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Abstract

We present here a theoretical and experimental study of two-phase flow in a heated capillary tube. The
flow parameters of a single-phase liquid, two-phase liquid-vapor, and single-phase vapor were analyzed in
the frame of a one-dimensional model. The pressure, temperature and vapor quality measurements were
carried out in a pipe of 1.0 mm inner diameter at various values of heat fluxes and mass flow rates and
compared with theoretical predictions. The evolution of the bubble volume was studied both theoretically
and experimentally.

Using infrared technique, the temperature distribution on the heated tube surface was studied for
various flow regimes.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The aim of the present work is to study the effect of heat flux and mass flow rate on the
structure and the thermo-hydrodynamic characteristics of flow in a heated capillary tube. This
problem is important in the context of improvement of heat transfer in cooling systems of elec-
tronic devices with high power density. Various aspects of two-phase flow and change-of-phase
heat transfer in microchannels have been investigated recently including two-phase flow patterns
(Damianides and Westwater, 1988; Fukano and Kariyasaki, 1993; Zhao and Bi, 2001) and two-
phase heat transfer (Hetsroni et al., 2001; Zhang et al., 2002; Kandlikar, 2002; Jacobi and Thome,
2002, Qu and Mudawar, 2003a,b).
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The flow, induced by the suitably timed growth and collapse of one or several bubbles in a finite
tube joining two liquid reservoirs, is simulated by using a simple quasi-one-dimensional model by
Yuan and Prosperetti (1999). The fluid mechanical aspects of the axisymmetric growth and col-
lapse of a bubble in a narrow tube, filled with a viscous liquid were studied by Ory et al. (2000).
The model simulates the effect of intense, localized, brief heating of the liquid, which leads to the
nucleation and growth of a bubble.

In the present study experimental and theoretical investigations of flow in a capillary tube were
carried out to clarify the influence of the physical properties of the coolant, wall heat flux and
mass flow rate on the thermo-hydrodynamic characteristics of the flow.

2. Experimental
2.1. Experimental facility

The experimental apparatus is shown in Fig. 1. A pump (3) was used to force the liquid from
the entrance container (2) to a calorimeter (10) through a capillary tube with a constant flow rate.
De-ionized water was used for the liquid phase to allow comparisons of the single-phase flow
pressure drop data with those available in the literature. The setup has two versions of the ex-
perimental test section: The first version was used for the flow visualization runs and the second
one for wall temperature measurements, respectively. The inlet and outlet of the test section were
connected to the loop by a T-junction (6). The pressure in the T-junction was measured by
pressure sensors (5) with sensitivity of 3.3 mV/kPa and response time of 1.0 ms. The entrance and
the exit pressures were measured with an accuracy of £1%. These sensors were used to measure
the pressure drop between the capillary tube inlet and outlet, which included a minor loss due to a

IR
(b)

Fig. 1. Experimental setup: (a) 1—scale, 2—vessel, 3—pump, 4—thermocouples, 5—pressure sensors, 6—T junctions,
7—transparent channel, 8—heater, 9—power supply, 10—calorimeter, 11—video camera and (b) 12—stainless steel
tube and 13—IR camera.
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sudden change of cross-section. The temperature of the working fluid was measured by 0.3 mm
type-T thermocouples (4).

The flow visualization test section (Fig. 1a) was a transparent tube (7) made of Pyrex glass with
an inner diameter of 1.0 mm and a length of 250 mm. The flow visualization was carried out by a
high-speed video camera (11) with a recording rate up to 10,000 fps. The illumination was pro-
vided by a set of halogen lamps. Pictures were taken with a special background, so that the single-
phase water flow and two-phase steam-water flow had white and black outlines, respectively. The
flow rate of the working fluid was measured by a weighting method (1). The data were collected by
12-bit 1 MHz acquisition system with an accuracy of £0.025% FS. The uncertainty of the mea-
surements is given in Table 1, where the bias limit is an estimate of the magnitude of the constant
error. The precision limit is an estimate of the lack of repeatability caused by random errors.

2.2. Data reduction
The parameters used in the data reduction and analysis are summarized below:

e For each set of steady-state experimental conditions, the heat losses due to convection and ra-
diation were taken into account. The heat losses were calculated using wall temperature mea-
sured by an IR radiometer. The heat transferred to the fluid was calculated as Joule heating less
the heat losses.

e The water velocity was calculated from the volumetric flow rate, fluid density, and the cross-
section of the tube.

e Mass vapor quality at the outlet was calculated from the change in the enthalpy.

e The heating length was obtained from the wall temperature distribution along the flow direc-
tion. It is the length from the entrance of the tube to the point at which the temperature on the
heated wall reaches the maximum.

e The vapor volume was calculated from the images taken by high-speed video using some special
software.

