regime appears, whatever
the heat flux provided. The two-phase flow modeling
shows a good agreement for the steady state flow boil-
ing. The explanation of the two-phase flow confined
fluctuation is currently under investigation.
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Appendix A. Pressure loss modeling
A.1. Basic equations and assumptions

Three equations will be used in this section: the mass
conservation equation (A.l), the momentum balance
equation (A.2) and the energy balance equation (A.3)
applied in a steady state for a one-dimensional geometry
and for constant physical properties in the liquid and the
vapor zones. The phase change temperature, also called
the saturation temperature, is physically a function of
pressure but will be considered to be constant in the
homogeneous flow assuming low overpressure. The heat
flux (Q) supplied to the minichannel is assumed to be
constant but it is non-uniform.

op , 9(pU) _

at e 0 (A
ou oU oP

p(E-FUE)-FFR[UJ]—Fg'Fpg:O (A.2)

p%—lj—l—pU%—Ij:%—I:-i—Ug—l—UFR[U,z}-l—Q (A.3)
Fg is the fluid friction force which can be easily defined
for the liquid and the vapor zone. For the homogeneous
medium, the friction term is obtained with the two-phase
multiplier, also called the Lockart-Martinnelli coeffi-
cient; we apply this coefficient to the liquid flow.

Q is the power provided to the minichannel per unit
length and per unit of minichannel cross-section. It can
be expressed in a steady state as in Eq. (A.4).

Q _ qW(d+ 26)

5 (A4)

The mass conservation equation (A.l) in a steady state
means that the liquid and vapor velocities in the liquid
and vapor zone respectively are constant. The two-phase
flow velocity varies between the two like the physical
properties: the volumetric mass and kinematic viscosity.
In the further equations, we indicate the function
parameter as z.

In the steady state and with our boundary conditions
Egs. (A.1)-(A.3) are simplified and coupled and that
give

e for the liquid zone (Egs. (A.5)—(A.7)):

UL
=0 (A.5)
oPL[z] _ pLUL2[Rey]
5 — P8 2D (A.6)
aTL[Z} _ aPL [Z] pLUf)[ReL]
PGy =5 = = =+ = 5p,
d+2
L awld +2) (A7)

S
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e for the homogeneous zone (Eqs. (A.8)-(A.10)):
0(pplz]Uslz])

=0 (A.8)
0Uglz] 0Pz
pal Ul Z2EL OB
¢’ [lpL Ui A[Rer]
- _ _ A9
pelzlg D, (A.9)
0Pz pLU$* 2] 2[Rer )
Ul =5~ + Vel =55,
d+2 )
L2 e (A-10)
SH 0z
o for the vapor zone (Egs. (A.11)-(A.13)):
oUy
=0 (A.11)
6Pv[z} - 'OVU\Z,)V[REV}
5, = PvE 2D (A.12)
oTx P UIAR
UG, gz[z] — Uy gZ[Z] Py 2VDL ev]
L awld+2e) (A.13)
Su

A.2. Definitions

We define the liquid and vapor Reynolds numbers
with Eq. A.14(a) and A.14(b) respectively. The vapor
velocity in the vapor flow is given by the mass conser-
vation equation. The mass introduced into the inlet must
be maintained in the minichannel outlet. Such a con-
servation law gives Eq. (A.195).

U.D UyD
Rep = 1 (a) Rey=—"2 (b) (A.14)
L Vv
_PL
Uy =y (A.15)
Pv

To calculate the minichannel pressure loss, we need the
different zone lengths. The subcooling length is obtained
by replacing aa% from Eq. (A.6) into Eq. (A.7). Z., which
defines the beginning of the boiling zone, is given by Eq.
(A.16).

_ SuCp pLUL(TsaT — TiN)

7Z
L qw(d + 2e)

(A.16)

Zvy, which is the location of vapor quality equal to 1, i.e.,
the beginning of the vapor flow, is obtained using the
latent heat of the phase change. The two-phase flow
length is obtained by the energy balance (Eq. (A.17))
between the heat provided to the minichannel and the
latent heat necessary to be wholly vapor, the kinetic
energy to reach the vapor velocity and the potential
energy to reach the minichannel exit.

gw(d + 2e) Arly +1U%H + g2)
- LUL
SH aZ

(A.17)

Integrated between the end and the beginning of the
two-phase flow, Zy is obtained after simplification: the
liquid velocity and gravitational terms are neglected
compared with the latent heat of vaporization. Zy is so
given by Eq. (A.18).

ZV:ZL+%(LV+%U\%) (A.18)
To be able to calculate the total minichannel pressure
loss for all liquid inlet velocities, two lengths are defined
following the zones present in the minichannel. L; is
used to define the end of the liquid zone, which can be
either the end of the minichannel if the liquid tempera-
ture did not reach the saturation temperature or Z; as
defined previously. L, is used to define the end of the
two-phase flow zone, which can be either the end of the
minichannel if the vapor quality is not equal to 1 or Zy
as defined previously.

