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ABSTRACT

ABSTRACT

Small channel heat exchanger has the capabilities to transfer high heat flux in

relatively small surface and volume. And it has been used in a wide variety of

applications including electronics devices, compact heat exchangers, refrigeration

evaporators and condensers and so on. However, several fundamental issues for small

channel heat transfer still exist and further study is necessary.

The aim of this thesis is to contribute to a better understanding of the underlying

physical phenomena in single-phase and two-phase flow boiling heat transfer in small

channels. For this purpose, a set of experimental apparatus cable of testing a wide range

of parameters such as tube inner diameter, heated length, flow rate, inlet liquid

temperature as well as exponential period of exponentially increasing heat input was

designed. It is mainly composed of a flow loop section, a heat input control system, a

data acquisition system and a test section assembly. The test section assembly was

designed and machined to ensure a fully developed turbulent flow in the test tube

without leakage, provide a mean of heating the test tube uniformly, and facilitate the

installation of measurement instruments. The measuring instruments were carefully

calibrated and associated experimental uncertainties were thoroughly analyzed. Hence,

the present experimental facility can be utilized to provide important data necessary to
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ABSTRACT

understand heat transfer characteristics in small diameter tubes. FC-72 was selected as

the test liquid as its low viscosity and surface tension are critically required for the

single-phase and two-phase flow boiling heat transfer in small flow channels.

Prior to experiments on heat transfer in small channels, pool boiling experiments

were conducted since the essential characteristics of the pool boiling CHF are retained

in flow boiling CHF. The study of pool boiling is necessary for better understanding of

flow boiling and its CHF. Chapter 3 presents and discusses the boiling heat transfer

experiments results. The steady state and transient CHF data for a wide range of

exponential period, system pressure and liquid subcooling were measured and studied.

It was found that the steady state CHF increase with the increase of subcoolings. And

although the steady CHF data for one atmosphere are in agreement with conventional

correlations, the CHF data for sub-atmospheric pressures show higher values. The

transient CHF values under sub-atmospheric pressures could be divided into two groups

based on exponential periods, corresponding to short period region and long period

region. The data in long period could be explained with conventional hydrodynamic

instability (HI) mechanism. The data in short period could be described with

explosive-like heterogeneous spontaneous nucleation (HSN) mechanism.

The steady state heat transfer process of turbulent forced convection of FC-72



ABSTRACT

through small diameter tubes was experimentally investigated. The effects of Reynolds

number, Prandtl number, ratio of the viscosity in the bulk to that at the wall (w/u,,) and

ratio of heated length to inner diameter (L/d) on turbulent heat transfer were studied in

detail. It was found that the heat transfer coefficient increases with the increase of flow

velocity, x/u,, and Prandtl number, and decrease of L/d .The experimental data were also

compared with the values calculated by classical correlations for conventional sized

channels. The results indicated that the classical heat transfer correlations are not

adequate for calculation of the heat transfer coefficient in small diameter tubes. It is

assumed that the roughness effect enhances the heat transfer rate in small sized channels.

The Nusselt numbers for inner diameter of 1 and 1.8 mm depend on Reynold number in

a different manner compared to that for inner diameter of 2.8 mm, which agrees with

conventional correlations. The deviation from conventional heat transfer correlations

increased as the Reynold numbers increase. The turbulent heat transfer correlations for

FC-72 flow in tubes with diameters of 1, 1.8 and 2.8 mm have been developed

respectively based on the experiment data. The differences between experimental and

predicted Nusselt numbers are within +£15%.

The transient heat transfer process due to exponentially increasing heat inputs for

turbulent flow of FC-72 was schematically investigated for different combinations of
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parameters such as flow velocity, inlet liquid temperature, period of exponentially

increasing heat inputs and test tube geometry. The effects of flow velocity, exponential

period and tube inner diameter on transient turbulent heat transfer process were

explored. It was found that the relation between transient Nusselt number and Fourier

number, Fo, with flow velocity as a parameter shows the same trend as heat tranfer

coefficient versus exponential period for each velocity. It was clarified that the transient

turbulent heat transfer due to exponentially increasing heat inputs could be analyzed by

introducing a dimensionless time, Fo. It was also found that the increment of transient

state data relative to the steady state is higher for smaller diameter. It might be assumed

that the effect of heat conduction contribution increases with a decrease of tube inner

diameter. The empirical correlations for transient turbulent heat transfer caused by

exponentially increasing heat inputs on small diameter tubes were developed based on

the effects of Fourier number and tube inner diameter. The empirical correlations

present the experimental data within £25%.

Finally the subcooled flow boiling heat transfer experiments were conducted with

FC-72 in vertical tube with inner diameter of 1 mm and effective length of 26.2 mm for

exponentially increasing heat input with periods of 81.31 ms to 16.04 s. The flow

velocity varied from 3 to 5 m/s and the inlet liquid temperature changed from 293 K to
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333 K at a fixed outlet pressure of 300 kPa. The steady state flow boiling CHF values

increase with increase of flow velocity, inlet subcooling and outlet subcooling because

in such a situation a higher heat flux is required to initiate and sustain bubble activity.

Empirical correlations combing velocity and subcooling have been proposed. The

transition to film boiling process can be categorized into two types, representing two

different CHF mechanisms. The transition from non-boiling to film boiling through

FDNB and the transition from non-boiling region to film boiling through a short

nucleate boiling are named as type 1 and type 2 process. Type 1 occurs at steadily

increasing heat inputs and could be explained by conventional HI mechanism. Type 2

appears for rapid increasing heat inputs and it is induced by the explosive-like HSN

from originally flooded cavities. The transient flow boiling CHF values first increase

with a decrease in exponential periods up to a maximum CHF, then those decrease

down to a minimum one and again increase with a decrease in exponential period. The

transient CHFs due to exponentially increasing heat input could be divided into first and

second group for long and short periods. The first group data correspond to type 1

process. The second group data correspond to type 2 process.
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P
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Pous

Popt

Pr

P,
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q

constant in Eq. (2.10)

Brinkman number

constant in Eq. (4.15)

specific heat at constant pressure, J/kg K

inner diameter of the test tube, m

reference diameter in Eq.(4.7), 0.001 m

outer diameter of the test tube, m

hydraulic diameter, m

friction factor

=at/ri , Non-dimensional time, Fourier number
Grashot number

heat transfer coefficient, W/m? K

current flowing through standard resistance, A
constant in Eq. (3.5)

constant in Eq. (3.6)

heated length, m

entrance length, m

mass of test tube, kg/m’

= hd/, Nusselt number, transient Nusselt number
steady state Nusselt number

transient Nusselt number

calculated transient Nusselt number

pressure, Pa

pressure at inlet of heated section, Pa

pressure measured by inlet pressure transducer, Pa
pressure in liquid, Pa

pressure at outlet of heated section, Pa
pressure measured by outlet pressure transducer, Pa
=cppu/4, Prandtl number

pressure in vapor, Pa

heat input per unit volume, W/m®

volumetric flow rate, m’/s

initial exponential heat input, W/ m’

heat flux, W/m?

xi



qer
qcr,sub
qi

r

Vi

o

*

r

R; to R;
Re Rey,
R

Rr

S

T

Tsar

T;

T;

1

Tour
(Tout)cal
T

t

AT,
AT;
ATy

ATy
AT
ATsub,in
AT, sub,out
u

|14

e

Vim

Vi

Vr

Vi

NOMENCLATURE

critical heat flux, W/m?

subcooled critical heat flux, W/m?
incipient boiling heat flux, W/m?

test tube radius, m

test tube inner radius, m

test tube outer radius, m

critical radius of spherical bubble, m
resistance in a double bridge circuit, £
=ud/v, Reynolds number

resistance of standard resistance,
resistance of test tube, Q

surface area, m’

temperature, K

saturation temperature, K

Incipience surface temperature, K

inlet liquid temperature, K

average bulk liquid temperature, K

outlet liquid temperature, K

calculated outlet liquid temperature, K
heater inner surface temperature, K

time, s

superheat corresponding to CHF, K
superheat corresponding to boiling incipience, K
=(Ts-T;), surface temperature difference between heater inner surface
temperature and average bulk liquid temperature, K
surface superheat, K

liquid subcooling, K

inlet liquid subcooling, K

outlet liquid subcooling, K

flow velocity, m/s

volume, m®

voltage signal, V

voltage signal of flow velocity, V

voltage drop across standard resistance, V
voltage drop across the test heater, V

unbalance voltage of a double bridge circuit, V
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Vi voltage signal of inlet temperature, V
Vo voltage signal of outlet temperature, V
o thermal diffusivity, m%/s

S coefficient of volume expansion, 1/K
y aspect ratio

0 wall thickness, m

o surface tension, N/m

A thermal conductivity, W/(m-K)

U viscosity, N-s/m?

oy viscosity at tube wall temperature, N-s/m
p density, kg/m’

pi liquid density, kg/m’

Py vapor density, kg/m’

T exponential period, s

) kinematics viscosity of the fluid, m*/s
Subscripts

a average

c conduction

cal calculated

h hydraulic

in inlet

out outlet

L liquid

s surface
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1.1 Research Background

CHAPTER I

CHAPTER 1

Introduction

1.1.1 Basic concept of heat transfer in small channels

1.1.1.1 Flow channel classification

Compact heat

Boilers exchangers

Power :

: Electronics
condensers

cooling

: Refrigeration
: evaporators/
I : condensers

Large veins
and arteries

Aorta

25mm 2.5mm 250 ym

Henle’s

Tubules loop

25um 2.5um

Fig. 1.1 Range of channel diameters employed in various applications [1]

A flow channel serves for liquid flowing so that the heat transport process from the

wall surface to liquid is accomplished. Fig. 1.1 shows the ranges of channel dimensions

employed in various systems. A shift from larger diameters, on the order of 10-20 mm,

to smaller diameter channels occurs with the development of mini and micro technology.

1
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Since the dimensions of interest are in the range of a few tens or hundreds of

micrometers to several millimeters, they are assumed to be small channels for science

and engineering associated with processes at this scale.

A flow channel classification proposed by Mehendale et al. [2] classifies the

dimension from 1 to 100 um as microchannels, 100 pm to 1 mm as meso-channels, 1 to

6 mm as compact passages, and greater than 6 mm as conventional passages.

Table 1.1 Flow channel classification scheme

Conventional channels d>3 mm
Minichannels 3mm >d>200 um
Microchannels 200 pm > d >10 um
Transitional Microchannels 10 ym >d >1 pm
Transitional Nanochannels 1 um>d>0.1 ym
Nanochannels 0.1 um>d

Kandlikar and Grande [1] slightly modified the above classification method, and

proposed a more general scheme as shown in Table 1.1. This classification scheme is

generally adopted in literature.
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1.1.1.2 Small flow channel applications

Small flow channel cooling method has been widely used due to the capabilities to
transfer high heat flux in relatively small surface and volume. The heat removal
enhancement is achieved through increase of heat transfer coefficient and heat exchange
surface (for a certain volume) with the decrease of channel size accompanying with a
higher pressure drop. A balance between heat transfer enhancement and pressure drop
for different applications leads to different channel dimensions. Fig. 1.1 shows the main
applications with corresponding channel dimensions range, including electronics
cooling, compact heat exchangers, refrigeration evaporators and condensers and so on.

The details are described as follows.

a) Electronics cooling

The thermal load for electronic devices has risen significantly in the rescent years.
Dr.Moore predicted that the number of transistors on an intergrated circuit would
double every 18 months. The truth is that an exponential growth of number of
transistors in circuits has been developed following the Moore Law in the past decades.
This results in rapid increase of the internal resistance of the component as well as the
internal heat generation. The new challenge for the coming decade is on the order of

600-1000W/cm” [3]. So high heat flux dissapation in compact structures requires

3
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efficient cooling system. Single-phase and two-phase flow boiling heat tranfer inside
small channels is one of the efficient canditates of maintaining desired temperature
difference for these electronic devices. Fig 1.2 shows the schematic of cooling of
electronic components with small channel cooling method. The basic concept of
miniturization was first devolved by Tuckerman and Pease [4]. They demonstrated
cooling of 7.9 W/cm” with a maxium temperature increase of 71°C by reducing the
channel size into micro scale. The pressure drop was also as high as 200 kPa. This is the

main disadvantage of miniaturization.

heat generation
components

g g

cooIi;]g ﬂu1d

—

" finned passage

Fig. 1.2 Schematic of cooling of electronic components with small channel cooling
method [5]

Colgan et al. [6] at IBM published a practical implementation of a silicon
microchannel cooler as shown in Fig. 1.3 for high-power chips. They argued that it is

not practical to form the microchannels directly on the chip given the high cost of

4
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high-performance processor chips. Power densities in excess of 400 W/cm? are reported
for a flow of 1.2 I/min at pressure drop of 30 kPa. High pressure drop with decrease of

flow channel still limit the ongoing miniaturization in practice.

