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Abstract A simple 1-D model is presented to study the effects of the wall heat flux, location of the 

nucleation site, channel dimensions and fluid properties on the pressure fluctuations caused by confined 

bubble growth in rectangular microchannels, for zero upstream compressibility. A simple isothermal 

compressibility model is then used to study the effects of the initial volume of non-condensable gas trapped 

in the upstream plenum, initial inlet velocity and nucleation site location on local pressure fluctuations and 

transient flow reversal. Both acceleration pressure drop and viscous pressure drop are considered.  
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1. Introduction 
 

  Better design of miniature two-phase 

microchannel heat sinks, intended for removal 

of heat fluxes exceeding l MW/m
2
, demands a 

good understanding of pressure fluctuations 

and transient flow reversal caused by confined 

bubble growth during flow boiling in a 

microchannel. 

  A simple 1-D model for pressure fluctuation 

was developed by Kew and Cornwell (1996), 

considering the acceleration of the liquid 

slugs, and measurements by Kenning and Yan 

(2001) were of the same order as those 

estimated by Kew and Cornwell. Pressure 

fluctuations, dependent on the upstream 

compressibility arising from different sources, 

were measured by Zhang et al. (2004 and 

2005) and Brutin and Tadrist (2004). Zhang et 

al. (2004) reported pressure fluctuations of up 

to 1.7 bar during boiling in a microchannel. 

Kenning et al. (2006) made measurements for 

the special case of bubble growth in an 

initially superheated channel with one sealed 

end. It was suggested by Kandlikar (2006) that 

a pressure spike associated with nucleation 

could cause flow reversal. A simplified model 

based on mass balance over the vapour bubble 

and over the liquid film, without taking into 

account the surface tension, friction and 

acceleration, was proposed by Rops et al. 

(2008) for explosive bubble growth during 

flow boiling in microchannels. A 1-D 

mechanistic model for a time-averaged 

pressure drop in the confined bubble regime 

was formulated by Shiferaw et al. (2009). A 1-

D model for the pressure fluctuation during the 

bubble growth in two stages – partially 

confined and fully confined – was presented 

by Gedupudi et al. (2009a and 2009b) for zero 

and finite upstream compressibilities 

respectively. The present paper improves these 

models by including the viscous forces, bubble 

passage through the outlet and a non-linear 

model for upstream compressibility due to 

trapped gas. The transient fluctuations due to 

growth of a single bubble are modelled and are 

not time-averaged as in Shiferaw et al. (2009). 

The examples are mainly for water, with 

saturation properties at 1 bar. Other fluids are 

of interest to achieve lower temperatures.  

2.  1-D Model for Confined Growth, 

No Upstream Compressibility  
  Bubble growth is assumed to occur in two 

stages – partially confined and fully confined, 

as shown in Fig. 1. The channel is of 

rectangular section, width w, depth h << w and 

heated length LH. Heat input, q, is on one of 

the sides w, with an adiabatic window on the  
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Fig. 1. Bubble growth models. 

p0 

U1(t) U2(t) 

U2(t) U1(t) 

∆p1 ∆p2 ∆p3 

∆p3 ∆p2 ∆p1 ∆p0 

∆p0 

p1 p2 p3 pe 

p0 p1 p2 p3 pe 

U0 , p0(t) 

a0 

Vc (p0)  

U0 , p0(t) 

Vc (p0)  

a0 

LB 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

opposite side (as in visualization experiments) 

and negligible heat input on sides h. A single 

nucleation site is located at LA from the inlet. 

A constant volumetric flow rate U0a0 is 

delivered by the pump to the upstream plenum 

of cross-sectional area a0 >> wh so that p0(t) is 

the stagnation pressure. When upstream 

compressibility is absent, U1 = U0a0 /(wh).  

All fluid properties, including ρv and hlv, are 

assumed to be constant, evaluated at the 

constant channel outlet pressure pe . 

2.1 Partially-confined growth ( PC ) 

  Assuming constant heat flux q through the 

single contact area b
2
, 

)t/(2heb τ= ,   qhhρτ lvv=   (1)  

From continuity,          

( ) t/τ2

12 e wτhUU +=     (2)  

The average velocities of the bubble and the 

liquid alongside are assumed to be equal to 

(U1+U2)/2. The following expression is 

obtained for the pressure drop from the law of 

conservation of momentum. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The time required for confinement, tc, from b 

= h (at time t = 0) to b = w ( at time t = tc) is  

tc = 2 τ ln (w/h)     (4) 

2.2 Fully-confined growth (FC) 
  Fully-confined bubble growth starts from 

the time tc at which b = w. Let t' = t – tc .  The 

contact area A = w z ( t' ), where z is the 

length of the bubble. The expression for z can 

be obtained as  
τ /twez

′
=        (5) 

From continuity,  
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The expression for pressure drop is  

 

 

 

 

     (7) 

More detailed derivation (without frictional 

pressure drop, ∆pf ) for PC and FC is given by  

Gedupudi et al. (2009a).  