The section for flow visualization was replaced by a stainless steel tube (12) of an inner diameter
1.0 mm, outer diameter 1.5 mm, and length of 250 mm in the experiments on wall temperature
measurements (Fig. 1b). The stainless steel tube was directly heated by supplying DC power. The
measurements of the temperature on the outer heated wall were recorded by an IR radiometer

Table 1
Uncertainty of the measurements
Item Designation Bias limit B Precision limit P
Heat flux qvw (%) 1 2
Flow rate m (%) 0.5 1
Wall temperature measured by IR Ty (K) 0.2 2
Fluid temperature L (K) 0.2 0.2
Vapor quality 1 (%0) 2 3
Length of heated tube ' (%) 2 6

Bubble volume V (%) 3 11
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(13). The IR radiometer had a typical resolution of 256 pixels per line, frequency response 25 fps,
and sensitivity 0.1 K. The temperature of the inner surface was calculated from the power gen-
eration per unit volume of the electrically heated tube.

3. Bubble evolution

The process of a bubble growth was studied with heat flux on the wall of ¢, = 5500 W/m? and
mean flow velocity of 0.016 m/s. The experimental data on the temporal dependence of the bubble
volume are presented in Fig. 2. This figure shows that the bubble volume, V' (¢), is a monotonic
increasing function with variable curvature. Within the domain of relatively small time interval, ¢,
the derivative dV /d¢ increases, whereas at large ¢ a decrease of dV'/dt is observed. The character of
the dependence V(¢) for the different stages of the process reflects the characteristics of bubble
expansion in a restricted space, in particular, bubble/wall interaction.

The process of bubble growth in a heated capillary tube can be presented schematically as
follows. During the initial stage of the process, when the bubble begins growing from micronu-
cleus, its evolution proceeds under conditions similar to conditions for bubble growth in an in-
finite medium. The next stage of the process is characterized by a radical change of the bubble
shape and its transformation into a long quasi-cylindrical bubble. The diameter of the long bubble
is close to the tube diameter, so that the bubble lateral surface contacts the thin liquid film formed
on the wall. The subsequent growth of the long bubble occurs by liquid evaporation at the surface
of the liquid film. The contribution of vapor mass fluxes from the liquid film and the ends of the

1 1 1
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Fig. 2. Experimental values of bubble volume as a function of time g,, = 5.5 x 10> W/m?, u = 1.6 x 1072 m/s.
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bubble, to the total mass flux is different for different time intervals. At /,/d < 10 (I, is the bubble
length, d is the tube diameter) the liquid film fully surrounds the bubble lateral surface. In this
case the mass flux from the liquid film plays a dominant role. In contrast, for very long bubbles,
lv/d > 0p,u.q1c/dqy, the evaporation at the ends of the bubble is significant (¢ is the thickness of
the liquid film, u, is the liquid velocity in the film, p; is the density of the liquid, ¢; ¢ is the latent
heat of vaporization, ¢, is the wall heat flux). It is due to the wall drying out at large /, and
thinning of the liquid film. At the point where the liquid film completely disappears the heat
transfer coefficient sharply decreases.

This paper focuses on the two-phase flow model in a capillary tube for low and moderate values
of heat flux ¢ = 5 x 10* — 5x 10* W/m?. Several simplifying assumptions are adopted in the
model:

The two-phase flow is steady;

The vapor quality is equal to the thermodynamic equilibrium quality;
Pressure is uniform across the capillary tube area;

There is no coalescence of bubbles.

It should be noted that flow instability was not incorporated into the present flow model. This
and other characteristics of flow boiling in a capillary tube stress the need to develop new tools to
predict heat transfer. However, before such tools can be developed, it is prudent to assess the
feasibility of a simple model in predicting pressure drop and heat transfer results.

At small values of the liquid superheating, when the rate of bubble growth is insignificant, it is
possible to neglect the hydrodynamic effects. Then the problem reduces to a purely thermal one:

oT, ,

= a. V2T 1
o VT (1)
dr,

_J 2
dt  p; (2)

where subscripts i = G, L correspond to the vapor or liquid, respectively, T is the temperature, p is
the density, o is the thermal diffusivity,

. oT; oT; B
1= (5 ) 052 ) o

is the mass flux at the interface, A is the thermal conductivity, R, is the characteristic bubble size
(R, is the bubble radius of a spherical bubble or the half length of a long bubble), n =rory =x
for the spherical or long bubble; » and x are coordinates in spherical and rectangular coordinate
systems.

In a heated capillary tube the bubble growth proceeds under conditions of continuous pressure
variation. The pressure drop due to the hydraulic resistance of the capillary tube is

2
pu” L

> 7 (3)

where AP is the pressure drop, p is the fluid density, L is the length of the capillary tube, u is the
bulk flow velocity, ¢ = 64/Re for laminar flow, Re is the Reynolds number.