Ly =min[Z;,L] (a) L, =min[Zy,L] (b) (A.19)

A.3. Liquid flow pressure loss

The liquid flow pressure loss is determined by the
integration of Eq. (A.6) between the liquid zone limits,
i.e., the minichannel entrance and L,. The pressure loss
expression is given by Eq. (A.20).

2Dy

The friction factor of the fluid flow in the minichannel is
needed to obtain the final pressure loss expression. The
literature [15] gives correlations for liquid flows in rect-
angular cross-section minichannels. Our aspect ratio of
1/8 implies a factor 1.3 to apply from the theory in cir-
cular tubes for both laminar and turbulent flows.

% if Re < 1187
e 041132 if Re > 1187 A2l
e
R

However, an experimental investigation for our mini-
channel gives a friction factor of about half that of the
theoretical prediction. So a complete friction factor
study was conducted to show up the experimental fric-
tion factor variation in laminar and turbulent regimes.
The experimental results are provided in Fig. 13.

4;28 if Re < 1527
AEXP = % if 1527 < Re < 4046 (A22)
0072
22
% if Re > 4046
)
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Fig. 13. Minichannel friction factor for Reynolds numbers

ranging from 10 to 10,000.

Such differences between the theoretical prediction and
the experimental results can be explained in several
ways: the small aspect ratio of the minichannel (1/8)
which implies a narrow velocity profile in one direction
and a wide one in the other direction. Furthermore, in a
rectangular geometry the corners are a zone of high
gradients which strongly modify the flow field. This
experimental friction factor will be used for further
computation.

A.4. Homogeneous flow pressure loss

The homogeneous flow velocity is obtained by the
spatial integration of Eq. (A.8) between a location in the
minichannel (z) and the beginning of the two-phase flow
zone. Such equality gives Eq. (A.23) in which the density
expression has to be known.

_Up

Ul =0 (A.23)

We provide a constant power to the minichannel, so a
constant heat flux is assumed to be provided at the
minichannel heating surface. Thus, a linear variation of

the vapor quality in the two-phase flow is deduced,
which gives Eq. (A.24).

Z—Ll
Zv — L,

7] = (A24)

The void fraction is thus deduced from the vapor quality
using a slip velocity model. The model choice is a key
point. Physically, the slip ratio evolves as the physical
parameters in the homogeneous flow between 1 and z—\L,
The model choice will dramatically change the mini-
channel pressure loss variation. We will use the model
defined in Eq. (A.26)(b).

- xlZlpL
" e + SElpy(1 = 7[2]) (A.25)

1 (a) Homogeneous model

[16,17]
1/3
(2) (b) Zivi model [18]
SE=¢ " 2
<1 + 2] (% - 1)) (c) Chisholm model [19]
14 ELylz] (d) Smith model [17]
CISE correlation (e) Premoli model [20]
(A.26)

ol2]

Based on the vapor fraction, we build the density of the
homogeneous flow using Eq. (A.27).

pelz] = alzlpy + (1 — az])pp (A.27)

The homogeneous flow pressure loss is often expressed
in terms of a two-phase multiplier. That is the homo-
geneous pressure loss is equal to a two-phase coefficient
multiplied by the single-phase pressure loss for an entire
liquid flow (for our situation). Such a two-phase coeffi-
cient is given by Eq. (A.28) and is multiplied by the
friction factor of an equal total liquid mass flow rate.

1 4 28 g ]

¢’ =—"——5
(18 )

(A.28)

So, the two-phase flow pressure loss can be expressed as
using the mass conservation equation by Eq. (A.29):

-~ pLK2 Uﬁ)\.[ReL]

APB = _gKl 2D
H

= pLUL(Us[Lo] — UL)
(A.29)
with K} and K, defined in Eq. (A.30) for simplification.

Ki= [ oolldz @) K= [C#EEE) (A0

Thus, the total pressure loss becomes the sum of three
pressure loss terms called the acceleration term (APg;)
defined in Eq. (A.31), the gravitational term (APy;) de-
fined in Eq. (A.32) and the frictional term (APg;) defined
in Eq. (A.33).

APBl = pLUL(UB[LZ} — UL) (A31)
APy, = gk, (A.32)
APp; = LKZUE;~[R3L] (A.33)

2Dy

A.5. Vapor flow pressure loss

The vapor flow pressure loss is determined by the
integration of Eq. (A.12) between the beginning of
the vapor zone, i.e. L,, and the end of the minichannel.
The pressure loss expression is given by Eq. (A.34).
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o e
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A.6. Total minichannel pressure loss

The total minichannel pressure loss is given by Eq.
(A.35). This expression includes the liquid, two-phase
and vapor pressure loss expressions.

APT:APL+APB+APV (ASS)

It is possible to group each contribution as in the two-
phase flow section. It appears the gravitational, inertial
and frictional contributions of each zone (Eq. (A.36)).

APr = glp Ly + K1 + py(L — Ly)]
+ pLUL(Us[Lo] — UL)
pL)\.[ReL] Uf(Ll + Kz) + pv;L[Rev] U\Z,(L — Lz)
* 2Dy

(A.36)
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