Manifold block

Outlet

Fig. 1.3 High-performance liquid cooling technology using microchannels

As compactness increases, the heat tranfer increases and the pressure drop also
increases. Higher heat tranfer coefficient comes at a cost of higher requirement of pump
power. Increasing the hydraulic diameter from micro to mini scale configuration,

sufficient heat tranfer coefficient can be achieved with a lower pressure drop.

b) Compact heat exchanger

Figure 1.4 shows a typical structure of compact heat exchanger. It has numerious
benefits such as greater heat transfer, smaller volume and weight, higher efficiency and
lower cost. Traditional compact heat exchangers have surface area densities greater than
700 m*m’[7]. However, with the development of nanotechnology and fuel-cell

technology, more compact and enhanced heat exchangers are being designed.

5
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Ultra-compact heat exchangers typically have surface area densities high up to 10,000
m%/m’ [7]. The high heat transfer areas per unit volume of these heat exchangers could
be achieved by construction techniques that result in large numbers of small channels in
the range of 0.1-1 mm [1]. The compact and ultra-compact heat exchangers have also
been widely used in aerospace, cryogenic, refrigeration and even nuclear industries.

For better design of those small channel applications, it is necessary to know the

heat transfer characteristics of the fluid flow in small channels as precisely as possible.

—qj

Fig. 1.4 Schematic of compact heat exchanger

1.1.1.3 Coolant used in the single-phase cooling in small flow channel

Small channel cooling is possible by various medium like liquid and gas. Water and

air are the most popular coolants used in the past years. Air has a limit about 100 W/cm?



CHAPTER I

because air has less heat capacity and lower density. Water is used for high heat flux
removal due to its high thermal conductivity, high convective heat transfer coefficient
and high heat capacity. However, it may damage the electronic devices when it leaks
out because of its electrical conductivity. In practice, dielectric coolant is preferred for
electronic devices. Flurinert liquid like FC-72 is selected as a coolant over other
dielectric fluids because of relatively high thermal conductivity, high latent heat of

vaporization and low viscosity.

Drder of Magnitude for Heat Tranafer Coatficients Dapending on Cooling Technalogy

| | u
FC |
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I |
1E+QD 1E+01 1E+02 1E+03 1E+0d 1E+05 1E+D6

Heat Transier Coaflicient [W/mK)

Fig. 1.5 Range of overall heat transfer coefficients for different fluids and

cooling modes

1.1.2 Fundamentals of boiling heat transfer
Boiling is the process of evaporation associated with vapor bubbles in liquid. The two

basic boiling types are pool boiling and flow boiling. The former is boiling on the
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heated surface submerged in a pool of liquid, while the latter occurs in a flowing stream

of liquid. Both of them are effective heat transfer methods to increasingly stringent

thermal management requirements in various areas because of the high performance due

to latent heat of vaporization. Flow boiling is considerably more complicated than pool

boiling, owing to the coupling between hydrodynamic and boiling heat transfer process.

Pool boiling is simpler experimentally than flow boiling but the results can be

incorporated in the descriptions of the more complicated regimes of flow boiling.

1.1.2.1 Nucleation and bubble formation

Nucleation that occurs at nucleation sites at a solid-liquid interface is called

heterogeneous nucleation. Nucleation without preferential nucleation sites is

homogeneous nucleation, which occurs spontaneously and randomly within the liquid.

pl “".‘_.
Liquid ~ I~y72
7 r/ \
P.
\ _/.
Vapor
Solid

Fig. 1.6 Nucleation from a cavity
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For the case of heterogeneous nucleation, most of the proposed theories assume that
nucleation is initiated in cavities in which a gas or vapor preexists. A simple model,
which is represented by a cavity in the surface with a spherically shaped bubble
emerging from it, is shown in Fig.1.6. The bubble will be in mechanical equilibrium
when the pressure difference between the inside and the outside of the bubble is
balanced by the forces of surface tension.

(P, —P)m* =2m*c (1.1)

From Equation (1.2), the following Young-Laplace equation can be obtained,

P, -F=2c/r* (1.2)

Where
P,=pressure in vapor
Py=pressure in liquid
o =surface tension of liquid
r*=critical radius of spherical bubble
The vapor superheat AT(=T,-Tsy) corresponding to AP(=P,-P)) is required to
maintain a bubble of radius, r* at equilibrium. The superheat for homogenous

nucleation is very large and is difficult to obtain in the presence of surfaces. The



CHAPTER I

heterogeneous nucleation requires less superheat and is in addition a function of the

angle of contact between the vapor and solid. The contact angle is related to the surface

tension of the liquid. This contact angle is affected by wettability of the surface, shape

of the surfaces, local temperature gradients, etc. The extent of how a surface can

catalyze or facilitate the nucleation depends on the contact angle. The smaller the angle

(or the stronger the wetting of the surface), the lower the free energy change, and the

lower the nucleation barrier will be.

With sufficient high superheat, the bubble emerges from the cavity and starts to grow

on the flat surface outside the cavity, the bubble will grow and detach from the surface

as the buoyant force exceeds the surface tension force if the liquid is at or above the

saturation temperature. There the bubbles collapse because the temperature of bulk fluid

is not as high as at the heat transfer surface, where the bubbles were created. In the

condition of high subcooling, the bubble will collapse without leaving the heated

surface, or it will detach and immediately collapse into the subcooled liquid.

10
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1.1.2.2 Typical pool boiling curve

Gmax

Log g

min

Subcooled Boiling ----
Saturated Boiling ——

Log ( Tw Tsar)

Fig. 1.7 Pool boiling heat transfer curve

The typical boiling curve for heat flux against surface superheat is plotted in Fig. 1.7.

This curve can be divided into four regions based on the vapor behaviors, namely

natural convection, nucleate boiling, transition boiling and film boiling.

Region I: Single-phase natural convection (a-b). AT is so small that the fluid motion

and heat transfer is dominated by single-phase natural convection. With the increase of

superheat, bubble inception or the onset of nucleate boiling at point b will occur.

Region II: Nucleate boiling (b-c). AT is large enough that the nucleation of vapor

bubbles occurs at the heating surface. As the superheat continuously increases, the

number of nucleation sites increases. As a result, vapor patches and columns are formed

close to the surface. After that, the vapor generation rate is so high that the surface is

11
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blanketed with an unstable vapor film. Meantime the maximum heat flux, gmq, is

reached at point c. The maximum heat flux is also termed as critical heat flux (CHF).

Region III: Transition boiling (c-d). In this region, a part of the heated surface

undergoes film boiling while other parts are under nucleate boiling. It is characterized

by the existence of an unstable vapor blanket over the heating surface that releases large

patches of vapor at more or less regular intervals.

Region IV: Film boiling (d-e). Film boiling is characterized by a layer of vapor film

which continuously covers the heat surface when the heat flux reaches the minimum

heat flux, g, or the Leidenfrost point, at point d. The heat transfer occurs by

conduction through the vapor film instead of a liquid film. The vapor film is such stable

that the temperature increases, radiation becomes significant and thus increases the heat

transfer rate with the increasing of superheat.

1.1.2.3 Pool boiling CHF

The pool boiling CHF can be easily described as the change of the heat transfer

regime from nucleate boiling to film boiling. Two models from Zuber and Sakurai are

well accepted for explanation of pool boiling CHF mechanism.

a) Hydrodynamic instability (HI)

12
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Zuber's hydrodynamic instability model [8] has been considered as the most likely

mechanism. He suggested that the number of the nucleation sites is so large and the

vapor generation rate is so high that the area between the bubble columns for liquid

flow to the heating surface is reduced under high heat flux. The relative velocity is then

so large that the liquid-vapor interface becomes unstable, essentially starving the surface

of the liquid and causing the formation of a vapor blanket.

b) Heterogeneous spontaneous nucleation (HSN)

The critical heat fluxes (CHFs) occur from the levitation of liquid on cylinder surface

at transition to film boiling not only from transient heat conduction process but also

from steadily natural convection. The phenomena were observed by Sakurai et al.[9] for

the pool boiling heat transfer due to exponentially increasing heat inputs, Qexp(t/t), in

liquid nitrogen. It was suggested that the CHFs occur due the explosive-like HSN in

initially flooded cavities on cylinder surface for inducing the incipient boiling process.

These CHFs become lower than those estimated from the CHF correlation based on the

HI model.

13
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1.1.2.4 Flow boiling regime

Wall
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Fig. 1.8 Saturated and subcooled flow boiling regime

As shown in Fig. 1.8, the saturated flow boiling regimes include single-phase liquid,

bubbly flow, slug flow, annular flow and mist flow. However, high subcooled flow

boiling is usually employed for higher heat flux. The generated bubbles would condense

in contact with subcooled liquid and the bubbles are usually very small.

1.2 Literature Review

A literatures review summarizes the previous analytical and experimental studies on

pool boiling, single-phase heat transfer and two-phase flow boiling in small diameter.

The details will be stated separately as follows.

14
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1.2.1 Pool boiling heat transfer

Extensive studies on the pool boiling heat transfer in non-wetting and wetting liquids

under wide ranges of pressures and subcoolings due to exponentially increasing heat

inputs, Qoexp(t/t), were reported by Sakurai and his associates [9, 10], Fukuda et al [11,

12], Park [13] and Sutopo [14]. The wide investigations on water and other wetting

liquids such as ethanol, liquid nitrogen, and liquid helium have been performed for a

wide range of exponential periods, pressures and liquid subcoolings, effect of surface

condition on CHF, and the photographic observation on vapor and bubble behavior at

transitions to film boiling. The exponential periods represent increasing rate of heat

inputs and surface superheats. They observed three kinds of transition of boiling heat

transfer process are the transition from the non-boiling regime to film boiling or direct

transition (type 1), the transition from non-boiling to fully developed nucleate boiling

(FDNB) (type 2), and the transition from non-boiling regime to film boiling with

increasing heat flux or semi-direct transition (type 3). The direct transitions at incipient

boiling surface superheat in the liquids were well explained by the assumption that the

incipient boiling occurs due to the explosive boiling, named the explosive-like

heterogeneous spontaneous nucleation (HSN) in originally flooded cavities at the HSN

surface superheat. They also found that the CHF can be were classified clearly into the

15
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first, second, and third groups for long, short, and intermediate periods, respectively.

1.2.2 Single-phase heat transfer
1.2.2.1 Steady state forced convection heat transfer

Table 1.2 summarizes the small channel heat transfer studies by different researchers

with a comparison with conventional theory. The results show clear deviations of heat

transfer prediction compared with conventional theory. More studies summarized in

Table 1.2 indicate an under-prediction of the measured Nusselt numbers by

conventional correlations. These studies are reviewed in detail as follows.