2.3 Bubble passage through the outlet (OL) 

  From the moment the downstream end of 

the fully confined bubble reaches the channel 

outlet, the length over which evaporation 

occurs is limited by the upstream liquid 

velocity. That is, 

1U
dt

dz
−=     (8) 

The heat balance gives 

τ

z
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where U2 is now the vapour exit velocity. 

The pressure drop across the channel is  
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2.4 Viscous pressure drop ( ∆pf ) 

  The friction factor correlations available in 

literature are mainly for steady flow, but flows 

in boiling involve large accelerations and 

reversals. There is also some doubt about the 

laminar-turbulent transition in micro-channels. 

As a simple first estimate, an expression for 

the Fanning friction factor fF as a function of 

Reynolds number Re and the channel aspect 

ratio α in steady laminar flow from Paputsky 

et al. (1999), White (1994) and Hartnett and 

Kostic (1989), (after conversion from Darcy 

friction factor fD = 4fF), is combined with a 

minimum Fanning friction factor fF = 0.01 for 

turbulent flow. On a Moody chart, this 

corresponds to transition at about Re = 1500 

and a relative roughness of ~ 10
-2

. This is very 

approximate. 

)0.2537α0.9564α

1.7012α1.9467α1.3553α24(1Ref

54

32

F

−+

−+−=
   

where  0 < α < 1.                   (11) 

The viscous pressure drop considered here 

occurs only in the liquid slugs upstream and 

downstream of the bubble, of lengths Lu and 

Ld. The total viscous pressure drop is given by 

df,uf,f ∆p∆p∆p +=         (12) 

where  

h

2
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where S1 = |U1| / U1 , S2 = |U2| / U2 

Stagnation pressure p0 is given by 
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with minor loss at the channel entry, equal to 
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2

1
2

1l , included in the above expression. 

K=1 for positive U1 and equal to 0 for negative 

U1( possible with upstream compressibility). 

 

2.5 Simulations with constant properties 

  Zhang et al. (2004) observed pressure 

fluctuations with amplitudes ranging from 0.86 

bar to 1.72 bar, during flow boiling of water in 

a 0.113 mm Dh ( 0.1mm wide and 0.13 mm 

deep) and 20mm long channel, with volume 

flow rate 0.1 ml/min ( 0.13 m/s ) and heat flux 

about 110kW/m
2
. Modelling results for similar 

conditions are shown in Fig. 2. Peak transient 

pressure drops are 3.59, 0.57 and 0.18 bar for 

nucleation at the inlet, 10mm away and 14mm 

away respectively. In recent calculations using 

pressure-dependent properties in the model, as 
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Fig. 2. p0 - pe drop for different locations of 

nucleation site ( LA ). Channel 0.07 x 0.35 x 20 

mm, q = 110 kW/m
2
, U1 = 0.13m/s, pe = 1 bar. 
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Fig. 3. Transient pressure drop for different 

fluids in a channel 0.3 x 1.5 x 50 mm, q = 200 

kW/m
2
, U1 = 0.6m/s. LA = 0mm. 

 

in Gedupudi et al. (2009a) but with friction 

now included, the peak values become 0.93 

bar for LA = 0 and 0.34 bar for LA = 10 mm, in 

reasonable agreement with those observed by 

Zhang et al. For a much higher heat flux of 

2MW/m
2
 to water in a shorter channel 0.15 x 

0.75 x 10 mm (L/Dh = 40), the values of the 

peak transient pressure drop with constant and 

variable properties (for LA = 0 mm) are 32 bar 

and 2.6 bar respectively; they are the same for 

a 0.3 x 1.5 x 20 mm channel (L/Dh = 40). 

Velocities and accelerations depend inversely 

on the product (ρv hlv) in Eqn. (1). The ratios 

of the peak absolute pressures are roughly 

proportional to the ratios by which the 

constant property model underestimates this 

product. The constant property model is 

quicker to run and can be expected to 

conservatively identify the conditions leading 

to large pressure fluctuations.  