AP = ¢
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The approximation AP/P ~ 1 is convenient for the conditions of the present experiment.
Bearing in mind that under conditions of thermodynamic equilibrium the interface temperature 7
changes weakly with pressure (Reid et al., 1987) it is possible to assume 7; = const. Then Eq. (1)
has the following self-similar solution:

AT
/@) )

where AT =T — Ty, ATy =T, — Ty, Ty is the temperature of the liquid far from the bubble,
@ = 1n/+/ort, and the function f(¢) is determined by the following equations:

&f  edf

i e 5

de? 2 de )
for the plane problem, and

d’f df

dso+<<p+2)dqo 0 ©)

for the spherical problem.
The boundary conditions for Egs. (5), (6) are

=0, =0
p=0p [f=1 (7)
p—o00 f—=0

where ¢, =R./\/out, f/ = df/de, « is the thermal diffusivity, ¢ is the time.

Assuming that the temperature distribution inside the bubble is uniform, we find the mass flux
on the interface

AL <d f > 1
= AT [ == — 8
et (8)
Integration of Eq. (2) (with relation (8)) leads to the following expression for the bubble radius:
R, = L <d_f) AT 7 9)
pravcyo \do ),
Note, that Eq. (9) is known as the Fritz—Ende formula (Nakoryakov et al., 1993)

Ry vy, (10)

R*O \/7 R*O

where Ja = (¢, LATL/q1L6)(pL/pg) 1s the Jakob number, ¢, is the specific heat.
In the case of the bubble growth from a micronucleus (R,, = 0), we obtain

R, =2V3,[2Ja -1 (11)
Y

Here the factor v/3 corresponds to the spherical problem.
In accordance with the above results, the temporal dependencies of the bubble volume, V, are
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Fig. 3. Comparison of experimental data with theoretical prediction g, = 5.5 x 10° W/m?, u = 1.6 x 1072 m/s.

Vo~ 32 (12)
for the spherical problem and
Vo~t? (13)

for the long bubble.

Fig. 3 shows the change of the bubble volume ¥ vs time 7. One can see that the dependence of
the bubble volume on the time agrees fairly well with the law ¥ ~ ¥/ for the spherical bubble
(region 1 in Fig. 3) and for the quasi-cylindrical bubble (region 2a). For the very long bubble
(region 2b) the law V ~ '/ is in effect.

4. Characteristic length

The different regimes of flow in a heated capillary tube can be characterized by hydrodynamic,
thermal and geometric parameters. The flow with liquid phase (the characteristic length /') and
liquid—vapor phase (the characteristic length /") takes place in a short capillary tube. The flow
regimes with single liquid phase, /!, liquid—vapor phase, /", and single vapor phase (L — ' — [l
occur in a long capillary tube. The method of calculation of the characteristic length is given by
Peles et al. (2001).

For a long mini-tube the characteristic lengths // and /"' are expressed as

o Ti—1
] s
' = r

(14)
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11 4 QL
— 1

L

The following correlation for the length of the heating zone and the vapor quality at the outlet of
a short capillary tube are
T,—1

==

7 (16)

¥ = w (17)

qL.G6
where I/ = I'/L, I" = I"/L, T\ = T,/ Ty, 9. = qL/pouocyL T, G = 9L(I" = I'), Grg = qrc/cpL T
is the latent heat, g is the heat generated per unit volume, 7; is the saturation temperature;
parameters at the inlet: p, is the liquid density, u, the liquid velocity, ¢, 1 the liquid specific heat
at constant pressure and 7 is the liquid temperature.

The dependence of the vapor quality, y, on ¥ /¢ in a short capillary tube is shown in Fig. 4.
The dependence of ¢ on ¥J; is shown in Fig. 5. In this figure one can see that the length of the
heating zone decreases with an increase in heat flux and with a decrease in fluid velocity. Figs. 4
and 5 show that experimental points group closely to a single curves that correspond to Egs. (16)
and (17), respectively.
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Fig. 4. Short tube: the dependence of dimensionless vapor quality y on J./q; G-
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Fig. 5. The dependence of dimensionless length I/ on ¥Jy.

5. Two-phase pressure drops

The two-phase pressure drop AP, g in turn may be considered as the sum of three parts: the
static pressure drop APy, the momentum pressure drop APy.m and the frictional pressure drop
APyi. For a horizontal tube, there is no change in static head so AP, = 0. The momentum
pressure drop (see e.g. Ould Duli et al., 2002) reflects the change in kinetic energy of the flow:

1— 2 2 1 — 2 2
N I e R e (18)
pL(l —¢)  pge i pL(l —¢)  pge i
where o, 1S the total mass velocity of liquid plus vapor. The void fraction ¢ is calculated as:
-1
1 1 1=x\ | L18(1 = plgalpy — po)l™*
e=—"|(14+0.12(1 — <—+ )+ . 19
PG ( ( ) 7€ P L o 19)

The experimental two-phase frictional pressure drop is obtainable by subtracting both the
calculated momentum pressure drop and the static pressure drop from the measured total pres-
sure drop.