Several investigators claimed higher Nu, values than those predicted by correlations

based on conventional theory. Wu and Little [15] tested the heat transfer characteristics

of N, flowing through microchannel heat exchangers. It was found average Nusselt

numbers higher than those predicted by the conventional correlations for fully

developed laminar flows and for fully developed turbulent flows. The authors reported

that the very large relative roughness of the microchannels could improve heat transfer

coefficients. Choi et al. [18] presented experimental data on the Nusselt numbers for

Reynolds numbers ranging between 50 and 20,000. They found that the Nusselt number

was larger than the prediction of the Colburn analogy. They also found that the Nusselt

number in both laminar and turbulent flow depends on Reynold number in a different

16
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Table 1.2 Summarize of studies on heat transfer in small channels

Reference Nusselt Dp(pum) Cross section Test fluid
number
Wu and Little Higher 55.8-72.4 Trap. Ny
[15]
Choi et al. Higher 3-81 Circ. N,
[16]
Yu et al. Higher 19-102 Circ. Water, N,
[17]
Peng and Wang Lower 646 Rect. Water
[18]
Peng and Lower 311-747 Rect. Water,
Peterson [19] methanol
Acosta et al. Agree 36-990 Rect. He
[20]
Harms et al. Agree 404 Rect. Water
[21]
Adams et al. Higher 102-1090 Circ. Water
[22]
Adams et al. Agree >1200 Circ. Water
[23]
Tso and Lower 717-741 Circ. Water
Mahulikar [24]
Debray et al. Lower 590-2218 Rect. Water
[25]
Kandlikar et al. Higher 620-1067 Circ. Water
[26]
Qu and Agree 349 Rect. water
Mudawar [27]

17
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manner compared with conventional theory. Yu et al. [17] investigated particularly the

heat transfer of nitrogen gas and water in micro tubes in the turbulent regime. The

Nusselt number values in turbulent regime were considerably larger than those

predicted by means of the conventional theory. Adams et al. [22] studied single-phase

heat transfer in circular tubes with diameters of 0.76 and 1.09 mm with water. They

reported that Nusselt numbers were usually higher than those predicted by conventional

heat transfer correlations. They observed that the deviation increased as the channel

diameter decreased and Reynolds numbers increased. Kandlikar et al. [26] and Lee [28]

also have found the Nusselt number higher than predicted by correlations based on

conventional theory.

On the other hand, some researchers have found the Nusselt number smaller than that

measured for convectional sized channels. Peng and Wang [16] investigated

single-phase convective heat transfer of water and methanol for fully developed

turbulent flow in rectangular channels with hydraulic diameter of 646 um. It was found

that the measured Nusselt number was lower than the predicted value. Debray et al. [25]

experimentally studied the convective heat transfer coefficient in a rectangular channel

with hydraulic diameter of 590-2218 um for water. They found the Nusselt numbers are

lower than those predicted by the conventional Colburn correlation for turbulent flow.

18
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The authors attributed the observed deviations to the lack of the wall heat flux

uniformity at the walls of microchannel.

There have also been many other reports in which conventional correlations are able

to predict single-phase heat transfer coefficients in small sized channels. Adams et al.

[23] conducted experimental tests on turbulent convective heat transfer through

non-circular microchannels with a hydraulic diameter of 1.13 mm. The results show that

their experimental Nusselt numbers were well predicted by Gnielinski’s correlation;

They concluded that the hydraulic diameter of 1.2 mm can be assumed as reasonable

lower limit for conventional correlations for the Nusselt number. Owahib and Palm [29]

performed experiments on the single-phase forced convection through small sized

channels. Their experimental results in the turbulent region were in very good

agreement with the conventional correlations. Agostini et al. [30] investigated the heat

transfer coefficient in circular and rectangular mini-channels with hydraulic diameters

of 0.77 to 2.01 mm. They found their experimental results in the turbulent regime

coincided with the Gnielinski correlation. Acosta et al. [20] and Harms et al. [21] also

reported that the conventional correlations hold for small flow channels.

The possible reasons for deviations of heat transfer prediction in small channels

compared with conventional theory includes experimental conditions and errors [31],
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roughness effect [32], variation of physical properties [33], electrical double layer [34]

and so on.

1.2.2.2 Transient forced convection heat transfer

An in-depth knowledge of transient forced convection heat transfer has become

important for the precise thermal management of high-performance electrical machines,

nuclear reactors and renewable energy applications like thermal solar panels [35-38].

The dynamic processes such as start-up, shut-down, power surge, and pump failure may

cause thermal transients, leading to high temperature gradients and severe thermal stress.

The unsteady nature of thermal load imposes a challenge in maintaining the efficiency

and reliability of the applications mentioned above. Therefore, a better understanding of

the transient forced convection heat transfer process for time dependent heat generation

1s deemed necessary for safety assessment and optimal design of the thermal

components involved in the dynamic process.

A great many experimental, analytical and numerical studies have focused on the

transient laminar forced convection heat transfer. Sparrow and Siegel [39] conducted an

analysis of transient laminar convection in the thermal entrance region of circular tubes.

They determined thermal responses to unit step changes in the wall heat flux or in the

temperature. Siegel [40] analyzed transient laminar forced convection in a parallel plate
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channel. The results demonstrated that the slug assumption did reveal the essential
physical behavior of the systems considered, although the numerical results were
somewhat in error. Fakoor-Pakdaman et al. [41, 42] analytically and experimentally
studied the transient laminar forced convection heat transfer inside a circular tube under
time-dependent heat flux. They expressed the transient Nusselt number as a function of
dimensionless space and time. The dimensionless time was defined as Fo=at/r;*, where
Fo, a, t, r; are the Fourier number, thermal diffusivity, elapsed time and tube inner
radius, respectively. Semi-analytical relationships were developed on the basis of
experimental data and analytical methodology to predict the transient thermal response.
Although there are some analytical and experimental studies on transient turbulent
heat transfer, only a few are focused on the transient process caused by an exponentially
increasing heat generation rate, Q (=Qexp(#/7), where, Qy is initial heat generation rate,
t is time, and 7 is the exponential period of heat generation rate). Kaka¢ [43]
numerically analyzed transient heat transfer for turbulent flow between two parallel
plates for dynamic wall flux or wall temperature. The variation of the Nusselt number
was presented in terms of non-dimensional space and time. The dimensionless time was
defined as Fo=oat/(D;/2), where D, was the hydraulic diameter of the parallel-plate

channel. Kawamura [44] examined the variation of heat transfer coefficient in a steady
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turbulent flow through a circular tube heated stepwise with time. A numerical analysis

was also conducted for the same size channel and the results of which agreed with

experimental data well. Soliman and Johnson [45] analytically and experimentally

studied the transient mean wall temperature change of a flat plate heated by an

exponential heat source. Their solutions were 50% higher than the experimental data.

Kataoka et al. [46] investigated the transient phenomenon due to exponentially

increasing heat inputs with water flowing over a platinum wire inserted in a round tube.

They derived the transient Nusselt number correlation by introducing one

non-dimensional parameter, tu/L (Where 7, u and L represent period, velocity and heater

length, respectively). Liu et al. [47-48] conducted transient experiments for parallel flow

of helium gas over horizontal cylinders, flat plates and twisted plates at various

exponential periods of heat generation rates. Transient heat transfer correlations were

obtained for various heater configurations. Hata et al. [49] experimentally studied the

transient turbulent heat transfer coefficients for water flow in tubes with relatively large

inner diameters. An empirical correlation for describing the transient turbulent heat

transfer was developed in terms of a non-dimensional exponential period. Although the

correlation could represent the experimental data well, the non-dimensional exponential

parameter seems to be meaningless for single-phase heat transfer.
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1.2.3 Two-phase flow boiling heat transfer

Two-phase boiling heat transfer process and its CHF are complex phenomena

because they involve wide variables such as: mass flow rate, mass dryness fraction,

liquid density, gas density, liquid viscosity, gas viscosity, surface tension, surface

roughness, and pipe inclination. Many experimental studies have been conducted on this

topic and several correlations and physical models have been developed to explain the

phenomena. High CHF could be obtained by using small diameter tube with short

heated length. Extensively studied have been conducted for flow boiling in conventional

large geometries. There is limited data available for flow boiling CHF in small channels

[50-51].

The earlier study on subcooled flow boiling in small sized channels was performed

by Peng et al. [52]. They reported that nucleation in small channels requires larger

superheats. Bubble generation and growth was said to require a minimum amount of

space, the evaporating space. Hapke et al. [53] studied the onset of nucleate boiling in a

vertical pipe with an inner diameter of 1.5 mm. They figured out that the superheat

necessary to initiate boiling to be essentially higher than that of larger tubes for the

same values of heat and mass flux. Larger heat fluxes lead to an increase in the wall

superheat at the onset of nucleate boiling (ONB).
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There are still inconsistencies in the experimental CHF results in small sized channels.

The discrepancy is large on the influence on CHF of inlet subcooling, pressure, and

inner diameter [50-51].

1.3 Research Motivations

Detailed literature review on pool boiling and single-phase and two-phase flow

boiling heat transfer is presented in section 1.2. It indicates that several fundamental

issues for pool boiling and heat transfer in small channels still exist.

1.3.1 Pool boiling heat transfer issue

The pool boiling phenomena have been extensively studied for atmospheric pressure

and higher ones. Nevertheless, there are only a few experimental works which are

focused on the transient pool boiling under sub-atmospheric pressures. The generalized

mechanism for the pool boiling phenomenon under sub-atmospheric pressures still

needs to be clarified.

1.3.2 Single-phase heat transfer issue
1.3.2.1 Steady state turbulent heat transfer issue

1) There is still disagreement among the researchers about if the conventional
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empirical constants and correlations are available for small diameter channels.

2) The channel diameter at which departure from single phase conventional theory

occurs is still not clear.

3) Some publications reported different dependence of Nusselt number on Reynold

number in the fully developed turbulent regime.

4) Important parameters that might result in a deviation from the conventional theory

should be confirmed.

Carefully designed and systematic experimental investigation is still necessary

before final conclusions can be drawn.

1.3.2.2 Transient turbulent heat transfer issue

1) Many experimental studies of transient forced convection heat transfer were

conducted with water or gas. There has been a lack of systematic experimental data on

FC-72 flowing in tubes. FC-72 is ideal coolant for small channel cooling due to its low

viscosity and low surface tension.

2) The transient phenomenon caused by exponentially increasing heat generation was

investigated by few researchers and it is still not clarified. The effect of the period of

heat generation rate on the transient heat transfer still need to be clarified.

3) For small channel heat transfer, the channel dimensions may play a role in
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transient heat transfer process.

1.3.3 Flow boiling heat transfer issue

The most important issue in flow boiling is the flow boiling CHF mechanism.
Although many CHF models have been proposed, they are valid under certain
conditions. The HSN model proposed by Sakurai [10] for pool boiling is expected to

explain the flow boiling CHF caused by exponentially increasing heat inputs.

1.4 Research Objectives

As discussed above, some of the heat transfer process is still unclear and need more
research. Although the ultimate research objective is to study the flow boiling heat
transfer and CHF in small diameter tubes, the study on pool boiling and single-phase
heat transfer is also necessary. The knowledge of pool boiling and single-phase heat
transfer could contribute to the understanding the flow boiling heat transfer process. As
a result, the objectives of the current study include:

1) To design an experimental system elaborately to ensure the uncertainties in
measurements at small channel dimension including geometrical dimensions and

operating parameters to be minimized.
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2) To obtain experimental data at various experimental conditions (velocities, inlet

liquid temperatures, test tube geometries .etc).

3) To study the effect of flow parameters and tube geometries on the heat transfer

process.

4) To evaluate and correlate the experimental data. Then discuss the physical

mechanism for single-phase and flow boiling heat transfer in vertical small diameter

tubes.

1.5 Outline of Current Thesis

The current thesis is organized as follows.

In Chapter 1, section 1.1 introduces the research background including the basic

knowledge on boiling heat transfer. Section 1.2 presents a literature review on pool

boiling and single-phase and flow boiling heat transfer. Section 1.3 and section 1.4

propose the research motivations and objectives based on the literature review in section

1.2. Finally the outline of the thesis is presented in section 1.5.

Chapter 2 presents a detailed description for the experimental apparatus, the test

section, the test fluid, the data measurement, data reduction as well as uncertainty

analysis. The apparatus for pool boiling tests and single-phase and two-phase flow
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boiling experiments are introduced separately.

Chapter 3 presents and discusses the pool boiling heat transfer results. Section 3.1

introduces the experimental conditions. Section 3.2 describes the time dependence of

pool boiling characteristics. The heat transfer coefficients in non-boiling region are

discussed in section 3.3. Section 3.4 and 3.5 describe the steady state and transient pool

boiling curve and the vapor behaviors. Finally the experimental results on steady state

and transient pool boiling CHF are presented in section 3.6 and 3.7.