The influence of fluid properties, particularly 

(ρv hlv), is also seen in Fig. 3, with large peak 

pressures for water and FC-72 at 1 bar and 

negligible change in pressure for R134a at 8 

bar with a much larger value of (ρv hlv).   

Figs. 2, 3, and Fig. 9c later, show that 

frictional and acceleration pressure drops 

make similar contributions to the peak 

transient pressure. Property variation must be 

included for more accurate assessment. 

3. Upstream Compressibility  
  A common phenomenon observed during 

flow boiling in micro-channels is transient 

flow reversal, caused by the transient pressure 

fluctuations due to confined bubble growth. 

This flow reversal can only occur if there is 

upstream compressibility, sources of which 

include pump characteristics, non-condensable 

gas trapped in the upstream plenum, subcooled 

boiling creating a condensable void upstream 

of the channel, in-channel compressibility (due 

to multiple bubbles in the channel) or 

connections through inlet and outlet headers to 

parallel channels (as required in most 

microchannel heat sinks).  

  Flow reversal can result in lower critical 

heat flux (CHF) and push vapour into other 

channels through the inlet header, causing 

transient dry-out. Modelling this flow reversal 

can assist in a better design of two-phase 

microchannel heat sinks.  

In this paper, non-condensable gas of initial 

volume Vc is assumed to be trapped in the inlet 

plenum, as shown in Fig. 1. At present, the 

model stops if the gas expands sufficiently to 

enter the channel, or if the upstream end of the 

vapour bubble in the channel reaches the 

channel inlet during reverse flow.  

From the continuity equation, 

(U0a0) + (dVc /dt) = whU1                (16) 

Assuming the trapped gas is compressed 

isothermally, 

p0Vc = p0iVci = C         (17) 

From (15), (16) and (17),  
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For PC growth, pressure differences, as shown 

in Fig. 1, are given by 
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From the above equations, with r as the ratio 

of vapour density to liquid density, ρv / ρl , 
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For FC growth, pressure differences, as shown 

in Fig. 1, are given by 
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For bubble passage through the channel outlet, 
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The equations are solved by a finite 

difference method. The incoming flow a0U0 and 

the exit pressure pe are assumed to be constant. 

The initial conditions are assumed to be p1 = pe,  

U1 = a0U0 / wh, neglecting any impulsive 

changes associated with the initial unconfined 

growth of the bubble. Bubble growth rate 

equations and expressions for U2 are the same 

as in section 2 for constant vapour properties.  

The following examples are for water, with 

properties corresponding to constant outlet 

pressure of 1 bar in a channel 0.3x1.5x50 mm, 

volume 22.5 mm
3
. The initial volumes of 

compressible gas, Vci, are chosen to be equal 

to the channel volume times factors 0.1, 2, 40. 

From eqn. (17), the values of C = p0iVci are  

C1 = 0 (incompressible) 

C2 = 1x10
5
 x 22.5 x 10

-9
 x ( 0.1) 

                        = 2.25 x 10
-4

 Nm  

C3 = 10
5
 x 22.5 x 10

-9
 x ( 2)

 
 = 4.50 x 10

-3
 Nm 

C4 = 10
5
 x 22.5 x 10

-9
 x ( 40) = 0.09 Nm 

Fig. 4 shows the upstream and downstream 

locations of a bubble initiated at the channel 

mid-point LA = 25 mm for initial U1 = 0.2m/s, 

q = 200kW/m
2 

for different values of C. With 

C equal to 2.25 x 10
-4

 and 4.5 x 10
-3

 Nm, the 

upstream end of the bubble fluctuates; with C 

= 0.09Nm, it reverses completely and reaches 

the channel inlet and the model stops at 

0.015s. The frequencies of fluctuations shown 

in Fig. 5 as the liquid column progresses 

towards the downstream end of the channel are 

in good agreement with the natural frequency 

n of a spring-mass system using the upstream 

mass of the liquid column in the channel, 

given by 

      n = (wh/ρLα)
1/2

 /2π, where α = -dVc / dp0  (29) 

e.g. 

p0Vc = C, α = C / (po)
2
 

average po ~ 100 kPa 

average liquid column length L= (25+50)/2 = 

37.5mm, w=1.5mm, h=0.3mm. 

C2 : n = 116/s, period 8.6 ms 

C3 : n = 26/s, period 38 ms 

These values match well with those in Fig. 5.  

Increasing the compressibility C causes 

considerable reduction in the peak pressure 

difference across the channel, Fig. 5, but there 

are only small changes in the peak pressure   

p3 – pe,  Fig. 6.  
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Fig. 4. Bubble upstream and downstream 

locations (xu and xd ) for different C values. q 

= 200 kW/m
2
, U1(0) = 0.2m/s. LA = 25mm. 