Ould Duli et al. (2002) compared seven different two-phase frictional pressure drop correla-
tions. They concluded that the method of Miiller-Steinhagen and Heck (1986) gives the best
predictions for water-vapor flow in tubes.

The two-phase frictional pressure gradient, according to this method, is estimated as:

dP> 1/3 3

— =G(l—y) " +by (20)
( dx frict

where the factor G is

G=a+2b—-a)y (21)

a = (dP/dx), is the pressure gradient with all the flow being liquid and b = (dP/dx)y is the
pressure gradient for all the flow being vapor.
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Fig. 6. Two-phase pressure drop at different values of heat fluxes: Calculation: —A— g = 10* W/m?;
—O—q=2x 10* W2, —O0— g = 3 x 10* W/m?; Experiment: A ¢ = 10* W/m?; ¢ ¢ =2 x 10* W/m?;, @ g =3 x 10*
Wm?, —y=1;,——y=0.

These values are determined as:

dP t tal
ar ota 22
( dx ) f dPL ( )
dP>
- f total 23
( T ) —rag (23)
where the friction factors are obtained as:
f= ; for laminar flow (Re < 2000) (24)
e
and
0.
f= R—0722 for turbulent flow (25)
Reynolds number is calculated as
Re — mtotald (26)
I

The comparison of calculations of the pressure drop with experimental data is shown in Fig. 6.
There is qualitative agreement between experimental data and calculation. The line AB corre-
sponds to quality y = 1, the line AC corresponds to quality y = 0 and heat flux ¢,, = 0, the line
AD corresponds to y = 0 at given values of heat flux.

6. Wall temperature

An infrared radiometer was used to study the wall temperature (Hetsroni et al., 1996). Fig. 7
shows the typical image of the temperature distribution on the heated wall. These images were
used to determine the heating length, which was obtained from the wall temperature distribution
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Fig. 7. IR image of the heated tube surface: (a) IR image and (b) the temperature distribution along the flow direction.

along the flow direction. It is the length from the entrance of the tube to the point at which the
temperature on the heated wall reaches the maximum. The IR image of the heated tube wall is
shown in Fig. 7a. The white line represents qualitatively the temperature distribution along the
flow direction. In Fig. 7b this distribution is presented quantitatively.
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Fig. 8. The dimensionless wall temperature distribution along the outer wall of the tube O—q, = 1.8 x 10* W/m?;
o—q, =23x10* Wm?, A—q,=32x10"* W/m? x—q, =39x10* W/m? V—q,=42x10* W/m?
O—qy = 4.7 x 10* Wm?.
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The dimensionless wall temperature distribution along the outer wall of the tube is shown in
Fig. 8. In this figure x = x/L, Ty, = T,,/ Ty, Ts = T,/ Ty, where x is the distance from the inlet in the
streamwise direction, 7T, 7, and 7, are wall temperature, saturation temperature and liquid
temperature at the inlet, respectively. In all cases the wall temperature increases sharply (practi-
cally linearly) in the vicinity of capillary tube inlet and then decreases up to the saturation tem-
perature. The temperature drop in this region is due to intensification of heat transfer at phase
change. Far from the inlet, the wall temperature is constant, within the region of two-phase flow.
An increase of heat flux on the wall is accompanied by displacement the maximum temperature
towards the inlet. Calculations showed that the difference At between outer wall and inner wall
temperatures of the tube is small. In the present experiments 0.14 < At < 0.35 °C, the difference
between the wall and water temperatures is about of 3-4 °C within the heated region of the
capillary tube.

7. Conclusions

We did a theoretical and experimental study on flow regimes in heated capillary tubes. In the
frame of the one-dimensional model the length of single-phase liquid, two-phase liquid vapor,
single-phase vapor regimes were analyzed. The theoretical predictions agree well with the ex-
perimental data.

The characteristics of bubble growth along the capillary tube were measured. According to the
model the time dependence of bubble volume is ¥ ~ #*/? for spherical and long quasi-cylindrical
bubble. For the very long bubble this dependence is ¥ ~ /2. The experimental data agree with
the theory.

The theoretical prediction of the dependence of vapor quality on flow parameters and heat flux
agrees quite well with experimental data.

Using the infrared technique the temperature distribution on the heated tube surface was
studied at different flow regimes.
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