In chapter 4, the steady state and transient turbulent heat transfer results are presented

in section 4.1 and section 4.2 separately. Firstly introduce the experimental conditions.

Then describe the characteristics of heat input. The effects of flow parameters and tube

geometries are discussed. Finally the steady state and transient turbulent heat transfer

correlations are presented.

Chapter 5 presents the subcooled flow boiling heat transfer results. This chapter is

organized as follows. Section 5.1 introduces the experimental conditions. Section 5.2

presents the heat transfer coefficient in non-boiling region. The time-dependency of

boiling characteristics are described in section 5.3. Two kinds of transition from

non-boiling region to film boiling are described in section 5.4. Section 5.5 presents the

effect of velocity and subcooling on CHF. Section 5.6 discusses the transient CHF for
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various periods.

Chapter 6 gives the conclusions on pool boiling heat transfer and single-phase and

subcooled flow boiling heat transfer in vertical small diameter tubes.
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CHAPTER 2

Experimental Apparatus and Methods

A set of experimental apparatus was developed by Sakurai and Shiotsu [1] to
investigate the steady and transient pool boiling phenomena under one atmosphere and
sub-atmospheric pressures. It consists of test section assembly, measurement
instruments, data acquisition and heat input control system and so on. To investigate
single-phase and two-phase flow boiling heat transfer characteristics in small diameter
tubes, this experimental apparatus was modified to be capable of testing a wide range of
parameters such as tube inner diameter, heated length, flow rate, inlet liquid temperature
as well as exponential period of exponentially increasing heat input. The measuring
instruments were carefully calibrated and associated experimental uncertainties were
thoroughly analyzed. Hence, the present facility can be utilized to provide important
data necessary to understand single-phase and two-phase flow boiling heat transfer
characteristics in small diameter tubes.

This chapter describes the experimental apparatus and method for pool boiling tests

and single-phase and two-phase flow boiling experiments respectively.
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2.1 Pool Boiling Experiments

The experimental apparatus for pool boiling at one atmosphere and sub-atmospheric
pressures is presented in this section. Meanwhile, the methods for control of
experimental conditions and data reduction are also described.

2.1.1 Pool boiling apparatus

® |ooo
O |
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16bit D/A
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@
@D Boiling vessel (@ Sheathed Heater @ Digital voltmeter
@ Auxiliary vessel Current conductor Sight port
(@ Test Heater @ Potential conductor @5 Heating system
@ Pressurizer Pressure relief valve Amplifier
® High  speed video @D Pressure gauge @ A/D converter
camera @ Temperature controller Personal computer
® Vacuum pump D/A converter

Fig. 2.1 Schematic diagram of pool boiling apparatus
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The experimental apparatus used to measure the steady and transient pool boiling

phenomena is shown schematically in Fig. 2.1. Its details are also presented in the

previous works [2, 3]. It mainly consists of a boiling vessel, a pressurizer, a feed water

system, a heat input control and data reduction system. The boiling vessel with two

sight ports is a cylindrical stainless steel pressure vessel of 20-cm inner diameter and

60-cm in height capable of withstanding pressure up to 5 MPa. The boiling vessel is

connected with a liquid feed tank through pipe and valves. Two current conductors and

two potential conductors are mounted at the upper side of the vessel and pass through

the cylinder cover to support the test heater horizontally in the center of boiling vessel.

The current conductors also pass direct current to heat the test heater. The vessel is

equipped with a pressure transducer for measuring the system pressure. And a sheathed

I-mm diameter K-type thermocouple is placed near the test heater to measure the bulk

liquid temperature. The liquid temperature in the boiling vessel is adjusted by a

sheathed heater installed at downside of the vessel and the cooling water running

through cylinder wall. The vessel is kept warm by micro heaters and thermal isolation

with lagging materials. To achieve subcooling conditions, the pressurizer is used to keep

a proper pressure corresponding to desired saturation temperature. A high speed video

camera (1000FPS) is used to observe and record the bubble behaviors.
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2.1.2 Test section

A platinum horizontal cylinder of 1.0 mm in diameter and 90 mm in length was used
as the test heater to measure steady state and transient pool boiling phenomena as
shown in Fig. 2.2. Two 50-um diameter platinum wires were spot-welded as potential
taps at around 20 mm from each end of the cylinder heater. The effective length of the
heater between the two potential taps was 49.8 mm. The test heater was annealed to
maintain the material at even properties. Its electrical resistance-temperature relation
was measured in water baths with a precision double bridge circuit. The result is
expressed by Eq. (2.1). The measuring accuracy was estimated to be within 0.5 K. The
test section is a Commercial Surface (CS) without any treatment or finish on the surface.
However, to minimize possible dirt or solid carbons, they were cleaned with ethanol

before mounted into the cylinder vessel.

R=R,(1+aTl + fT?) (2.1)
Where o and f are the resistance temperature coefficients. For the cylinder used in

this study, a and /8 are determined as 0=3.974603 X 10~ and p=-0.5880 X 10°.
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Fig. 2.2 Test Heater

2.1.3 Test fluid- water

Water has been used as one of the most popular coolants due to its advantages of high

thermal conductivity, high heat capacity, low cost and so on. Water cooling has also

several disadvantages like causing scale, corrosion and contamination. The properties of

water are listed in Table 2.1 in comparison with FC-72. Pure water is adopted as the test

fluid in the pool boiling experiments for comparison with previous research work with

water, thus verifying the validation of experimental apparatus and methods.
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Table 2.1 Properties of water and FC-72

Properties FC-72 Water
Boiling point (latm) [°C] 56 100
Liquid specific heat [kJ/(kg-K)] 1.1 4.19
Liquid density [kg/m’] 1680 997
Latent heat of vaporization  [J/g] 88 2257
Liquid thermal conductivity [W/(m-K)] 0.057 0.61
Surface tension [10°N/m] 10 72
Kinematic viscosity [10°m?*/s] 0.38 0.8926
Dynamic viscosity [centipoise] 0.64 0.89
Critical temperature [K] 176 374
Critical pressure [MPa] 1.83 22
Ozone depletion potential 0 0
Electrical resistivity [ohm-cm] 1.0x 10" 1.82x 10’

Note: All values determined at 25°C unless otherwise specified.
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2.1.4 Experimental methods
2.1.4.1 Heat input and data acquisition system

The heat input control system is designed to supply exponentially increasing heat

input, Qpexp(t/7), to test section. Meanwhile, it also prevents real burnout of test section

by means of interlock. The data acquisition system could take the voltage signals and

send them to digital computer for further process.

The heat input and data acquisition system for pool boiling tests is essentially the

same with that for single-phase and two-phase flow boiling experiments. Details are

described in section 2.2.4.1.

2.1.4.2 Data reduction

The instantaneous average temperature of the test heater, 7;,, was obtained by using

double bridge circuit with aid of calibrated temperature resistance relation. The heat

generation rate, (J, was calculated with the current measured with standard resistance

and the voltage difference between two potential taps on the test heater.

The heat flux, ¢, is then obtained from the following heat balance equation for a

given heat generation rate, QO:

1 1 dT
=—0d—— d—=2 2.2
q 4Q 4chph Jt (2.2)

where, py, cp, d, T,, and t are density (kg/m3), specific heat (kJ/(kg-K)), diameter
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of cylinder (m), the average temperature of the test heater (K) and time (s), respectively.

The instantaneous surface temperature, 7; was obtained by solving the conduction

equation Eq. (2.3) using a digital computer for a given heat generation rate with given

surface heat flux as boundary conditions:

2
ar_ [oT 1or), 0 @3)
ot o’r ror) pc

where, a is thermal conductivity, W/(m-K). The boundary conditions are expressed as

follows :
oT oT
5 =0 —25 r =4 (2.4)

where, / is thermal diffusivity, m?/s.
The experimental error was estimated to be about 1 K in the heater surface

temperature and +2% in the heat flux.

2.1.4.3 Experimental procedure

Firstly, a boiling process for degassing of the liquid used in the experiment was
performed at least for 30 minutes. Then, the liquid was fully filled in the boiling vessel
with the free surface only in the pressurizer and liquid feed tank. Liquid temperatures
and pressures in the boiling vessel and in the pressurizer were separately controlled to

realize the desired saturated and subcooled conditions. The pressurizer is vacuumed to
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achieve desired sub-atmospheric pressures. With the heat input exponentially increasing,
the average heater surface temperature and heat flux were measured. A high-speed video
camera system was used to observe the pool boiling phenomena and to confirm the start
of boiling on the test heater surface. A video timer started simultaneously with the
starting of measurement, and then the pool boiling phenomenon was recorded with the

passage of time.

2.2 Single-phase and Two-phase Flow Boiling Experiments

This section begins with a description of the experimental apparatus, with special
attention given to the measurement equipment and test sections. Then the working
principle of the heat input and data acquisition system is explained. The calculation of
the heat flux, the average temperature of test tube and the tube inner surface temperature
are discussed next. A description of the experimental errors and uncertainties is also

addressed. Finally the details of the experimental procedures are described.

2.2.1 Single-phase and two-phase flow boiling apparatus
The important components of the experimental apparatus used in the study of

single-phase and two-phase flow boiling heat transfer are described. The measurement
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of flow velocity, pressure and liquid temperature is also discussed.

2.2.1.1 Schematic diagram of experimental apparatus

The experimental apparatus used in study of single-phase and two phase flow boiling

is schematically illustrated in Fig. 2.3. It is mainly composed of three primary

subsystems: a flow loop section, a heat input control system and a data acquisition

system. The flow loop was connected with 6.35-mm-diameter stainless steel tubes and

Swagelok fittings, which could withstand system pressure up to 1 MPa. The liquid was

circulated by a canned type non-seal pump through a previously evacuated loop shown

with arrows. Upstream of the non-seal pump is a 440 um filter which is used to prevent

flow block from small particles. The flow rate was measured with a precision vortex

flow meter which is located upstream of the test section. Fine adjustment of flow rate

was accomplished by regulating the frequency of a three-phase alternating power source

to the circulation pump with an inverter. The inlet temperature of the test section was

maintained by adjusting the heat input to a preheater and cooling capacity of a cooler.
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Fig. 2.3 Schematic diagram of single-phase and two-phase flow apparatus
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The system pressure was established by saturated vapor in pressurizer and could be

maintained within +1 kPa of a desired value by utilizing the heater controller of the

pressurizer. The test section was held in a vacuum tank so that the heat loss from test

section to the surroundings could be minimized during adiabatic experiments. Two

l-mm-diameter K-type thermocouples were arranged at the inlet and outlet of the test

tube to measure the inlet and outlet liquid temperatures. The inlet and outlet pressures

were measured by two high quality strain gauge transducers (Kyowa PG-A), located at

positions 40 mm upstream and 40 mm downstream from the tube inlet and outlet points.

The pressure transducer has a rated capacity of 2MPa and a measurement accuracy of

+0.02%. The detailed measurement locations are shown in Fig. 2.6.

2.2.1.2 Non-seal pump

A canned type non-seal pump (Nikkiso HT21A) was used to circulate the liquid

through the loop. The non-seal pump was employed because the Fluorinert liquid,

FC-72, has very low surface tension and viscosity. Considering the very low contact

angle on most surfaces, FC-72 will leak very easily through the smallest of passages.

Seals which hold back water at 10+ atmospheres may leak generously with a

fluorochemical fluid. Canned type pump is preferable because it is much less apt to leak.

The pump used in this experiment could withstand high temperature up to 80°C and
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high pressure up to 2 MPa. The pump was cooled by the flow water around the pump

chamber during operation. It also has a high head of delivery up to 20 m to

accommodate the high pressure loss caused by small diameter flow channels.