Water at 1 bar in channel 0.3x1.5x50 mm. 
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Fig. 5. p0 - pe for different C values. q = 200 

kW/m
2
, U1(0) = 0.2m/s. LA = 25mm.  
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Fig. 6. p3 - pe for different C values. q = 200 

kW/m
2
, U1(0) = 0.2m/s. LA = 25mm.  

  

Nucleation sites closer to the inlet show more 

tendency for reverse flow, Fig. 7, as the liquid 

inertial and frictional resistances downstream 

of the bubble will be higher. Fig. 8 shows that 

the peak pressure p3-pe is higher for the 

nucleation site at the channel middle (25mm) 

than for sites near the inlet and outlet. Sites  
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Fig. 7. xu and xd for different LA values. q = 

200 kW/m
2
, U1(0) = 0.2m/s. C = C4. 
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Fig. 8. p3 - pe and p0 - pe for LA = 10 (1), 25 (2) 

and 40 mm (3). q = 200 kW/m
2
, U1(0) = 

0.2m/s. C = C4.  

   

near the inlet promote flow reversal, reducing 

the acceleration dU2/dt of the downstream 

slug. Bubbles from sites near the outlet have 

less mass of liquid in the downstream slug and 

reach the exit quickly. In all the examples with 

compressibility and flow reversal, for Vci > 

channel volume (C3 and C4 ), the pressure drop 

across the channel, p0-pe, is very low 

compared to the local pressure fluctuation p3-

pe, because reversal causes a negative pressure 

drop at the upstream side that partially 

balances the positive pressure drop at the 

downstream side, as can also be seen in Fig. 

9c, near the peak in p3-pe . 

Fig. 9 shows the bubble location, liquid 

velocities (U1 and U2) and the pressure drop, 

all with and without friction. The second flow 

reversal (bubble forward motion after 

backward motion) commences during the 

passage of the downstream end of the bubble  
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Fig. 9. (a) xu and xd (b) U1 and U2 (c) pressure 

drop, without (1) and with (2) friction. 

Channel 0.38 x 1.5 x 40 mm, LA = 20 mm, q = 

200 kW/m
2
, U1(0) = 0.7m/s. C = 0.1Nm. 

 

through the outlet, Figs. 9 and 10. Lower 

initial upstream liquid velocity means lower 

inertia of the upstream liquid slug, which 

promotes flow reversal, Fig. 10.  

 

Conclusions 

  A simple 1-D model, considering both 

acceleration pressure drop and viscous 
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Fig. 10. xu and xd for different U1(0) values. q 

= 200 kW/m
2
, LA = 25mm. C = C4.  

 
pressure drop is presented. Using this model, 

the effect of upstream compressibility, caused 

by non-condensable gas, on the transient flow 

reversal and pressure fluctuation has been 

studied. The simulations show that, with 

upstream compressibility, the local transient 

pressure fluctuation can be much higher than 

that measured across the channel. The volume 

of the non-condensable gas, the initial 

upstream velocity and location of the 

nucleation site all have major influences on the 

transient flow reversal. Results also 

demonstrate the need to ensure that the 

pressure tappings, tubing and connections used 

for transient pressure measurements with the 

pressure transducers are free of trapped vapour 

or non-condensable gas, to eliminate the 

compressibility and viscous damping, which 

otherwise result in erroneous measurement of 

the fluctuation amplitudes. Structurally 

integrated strain gauges may be the better 

choice for transient pressure measurements, 

provided the pressure and temperature 

sensitivities of the gauges can be decoupled.   

  The effect of upstream compressibility 

caused by other sources such as sub-cooled 

void will be studied later. Further development 

of the model is required to include pressure-

dependent vapour properties to study the effect 

of heat flux over a wide range, and to include 

the dimensions of the inlet restriction (which 

can reduce flow reversal) and to include 

multiple bubbles (which also cause in-channel 

compressibility) and variable nucleation 
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frequencies along the channel. The model 

must be extended to cover repeated bubble 

cycles. 

The examples presented here also show that 

for an accurate experimental validation of the 

model developed for single bubble, it is  

essential to have only a single nucleation site 

(or bubble) in the channel. The presence of 

multiple bubbles (possibly with different 

nucleation frequencies) in the channel causes 

in-channel compressibility and affects the 

acceleration and length of the liquid slug(s), all 

of which influence the transient pressure.  
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