2.2.1.3 Flow meter

A precise measurement of flow rate is necessary in this experiment. Gear flow meter

and turbine flow meter cannot measure a low flow rate for FC-72 due to very low

viscosity and surface tension of FC-72. Magnetic flow meter is also excluded because

of dielectric characteristic of FC-72. Coriolis mass flow meter is not proper either

because it would cause a relatively high pressure loss. A precision vortex type

flowmeter (Kofloc FM01) was selected to measure the flow rate. Straight pipes with the

same inner diameter of flow meter located upstream and downstream of the flow meter

are required to avoid disturbance into the flow. Therefore, the straight length of 33 pipe

diameters prior to the flow meter and a straight length of 10 pipe diameters at

downstream of the flow meter were adapted. Meanwhile, those straight pipes were fixed

to the pedestal to avoid vibration of flow meter. The volumetric flow meter has a range

of 0.5-4 L/min and measurement accuracy of £3%.

The mass flow rate is a constant through the complete loop. A temperature sensor just

upstream from the flowmeter provided a means to determine fluid density and,
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subsequently, the mass flow rate of the fluid. Then the inlet flow velocity can be
calculated with Eq. (2.5).

40' p, (2.5)

- zp,d’

where, py is the density at the flow meter, kg/m3, pin 18 the density at the entrance of
test tube, kg/m’, O is the volumetric flow rate measured by vortex flow meter.

Table 2.2 shows the comparison of actual inlet velocity and velocity measured with
vortex flow. The velocity differences caused by different densities at the flow meter
position and inlet of test tube due to different temperatures (actual differences are less
than 3°C) are less than 0.8% and can be negligible for liquid temperature of 20-70°C
and flow rate range less than 2.7 L/min. Therefore, the velocity measured directly by the
vortex flowmeter was adopted as flow velocity in this experiment.

The relation between voltage signal and flow rate for the vortex flow meter was
calibrated and the result is shown in Fig. 2.4. The variation of voltage against flow rate
shows a perfect linear relation in the range of 0.3 - 2.7 L/min (the desired flow rate

range in this experiment). It is expressed as follows:
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V'=(0.79112+0.8070")x10™ (2.6)
where, V" is the voltage signal, V, and Q is the flow rate, L/min.
The corresponding voltage signal would be amplified and sent to computer for

calculating flow velocity during the experiments.

3 ! ! ! ! —

——— V'=0.79112 + 0.80664Q' R= 1

sbo S

Vi)

7 S N M —

s
0 0.5 1 1.5 2.5 3

Q' (L/min)

[

Fig. 2.4 The relation of voltage signal and flow rate for the vortex flow meter

2.2.1.4 Inverter and filter

An inverter (Hitachi, WJ200) was set to regulate the frequency of a three-phase

alternating power source to the circulation pump, thereby providing a means for fine
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adjustment of flow velocity. The inverter could operate from frequency of 0.5 Hz, which

makes a low flow rate condition possible.

However, the inverter caused some noises including conductive noise, inductive noise

and radiated noise. There noises would interfere with other sensitive electronic loads,

especially the Wheatstone bridge and Kelvin double bridge circuit. Proper grounding

was performed to reduce the impact from the noises. In addition, Hitachi NF-L20 filter

and ACF-C25 filter were installed at the input and output sides of inverter to minimize

noises.

2.2.1.5 Preheater and cooler

The preheater is a liquid vessel with a sheathed heater installed in the lower portion.

The vessel was thermally isolated with lagging materials. The liquid temperature in the

preheater was adjusted by a PID controller.

The cooler is a double-pipe heat exchanger with counter flow of coolant. The coolant

was circulated through a TRL N135 type low temperature cryostat with cooling capacity

up to -40°C.

2.2.1.6 Pressurizer

The pressurizer can be activated as follows. Firstly fill liquid in the pressurizer

completely. Engage the heater in the lower portion to heat the liquid to the desired
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temperature. Then partially drain the liquid and vapor mixture to create a vapor void at

the top of the vessel. A liquid level indicator was equipped to determine the liquid level

in pressurizer. Liquid temperature determined the pressure developed in the vapor space.

The pressure could be adjusted and maintained within =1 kPa of a desired value.

2.2.1.7 Vacuum pump

A diaphragm vacuum pump (Ulvac, DA-120S) was used to vacuum the flow loop. At

the beginning of the experiment, the FC-72 in the storage tank was heated over

saturation temperature to establish a high pressure. Meanwhile, the flow loop was

evacuated with the pump to -80 kPa. Then the liquid was forced into the loop by the

pressure difference between the liquid storage tank and flow loop.

2.2.1.8 Thermocouple

Twol-mm-diameter K-type (NiCr-Al) thermocouples were connected with the test

section through standard compression fittings. The type K was selected because it’s

inexpensive, accurate, reliable, and has a wide temperature range. Before installation,

the exact voltage-temperature relation of each thermocouple was calibrated by placing

the thermocouple probe in a temperature controlled water bath for better measurement

accuracy. A motor fan was used to ensure the bath temperature to be uniform. The bath
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temperature was measured by using a precision temperature instrument with a PT 100

sensor (Testo 735-2). It has a measurement accuracy of +0.05°C. The measured data

within 20-100°C was calibrated together with the JIS reference data of 100-200°C. One

of the calibration results is shown in Fig. 2.5.

10 ! ! ! !

V' (mv)

0 50 100 150 200 250
T (deg(C)

Fig. 2.5 Calibration result of the thermocouple for measuring outlet temperature

The calibration results for thermocouples used to measure inlet and outlet liquid

temperature are expressed as Eq. (2.7) and Eq. (2.8), respectively. The computer read
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the voltage signals to record corresponding temperatures.
V'=-0.0859%x107 (1—0.486T +2.5285x10°T) (2.7)
V'=-0.0792x107(1-0.527T +3.2745x10°T) (2.8)

where, V7 is the voltage signal, V, and T is the temperature, °C.

2.2.2 Test Section
This section describes the structure and dimension of the test section used in
single-phase and two-phase flow boiling experiments. The calibration of test section is

also introduced. The entrance effect is discussed for the relatively short test tubes.

2.2.2.1 Structure and dimension of test section

The structure and dimensions of the test section assembly are shown in Fig. 2.6. The
test heaters used in this study were circular tubes made of SUS304. The physical
properties of SUS304 are listed in Table 2.2. The test tubes have inner diameters, d, of 1,
1.8 and 2.8 mm, wall thickness, o, of 0.5 mm, heated lengths, L, around 30, 40 and 50
mm, and a commercial finish inner surface condition as tabulated in Table 2.4.

The heated length of the test section is the vertical length between the electrode
connections. It was measured using Vernier caliper with accuracy of £0.0lmm. The

inner diameter of the investigated tubes, d, was calculated through measuring the outer
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diameter, d, (m), length, L (m), and mass, m (kg) of each tube. The length and outer
diameter were measured using a Vernier Caliper with an uncertainty of = 0.0lmm while
the mass was measured using an electronic analytical scale (Shimadzu Libror
Aeg-320g) with error less than 0.1 mg. The inner diameter was calculated as follows:

2 _4_m (2.9)
o ﬁdl

d=_|d

The commercial SUS304 tube has a maximum division of 0.5% for d = 2.8 mm, 2.5%
for d = 1.8 mm and 3.5% for d = 1 mm from the nominal inner diameter.

The test tube was soldered to copper plates at each end. Solder joints with very low
resistance provided a good seal between the test tube and the copper plates under high
pressure and high temperature. The copper plates served as electrodes to provide a
resistance free path for introducing direct current from the power source to the test tube.
Protective Bakelite blocks were used to avoid mechanical vibrations or distortion of the
small diameter test tube. The Bakelite plates insulated the test tube from the loop both
electrically and thermally. Gaskets were used as a high pressure seal between the copper
plates, insulating Bakelite plates and SUS304 instrumentation blocks. All the plates and
blocks were clamped together with four steel bolts. In order to secure electrical and

thermal isolation between the bolts and copper plates, PTFE sleeves were used to

separate them from each other. The SUS304 instrumentation blocks provided a
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convenient connection of thermocouples and pressure transducers using standard

compression fittings.

Table 2.3 Physical properties of SUS304

Density [g/cm?] 8.03
Melting point [°C] 1399-1454
Specific heat [kJ/(kg-K)] 0.5
Electrical resistivity [mQ-m] (@20°C) 72
Thermal conductivity [W/(m.K)] (@100°C) 16.2
Thermal expansion coefficient [um/m°C] (0-315°C) 17.3

Table 2.4 Sizes of test tubes

d ( mm) L ( mm) L/d ratio 0 ( mm)
1 31.1, 40, 50 31.1, 40, 50 0.5
1.8 30.1,40.2,49.9 16.7,22.3,27.7 0.5
2.8 31.3,40.5,50.2 11.2,14.5,17.9 0.5
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Fig. 2.6 Cross-sectional view of test section
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Fig. 2.7 Dimensions of test section (example of d = 1.8 mm)
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Fig. 2.10 B-B copper plate
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Bakelite plate

Copper plate

Fig. 2.11 Photos of test section, Bakelite plate, Bakelite block and copper plate
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The detailed dimensions of the test section are shown in Fig. 2.7 to Fig. 2.10. Figure
2.11 shows the photos of test section, Bakelite plate, Bakelite block and copper plate.
The test section was designed and machined to ensure a fully developed turbulent flow
in the test tube without leak, provide a mean of heating the test tube uniformly, and

facilitate the installation of measurement instruments.

2.2.2.2 Calibration of test tube

A precision double bridge was used to calibrate the relationship between electric
resistance and temperature of the test tube. The relationship is expressed in the
following form:

R=R,(1+aT, +bT,) (2.10)
where, T, is the average temperature of test tube; R is the measured resistance at
temperature of 7,; a and b are temperature coefficients. The resistance-temperature
relations for test tube used in the study of steady and transient turbulent heat transfer are

shown as follows:

R=6.8244x(1+1.1468x10°T —5.668x107" T?*) for d=2.8 mm, L=50.2 mm  (2.11)

R=42512x(1+1.1755x10°T —5.668x107" T*)for d=2.8mm, L=31.3 mm  (2.12)
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R=5.4902x(1+1.1913x10°T —5.668x 107 T?) for d=2.8mm, L=40.5 mm  (2.13)

R=5.86x(1+1.2353x107°T —5.668x107T?) ford=1.8mm, L=30.1 mm  (2.14)

R=7.8263x(1+1.25x107°T —5.668x107 T*) for d= 1.8mm, L=40.2 mm (2.15)

R=9.7042x(1+1.2071x10°T —5.668x 107 T*) for d= 1.8mm, L=49.9 mm (2.16)

R=8.5939x(1+1.3161x10°T—5.668x107"T?) for = 1 mm, L=31.1 mm (2.17)

R=11407x(1+1.301x107°T —5.668x107 T*) for d= 1 mm, L=40 mm (2.18)

R=14278x(1+1.2838x10°T —5.668x10""T?*) for d= 1 mm, L=50 mm (2.19)

The resistance-temperature relation for test tube used in the study of two-phase flow

boiling heat transfer is shown in Eq. (20)

R=5.1027x(1+1.2579x10° T —5.668x107" T*) for d= 1.8 mm, L=26.2 mm (2.20)
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The case for test tube with d of 1.8 mm and L of 30.1 mm is plotted in Fig. 2.12. As

shown in this figure, the variations of resistance against temperature show a good linear

relation in the range of 20-70°C.

15.6

154

15.2

R (mQ)

15

14.8

146 L L U
20 30 40 50 60 70 80

T (degC)

Fig. 2.12 Resistance-temperature relation for tube of d=1 mm and L=50 mm

2.2.2.3 Entrance effect

Since the lengths of test tube used in this study were relatively short (about 30-50

mm), if the entrance effect has an influence on the turbulent heat transfer process or not

should be clarified. In another word, if the liquid flowing in the tube is in fully

developed hydrodynamic and thermal conditions should be confirmed.
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The test section was vertically oriented along the centerline of the flow channel with
liquid flowing upward. Before entering the test tube, the liquid flows through an
entrance region which has the same diameter as the inner diameter of the test tube to
create a fully developed turbulent flow. In this study, the entrance region length, L., was
given as 120 mm (L./d=120, 66.7 and 42.8 for d=1, 1.8 and 2.8 mm, respectively),
which was assumed to be sufficient to secure fully developed hydrodynamic conditions
according to the well-accepted correlation [4] as follows:

L,/d =44Re" (2.21)

On the other hand, Kays [5] proposed that the entrance length only depend on inner
diameter as Eq. (2.22). Therefore, the entrance region adopted in the experiment
(L/d=120, 66.7 and 42.8 for d=1, 1.8 and 2.8 mm, respectively) is enough to ensure a
fully developed turbulent flow.
10<L,/d <60 (2.22)

As to the thermal entrance region, Kays [7] has computed the influence of entrance
region on turbulent heat transfer for several values of Reynolds number, Re, and Prandtl
number, Pr, as shown in Fig. 2.13. The ordinate is the ratio of the local Nusselt number,
Nuy(x), to that for fully developed thermal conditions, Nu,. In general, the higher the

Pr, the shorter the entrance length; the lower the Re, the shorter the entrance length. The
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ranges of Reyand Pr in this experimental study were 23,400 to 81,800 and 8.4 to 10.8,
respectively. The L/d ratios for the test tube used in this study were from 11.2 to 50. As
shown in this figure, the thermal entrance region will affect the convective heat transfer
more or less within the ranges of experimental conditions. Therefore, the thermal
entrance effect will be discussed later.

|
\ L Re, =2 x10°
| =1x105 7 Pr=001

=5 x10*

20

|

15
Nug(x)/Nugst \ \\ Pr=0.7Re;=5x 10°to 2 x 10°

N Lo
}

Re,=1 x 10°

XANA Y

x/d

Fig. 2.13 Turbulent Nusselt number at the thermal entrance of circular tube for

constant heat flux

2.2.3 Test Fluid — FC-72

3M™  Flyorinert liquid, FC-72, is a clear, colorless, fully-fluorinated liquid.

Fluorinert liquid FC-72 is thermally and chemically stable, compatible with sensitive
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materials including metal, plastics and elastomers, nonflammable, practically nontoxic
and friendly to the environment [7]. The properties of FC-72 are shown in Table 2.1 in
comparison with normal coolant, water. FC-72 has high thermal conductivity, high
latent heat of vaporization, low viscosity and super dielectric characteristics. The
excellent low temperature viscosity makes it works well in low temperature heat
transfer applications. Its higher dielectric constant means that it would not damage
electronic equipment in case of a leak or other failure. The low viscosity and surface
tension are critically required for the single phase and two-phase heat transfer in small
sized channels. Those properties make FC-72 ideal for direct contact single and
two-phase cooling of many electronics applications, especially the compact and
ultra-compact structures. FC-72 is also used in testing of power electronics and other
electronic applications.

The following formulas were used to calculate the specific heat, thermal conductivity
density and saturation presssure of 3M™ Fluorinert, FC-72 at various temperatures,
7(°C).

Specific heat at constant pressure, ¢, (J/(kg-°C)):

c, =1014 +1.554T 2.23
P

Thermal conductivity, A (W/(m-°C)):
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A =0.06—-0.000117
Liquid density, p (kg/m?):
p=1740-2.61T

Saturation pressure, P, (pascals):

log,, P, =9.729—1562/(T +273.15)

2.2.4 Experimental methods
The heat input and data acquisition system

calculation scheme for the derived quantities
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(2.24)

(2.25)

(2.26)

are described in this section. The

is also explained. The associated

experimental errors and uncertainties are discussed next. Finally, the experimental

procedures are presented in detail.

2.2.4.1 Heat input and data acquisition system

Figure 2.14 illustrates a block diagram of the heat input and data acquisition system

which is essentially the same as in experiments performed by Sakurai [8] and Fukuda

[9]. Power cables from a fast response DC power supply with capacity of 1100 A and 15

V were connected with copper electrodes to pass direct current to heat the test tube. For

the DC power supply, the constant-voltage (CV) mode regulation is 4.75 mV; CV mode

ripple is 500 puV r.m.s and the CV mode transient response time is less than 200 psec.
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Fig. 2.14 Power supply and data acquisition system

The electrical resistance of the test tube was much smaller than the remainder of the
electrical paths. Therefore, the overwhelming majority of the current was used to heat
the test tube. The heat generation rate of the test tube was increased with a function of

0O=Q0ypexp(t/7). The heat input control was achieved as follows.
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The signal of exponentially increasing heat input with a certain period (a lower period

means a higher heat generation rate) was sent to the heat input control block through

digital to analog (D/A) converter. Then the low-voltage power supply was used for

heating the test heater. Meanwhile, the voltage signals including voltages of velocity

and temperatures and output voltages of Wheatstone bridge and Kelvin double bridge

were amplified and fed back to the computer through an analog to digital (A/D)

converter. Subsequently, the data including heat flux, heat generation rate, and average

temperature of test heater and so on were calculated. The calculated instantaneous heat

generation rate in the test tube was always compared with the heat input signal to ensure

the two values are equal. Moreover, once the test heater instantaneous average

temperature calculated by Wheatstone bridge exceeded the preset value, the heat input

is cut off immediately to prevent real burnout of test heater. The working principle of

Wheatstone is explained in detail in Appendix A.2.

2.2.4.2 Data reduction

The measured and reduced quantities are the instantaneous heat generation rate, Q(¢),

the instantaneous average temperature of the test heater, 7,(¢), the instantaneous surface

heat flux, ¢(¢), the instantaneous tube inner surface temperature, 7(¢), the inlet and

outlet pressures for the test tube, P;, and P,,, and the bulk liquid temperature, 7;. The
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calculation scheme for the above quantities is described as follows.

a) the instantaneous heat generation rate, Q(7)

Since R;=8.5115mQ, R;=12mQ, R,=R;=2000Q, the branch current through R, and R;

could be negligible. The current through test tube is almost the same with the total

current, / (=V/R;) measured with standard resistance. Therefore, the instantaneous heat

generation rate, Q(f), for the test tube was calculated from the measured voltage

differences between the two ends of the test tube and the current measured using

Manganin standard resistance as shown by the next expression.

V@)

00 =V (=

(2.27)

b) the instantaneous average temperature of the test heater, 7,(¢)

The instantaneous average temperature of the test heater, 7,(¢), was measured by

means of resistance thermometry using the test tube itself as a branch of a double bridge

circuit. A Kelvin double bridge is a variant of the Wheatstone bridge used for measuring

very low resistances. It is employed for avoiding errors otherwise incurred by stray

resistances along the current path between the low-resistance standard and the resistance
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being measured. The working principle of the Kelvin double bridge is described in
Appendix A.2.
The unbalanced voltage of the double bridge circuit, V/(f), was generated by change

of the tube resistance due to its temperature variation. V(f) is expressed as follows.

I(t)[RzRT (t) B R1R3 ]

V() =
r(® R, +R,

(2.28)

The unbalanced voltages of the double bridge circuit, V/(¢), together with the voltage
drops across the electrodes of the test section, Vg(f), and that across a standard
resistance, V(t), were amplified and sent to a digital computer through a 16 bit analog to
digital (A/D) converter. All these voltage signals were simultaneously sampled at a
desired time interval by the A/D converter. The fastest sampling speed was 1 ps/channel.
The average temperature was obtained by means of the previously calibrated

resistance-temperature relation in the following form.

R, (1) =a(l+bT,(t)+cT,(t)*) (2.29)

¢) the instantaneous surface heat flux, ¢(7)
The instantaneous surface heat flux, ¢(¢), was then obtained from the following heat
balance equation for a given heat generation rate. g(¢) means the difference between the

heat generation rate per unit surface area and the change rate of energy storage in the
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test tube obtained from the faired average temperature versus time curve.

47, (t)} (2.30)

v
q(t)= E[Q(t) mpe—

where, p, ¢, V and S are the density (kg/m®), specific heat (J/(kg- K)), volume (m’) and

inner surface area (m?) of the test tube, respectively.

d) the instantaneous tube inner surface temperature, 7(7)

With the measured instantaneous average temperature and instantaneous surface heat
flux of the test tube as conditions, the instantaneous tube inner surface temperature, 75(¢),
was calculated by solving the following unsteady heat conduction equation assuming

the inner surface temperature to be distributed evenly.

oT 16 oT. 18 40T
R Rt S il WY Y 231
P i ) a0 G ae) TOW (231)

Calculation of Eq. (2.31) was carried out with PHOENICS code (version.2013) [10]

using a digital computer. The boundary conditions are as follows:

oT
q(t)= e (2.32)
2—f .. =0 (2.33)

When the period of exponentially increasing heat input is larger than about 5s, the

heat transfer process is practically considered as steady state, which will be explained

later. The solution for the inner surface temperature of the test heater, 75, is given by the
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steady state one-dimensional heat conduction equation. The basic equation is as follows:

2
a f+1d—T+9=o (2.34)
dr rdr A

Then the average temperature of the test tube is obtained.

2 2 2.35
Ty=-2 20 jn, i 0 (239
42 22
T = 21 5 .r 2T (r)dr (2.36)
7y —17)"
The boundary conditions are as follows:
Y. i (r” —1,)Q (2.37)
dr r=r; 2’/'1
ar|  _ 0 (2.38)
dr

The inner temperature of the test heater, 75 and C in Eq. (2.35) can be described as

follows [11]:

= ar; o[ 1 (2.39)
T =Tr)=T—-—————x 41" r lnr -
s (1) 4(7'02_}/}2)2/1 |: 4 {o( o 2)
2 1 4 4 qr; 2 2
—r(nn =)= =n) |- =2, )
( 2% ( ﬁ Rl
C = f—%x 47'02{7"02(11'17"0 —l) (240)
4, 1) 2 2

—n%mn—%%—ﬁf—nﬂ}
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e) heat transfer coefficient, /

The heat transfer coefficient, 4, is expressed as follows:
h=q/AT, =q/(T, -T,) (2.41)
where 7; is the average bulk liquid temperature, K. T, is the tube inner surface

temperature, K.

f) Nusselt number, Nu,

The Nusselt number, Nu,, was calculated by the following equation:
Nu, =hd/ A (2.42)
where £ is the heat transfer coefficient, W/(mz-K); d is the tube inner diameter, m, and 4

is the thermal conductivity, W/(m-K).

g) the inlet and outlet pressures for the test tube, P;, and P,,,
The inlet and outlet pressures for the test tube, P;, and P,,, were calculated from the

pressures measured with inlet and outlet pressure transducers as follows:

0.04
P,=F,—(F, —Popz)xm (2.43)
P =P —(P.-P 2.44
out in ( in Opt)xL+O.04 ( )
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h) the average bulk liquid temperature, 7}

All thermal physical properties were evaluated at the average bulk liquid temperature,
Ty, except w,, (viscosity of fluid next to the inner surface), which is evaluated at the tube
inner surface temperature.

T, =T, +(T,,)., )2 (2.45)

Since the outlet temperature is measured at 60 mm downstream of the tube outlet, the
measured temperature is slightly lower than the actual one due to heat loss caused by
heat conduction. For better accuracy, the outlet liquid temperature, (7pu)ca, Was

calculated by the energy balance as follows:

4Lq

(T;)ut)cul = T;‘n +
ucp,lpld

(2.46)

2.2.4.3 Measurement accuracies and experimental uncertainties

The flow meter was calibrated and its accuracy is £3%. The thermocouples were well
calibrated with an accuracy of +0.05 K. But the inlet liquid temperature was kept within
+1 K of a desired value. Although the accuracy of pressure transducer is +0.02%, the
pressurizer can only maintain the system pressure within +1 kPa of a desired value. The
accuracies of the measured parameters including inlet flow velocity (u), inlet and outlet
temperatures (7), inlet and outlet pressure (P), and exponential period (7) are +3%, 1 K,

+1 kPa and £2%, respectively.
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The experimental uncertainties of the derived values were calculated using the

ANSI/ASME PTC 19.1-1985 [12]. The maximum uncertainties of the heat generation

rate (Q), heat flux (g), heat transfer coefficient (4) and Nusselt number (Nu,) can be

calculated as follows:

U_ o _ [BQJZH (SQI (2.47)
o) "o

where, By, Sp and fos are the basis of the heat generation rate, the precision index of the

heat generation rate, and confidence level, respectively

o T
q q) "lyqg

Uss.n _ (th2+ t [Sh)z (2.49)
h h) Uk

URSS, Nu; B/Vud ’ +1 SNZQ, ’ (2’50)
Nu, - Nu, s Nu,

where, B, and S, are the basis and the precision index of the heat flux, respectively; By,
and S, are the basis and the precision index of the heat transfer coefficient, respectively;
Byua and Sy,q are the basis and the precision index of the Nusselt number, respectively.
All the measurement accuracies and experimental uncertainties are summarized in
Table 2.5. The maximum uncertainties of heat generation rate, heat flux, and heat

transfer coefficient, Nusselt number, average temperature and inner surface temperature
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of test tube were estimated to be £2.0%, +2.4%, 4.4 %, +4.4 %, +1 K and +1 K ,

respectively.

Table 2.5 Summary of experimental errors and uncertainties

Primary measurements Derived quantities
u +3% 0 +2.0%
T +1.5K q +2.4%
P +1 kPa h +4.4%
T +2% Nuy +4.4%
T, T, +1K

2.2.4.4 Experimental procedure

The experiments were performed as in the following procedure. Experiments were

conducted over several years and it showed excellent repeatability.

1) After treatment with acetone to remove oil or dust, the test tube was soldered and

set up to the test section assembly. Airtight test for the flow loop was conducted

after installation of test section assembly.

2) FC-72 was heated to boil vigorously for 30 minutes to get rid of any gases. Then

FC-72 in storage tank was heated to increase temperature and pressure.

Meanwhile, the flow loop was evacuated by a vacuum pump. Then the liquid was

81



3)

4)

5)
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CHAPTER 1II

charged into the flow loop by the pressure difference.

The resistance-temperature relation of the test heater was calibrated with flowing

liquid. Relevant data was input to the computer.

The desired system pressure was established and kept by the pressurizer. The inlet

liquid temperature was adjusted by using the heater and cooler. The flow velocity

was controlled by regulating the inverter.

After the required experimental conditions became stable, balancing of the double

bridge and Wheatstone bridge from the bulk liquid temperature was taken with a

small current input from DC power supply.

The experimental run was executed from the personal computer. The heat input

was then increased exponentially with a certain exponential period. For each run,

the inlet and outlet temperatures, 7;, and 7,,, the inlet and outlet pressures, P;,

and P, the flow velocity, u, and other voltage signals accompanying the passage

of time were recorded by the data acquisition system. The heat input would be cut

off once the average temperature of test heater reached the preset shut off

temperature.

After the experiment, the FC-72 was pushed back to the storage tank by

high-pressure nitrogen gas.
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CHAPTER 3

Pool Boiling Heat Transfer

Kandlikar [1] pointed out that there exist similarity between pool boiling CHF and
flow boiling CHF, especially at low flow rate. Pool boiling heat transfer could be
regarded as a kind of flow boiling when velocity equals zero. Therefore, the essential
characteristics of the pool boiling CHF are retained in flow boiling CHF. The study on
physical mechanism of pool boiling and its CHF is necessary for better understanding of
flow boiling and its CHF.

This chapter presents and discusses the obtained steady state and transient pool
boiling heat transfer data under one atmosphere and sub-atmospheric pressures for the
subcoolings ranging from zero up to 40 K. The typical pool boiling curve has been
described together with the bubble behaviors recorded by high speed video camera. The

steady state and transient pool boiling CHF results are also presented and discussed.

3.1 Experimental Conditions
Heat pipes, thermosyphons and some heat pump cycles need to keep low in the

working temperature for boiling phenomena, which can be achieved by keeping low
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saturation pressure. A reduction in the saturation pressure can lead to lower saturation

temperature, providing given superheat at low temperature surface. Therefore the

present work set the experimental conditions under low pressures ranging from 101.6

kPa down to 10 kPa.

The exponentially increasing heat input, Qoexp(#/7), is a function of period, 7. In

this study, the exponential periods were ranged from 10 ms up to 20 s. Besides, the

subcooling parameter was ranged from saturated condition up to 40K.

Ion-exchange-distilled water was used as the working liquid in pool boiling

experiments. The physical properties of water are listed in Table 2.1.

All requirements of the experimental conditions are summarized in Table 3.1.

Table 3.1 Experimental conditions of pool boiling

Working liquid Pure water
Cylinder diameter (d) 1 mm
Effective length (L) 49.8 mm
System pressure (P) 10 -101.6 kPa
Period (7) 10 ms-20 s
Liquid subcooling (4Ty,) 0-40 K
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3.2 Time Dependence of Pool Boiling Characteristics
Figure 3.1 shows typical changes in the heater surface superheat, ATy, and the

heat flux, g, with time for the exponentially increasing heat input, Q. The heat input to

[ % 10°] [%107]
0 r s . . . 20
35 L . Water "
i Cylinder /]
30 | 4 | Pressure 70 kPa U
I Saturated Condition ! |
25 | L 1=20s ATi / v
) ~3 / —~
< & E
5 20 —E L =
= =
< 5192
10 L
1
5 L
0~ o ; . . .
0 20 40 60 80 100

t(s)

Fig. 3.1 Typical changes of heat generation rate, heat flux and surface superheat

relating to elapsed time ( t=20 s)

the test heater was increased quasi-steadily as an exponential time function with period
of 20 s. This figure shows a typical transition to film boiling through fully developed

nucleate boiling or FDNB. The heater surface temperature firstly increases with an
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increase in the heat input. Boiling starts at 7; beyond saturation temperature, T,. The

temperature differences of AT;=T;-T,, is called the incipient boiling surface superheat.

The heater surface temperature increases up to maximum temperature overshoot, then

decreases due to incipient boiling and again increases with lower rate in the nucleate

boiling process. When the heat flux reaches a certain value, ¢., which is named as

critical heat flux (CHF), the heater temperature rapidly increases along the transition

region to film boiling. The heat flux ¢ always increases with the increase of heat input Q.

It should be noted that the heat flux rapidly increases after the incipient boiling heat flux

point. During nucleate boiling process, a steep increase in heat flux up to CHF under

small temperature difference is shown.

Figure 3.2 shows the case that heat input to the test heater was increased as an

exponential time function with period of 10 ms. Heater surface temperature always

increases with the increase of heat input. After reaching the CHF point shown with

circle mark, the heater temperature increases sharply. At first the heat flux increases as

the increase of Q, then increases sharply in a very short time to the critical heat flux g,

after reaching the incipient boiling heat flux, ¢;. After CHF point, the transition boiling

occurs with the decrease in heat flux and the unsteady increase in surface temperature

and then reaches minimum heat flux. This figure shows a typical direct transition to film
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boiling without occurrence of nucleate boiling. The direct transition refers to a

simultaneous process of CHF after boiling incipience. It is assumed to be caused by the

explosive-like heterogeneous spontaneous nucleation (HSN) [4].

9
80 - 35 ' T ' T ' T 20
70 30L Wa!:er
Cylinder
60 |- 550 Pressure 70.0 kPa 15
Saturated Condition
QSO_ ~L T=10ms ~
T340 | E E
@» B 10 =
- 3 3
< O 15 =5
30 -
I 10
20 5
10 F St
oL 0 - I — e == 1 . . 0
0 0.01 0.02 0.03 0.04 0.05 0.06

t(s)

Fig. 3.2 Typical changes of heat generation rate, heat flux and surface

superheat relating to elapsed time (t=10 ms)

3.3 Heat Transfer in the Non-boiling Region
The heat transfer coefficients in the non-boiling region were measured for the
exponential periods ranging from 20 s to 10 ms. The typical heat transfer coefficients at

75=383 K for AT (Ts-T;)=20 K are shown versus exponential periods in Fig. 3.3. The
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experimental data of heat transfer coefficient versus exponential period match basically

with the conventional correlations. For the shorter periods, the heat transfer coefficients

increase with a decrease in the period along the transient conduction curve, /., obtained

by Sakurai et al [2]. These heat transfer coefficients are higher than 4, due to the

transient conductive heat transfer contribution. The experiment runs under shorter

periods are taken as transient state. For the longer periods, the heat transfer coefficients

approach an asymptotic value, 4, which is estimated by conventional natural

convection correlation obtained by Takeuchi et al. [3]. Due to the heat transfer

coefficients agree with those for steady state, the experiment runs under longer periods

are considered as steady state. The heat transfer coefficients for intermediate periods

match the curve, 4, derived by Sakurai et al [2].

The natural convection heat transfer coefficient correlation is given as follows:

h, = L3 [C(GrH Pr)I/S] (3.1)
H
where
oo Pr " (3.2)
1 4+9Pr*+10pr

4

Gr, =11 8P (3.3)
kv

The combination of natural convection and transient conduction is given as follows:
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h, =t +n,t]" (3.4)

h (W/m’k)

10° - Water 3
Cylinder ]
[ Pressure: 70.0 kPa

L Water Temperature: 343 K

Surface temperature difference: 20 K

10 10 10’ 10* 10°
T (ms)

Fig. 3.3 Non-boiling heat transfer coefficient versus exponential period at A7;=20 K

3.4 Steady State Pool Boiling Curve and Vapor Behaviors

Figure 3.4 shows the typical steady state boiling heat transfer process up to the
CHF for exponential period of 20 s at the pressure of 70 kPa for saturation condition. In
addition to the boiling process, the natural convection curve obtained from the
correlation given by Sakurai et al. [2] 1s shown in this figure. Fig. 3.5 shows the
photographs which were taken at six points shown on the graph in Fig. 3.4 for the vapor
and bubble behaviors on a horizontal cylinder.

The photos (a) to (f) show the vapor and bubble behaviors caused by quasi-steadily
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increasing heat input with period of 20 s. At first, the heat flux increase along natural

convection curve to the incipient boiling point (a). Figure 3.5(a) shows that an isolated

bubble generates from active cavities. Then subsequent bubble growth is observed in

Fig. 3.5(b). More and more nucleation sites are activated as heat flux, ¢, and surface

superheat increase.

The onset of fully developed nucleate boiling is at point (c¢). Fig. 3.5(c) shows

the detachment of large bubbles induced by unstable Taylor wave which exists on

the vapor-liquid interface. The large vapor bubbles collapse from the top of thin

vapor film covering the cylinder surface. Several points on the top of vapor-liquid

interface of thin vapor film were connected with the bottoms of large vapor bubbles.

When active sites become very numerous, the bubbles start to merge with one

another immediately and make a different kind of vapor escape path. A photograph

of slug and column regime is shown in Fig. 3.5(d). Then the heat flux increases

along nucleate boiling to the point (e) of the CHF point, g, which is marked with a

circle. At point (e), the heater surface was blanketed with a large vapor film as

shown in Fig. 3.5(e). After CHF, the process continues to the transition boiling,

whose typical vapor behavior was shown in Fig. 3.5(f).

92



CHAPTER III

10— ————m
F Water
[ Cylinder © O 9
- Pressure 70.0kPa -~ . [] g
10° F A Tsub 0 K - B
PR : © @
o C)> .
= [ ..
E i @ -
~ 10° | ) -
= 3

atural Convection Curve

—20s 1

103 M M e | M e | M M
10° 10' 10’ 10’

A T, K

Fig. 3.4 Typical steady state boiling curve and critical heat flux

due to quasi-steadily increasing heat input with a period of 20 s

(b)t=5.0s | (¢) t=49.8 s
—®

(c)t=14.7 s () t=50.0 s

Fig. 3.5 Vapor behaviors on a horizontal cylinder caused by

quasi-steady heat input with a period of 20s
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Fig. 3.6 Pool boiling heat transfer process for subcooling of 0 K and 10 K at a
pressure of 50 kPa.

Figure 3.6 shows typical pool boiling heat transfer process for subcooling of 0 K and

10 K at a pressure of 50 kPa. A comparison of the vapor and bubble behaviors was

made in Fig. 3.7. As shown in Fig. 3.6, CHFs increase with the increase of subcooling,

which can be explained by the vapor behaviors as shown in Fig. 3.7. In the subcooled

pool boiling heat transfer process, the bubbles contact the subcooled liquid core causing

condensation at the liquid-vapor interface, or even without leaving the heated surface.

The higher level of subcooling in the liquid requires a higher heat flux to initiate and

sustain bubble activity. Fig. 3.7(a') to Fig. 3.7(f") shows the similar phenomena as the

case in saturation condition, except much smaller vapor bubbles due to the effect of
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subcooling.
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Fig. 3.7 Comparison of bubble behavior of typical heat transfer process for subcooling
of 0 K and10 K at a pressure of 50 kPa

3.5 Transient Pool Boiling Curve and Vapor Behaviors

The heat transfer process for exponential period of 10 ms at a pressure of 70 kPa is

shown in Fig. 3.8. The boiling curve reaches to the CHF directly by the rapid increasing
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heat input. The direct transition occurs from non-boiling regime to film boiling without
nucleate boiling. Figure 3.9 shows bubbles behaviors in the direct transition process.
After the incipient vapor bubble at point (a), the cylinder was rapidly covered with large
vapor film as shown in Fig. 3.9(b) to (d). It should be noted that the vapor film fully
blankets the cylinder surface in only 5 ms after the incipient boiling. It was assumed
that the vapor bubbles due to an explosive-like HSN in originally flooded cavities on
the whole cylinder surface form the vapor tube concentrically covering the cylinder [4].
Figure 3.9(e) shows the detachment of bubbles from top of vapor tube which moves

upward by buoyancy force from the position shown in the former photograph.

10" p——r—r—r—rrrrmy —rrr
' @ - O gq,
10° 3
R i
g [
z
~ 10’ F E
=2 ] ]
Water
Cylinder
10' E Pressure 70.0 kPa E
ATsub=0 K
t=10 ms
10’ ——_ bt =
10° 10' 10’ 10°
ATsat (K)

Fig. 3.8 Typical transient boiling heat transfer process and critical heat flux

due to rapidly increasing heat input.
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Fig. 3.9 Vapor behaviors of transient boiling
under the pressure of 70 kPa

3.6 Steady State Pool Boiling CHF

The steady state CHF data under pressures of 101.6 kPa and 30 kPa for the
subcoolings ranging from 0 to 40 K are shown in the Fig. 3.10 and Fig. 3.11 in
comparison with correlations proposed by Kutateladze [5], Zuber [6], Ivey and Morris
[7],and Sakurai [8]. The steady state CHF increases with the increase of subcoolings,
which can be explained with vapor behaviors. In the subcooled pool boiling heat
transfer process, the higher level of liquid subcooling requires a higher heat flux to
initiate and sustain bubble activity. As the bubbles grow, they contact the subcooled
bulk liquid causing condensation at the liquid-vapor interface, or even without leaving

the heated surface. Therefore, higher heat flux is required to generate and sustain bubble
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behavirs.
The saturated and subcooled pool boiling CHF correlations representing the CHF
values resulting from the hydrodynamic instability are developed by Sakurai and

Fukuda [8] as follows:

A=

_ (3.5)
qcr,sat = thlvpv[og(pl—/%):|
Qo = ersa 1+ K3 (0, 2, (C AT, 1, ) (36)
where,
K, =0.39/L"¢ (3.7)
d2
L's ——r—x= 3.8
Jo/glo - p,) 3-8)
10 —r1Tr—rrrrrrrrrrrr
"~ Water 1
g [ Cylinder ]
L Pressure: 101.6 kPa |
L Vd
NA " ,,'
E of , y
z | L
5 4 -
=n 3 .
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----- Zuber !
-— Ivey&Morris K,=0.87
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Fig. 3.10 Change of steady CHF relating to subcoolings at 101.6 kPa
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As shown in Fig. 3.10, those CHF data for one atmosphere are in agreement with

those conventional correlations. However, the CHF data for pressure of 30 kPa show

higher values compared with the conventional correlations as shown in Fig. 3.11. The

CHF values for other sub-atmospheric pressures of 20 to 70 kPa were also found to be

higher than predicted by the conventional correlations.

10 (~rrrrrrrrrererrTrrTTTTTTT T
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Fig. 3.11 Change of steady CHF relating to subcoolings at 30 kPa

The steady state CHF against pressures with the subcooling as a parameter is shown
in Fig. 3.12. For comparison, the CHF data obtained by Sakurai and Fukuda [8] for the
pressures higher than 200 kPa were also plotted with their empirical correlations shown

in solid lines in this figure. Sakurai and Fukudas’ CHF data for pressures higher than
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atmospheric pressure increase with an increase of pressure. However, the authors’ CHF
data for sub-atmospheric pressures are not in agreement with Sakurai and Fukuda’s

correlations. Those CHF values increase with decrease of pressure.

40K AT
sub

0K
10K 4
20K
30K
40K A

Sakurai & Fukuda

1
10 100 Pressure (kPa) 1000 0

460D o

q, (MW/m?)

Fig. 3.12 Steady state CHF versus pressures with liquid subcooling as a parameter

3.7 Transient Pool Boiling CHF

The transient CHF data measured in saturated condition at pressure of 50 kPa are
plotted in Fig. 3.12 against exponential periods. The transient pool boiling CHF values
first increase with a decrease in exponential periods up to a maximum CHF, then those
decrease down to a minimum one and again increase with a decrease in exponential
period. The transient CHF values under sub-atmospheric pressures can be separated into
two groups based on the exponential periods. The first group data correspond to long

period region. The corresponding heat transfer process is transition from non-boiling to

100
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film boiling through fully developed nucleate boiling. The second group data
correspond to short period region. The corresponding heat transfer process is transition
from non-boiling to film boiling without nucleate boiling or direct transition.

Figure 3.13 shows CHF measured for subcooling ranging from 0 to 40 K at a
pressure of 50 kPa versus exponential periods. For the transient CHF of the first group,
the corresponding heat transfer process is transition from non-boiling region to fully
developed nucleate boiling. The CHF values slightly increase as periods shortens from
steady state one. The transient CHF of first group for low subcoolings were plotted in
comparison with the following empirical correlation obtained by Fukuda et al. [9] as
shown in solid line.

Qo = Qusl+0217°) (3.9)

The transient CHF of first group for higher subcoolings are expressed in comparison
with the following empirical correlation [9] as shown in dashed lines.

G, = 4, l1+2.3x10777°7) (3.10)

The second group represents the transient CHF that mainly occur within short periods.
It was assumed the direct transition would occur from non-boiling region to film boiling
due to the instantaneous levitation of the liquid from the cylinder surface by the

explosive-like HSN as suggested by Sakurai et al [10]. The heterogeneous spontaneous
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nucleation occurs easily at 0 K. However, with an increase of subcooling, a much higher
wall superheat may be required for nucleation from cavities, which means a higher heat
generation rate or a shorter exponential period of heat input. It is assumed that the

heterogeneous spontaneous nucleation would take place with further decrease of
exponential period for subcooling of 10 to 40 K. The CHF data belonging to the second

group under lower subcooling were plotted in comparison with the following correlation

[9] as shown in dot-dash lines.
(3.11)

qcr - hc (A]—zy + A]_;ub)
(3.12)
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Fig. 3.13 Two groups of ¢, in relation to exponential periods in saturated

condition at 50 kPa.
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Fig. 3.14 Relation between ¢., and 7 for subcooling ranging from 0 to 40 K at a
pressure of 50 kPa

As shown in Fig. 3.14, the first and second groups of transient CHF data measured
for saturation and subcooling conditions at sub-atmospheric pressure of 20 kPa match
well with Fukuda’s empirical correlations which derived at pressures of 103 to 2063 kPa.
Similar trend was also found for other CHF data measured for pressures of 20 to 101.6

kPa.

3.8 Summary
The steady and transient CHF data for the wide ranges of exponential periods of heat
generation, system pressures and liquid subcoolings were measured and studied. The

following conclusions were obtained:
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(1) For short periods of heat generation, the non-boiling heat transfer coefficients

increase with a decrease of periods caused by transient heat conduction contribution.

However, in the long period region, the heat transfer coefficients approach an

asymptotic value which is predicted by natural convection correlation.

(2) It was found that the steady state CHF increase with the increase of subcoolings.

And although the steady CHF data for one atmosphere are in agreement with

conventional correlations, the CHF data for sub-atmospheric pressures show higher

values.

(3) The steady state CHF data for sub-atmospheric pressures are not in agreement

with conventional correlations. Those CHF values within sub-atmospheric pressures

increase with a decrease in pressure.

(4) The transient CHF values under sub-atmospheric pressures could be divided into

two groups based on the exponential periods, corresponding to short period region and

long period region.
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CHAPTER 4

Single-phase Heat Transfer in Vertical Small Diameter

Tubes

This chapter presents and discusses the experimental results on steady state and
transient single-phase heat transfer for turbulent flow in small diameter tubes. The
experimental study was conducted for different combinations of parameters such as
flow velocity, inlet liquid temperature and period of exponentially increasing heat inputs
using small diameter tubes with different inner diameters and heated lengths.
Single-phase heat transfer tests were performed to check the validation of the
experimental apparatus and experimental procedures. The study on single-phase heat
transfer is also necessary to explore the mechanism of flow boiling heat transfer in

small diameter tubes.

4.1 Steady State Turbulent Heat Transfer
Prior to study of transient turbulent heat transfer, it is important to know the steady

state heat transfer characteristics in vertical small diameter tubes. Steady state

107



CHAPTER IV

experiments were therefore performed before the transient experiments.

Section 4.1 presents and discusses the experimental results of steady state turbulent

heat transfer characteristics with FC-72 flowing upward in vertical small diameter tubes.

The experimental conditions are described before presenting the experimental results.

Then the effects of ratio of heated length to inner diameter, ratio of viscosity of liquid in

bulk to that at the walls, Prandtl number and Reynold number are discussed in detail.

The experimental data are also compared with the values calculated by classical

correlations for conventional sized channels and the correlation for prediction of heat

transfer in small channels. Finally the steady state turbulent heat transfer correlations

have been developed for the vertical small diameter tubes based on the experimental

data.

4.1.1 Experimental conditions

As shown in Fig. 2.6, the test tube was vertically oriented along the centerline of

the flow channel with liquid flowing upward. In this study, SUS304 circular tubes with

heated lengths around 30 mm, 40 mm and 50 mm and inner diameters of 1 mm, 1.8 mm

and 2.8 mm were used as the test heater. The details of the test tube are also shown in

Table 2.4.
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Table 4.1 Experimental conditions

Test fluid

Inner diameter (d)

Heated length (L)

L/d ratio

Wall thickness (9)

Surface condition

Inlet flow velocity (u)

Reynold number (Re,)

Prandtl number (Pr)

Inlet temperature (77,)

Exponential period ()

System pressure (P)

FC-72

1, 1.8 and 2.8 mm

31.1, 40 and 50 mm for d =1 mm

30.1, 40.2 and 49.9 mm for d =1.8 mm
31.3,40.5 and 50.2 mm for d =2.8 mm
31.1, 40 and 50 for d =1 mm
16.7,22.3 and 27.7 for d =1.8 mm
11.2, 14.5 and 17.9 for d =2.8 mm

0.5 mm

Commercial finish of inner surface

8,9,10and 11 m/s for d =1 mm
3,4,5and 6 m/s for d =1.8 mm
3, 5and 7 m/s for d =2.8 mm
23,400 — 45,900 for d =1 mm
16,200 — 44,800 for d =1.8 mm
25,200 — 81,800 for d =2.8 mm
8.4-10.8

303, 323 and 343K

6.38-15.48 s

400 kPa

FC-72 was selected as the test liquid. The details of the relevant properties are

described in section 2.2.3. The experiments were conducted at the flow velocities, u,
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changing from 8 to 11 m/s with corresponding Reynold number, Re,, in the range of

23,400 to 45,900 for d = 1 mm, u changing from 3 to 6 m/s with corresponding Re, in

the range of 16,200 to 44,800 for d = 1.8 mm and u changing from 3 to 7 m/s with

corresponding Re; in the range of 25,200 to 81,800 for d = 2.8 mm. The range of

Prandtl number, Pr, was from 8.4 to 10.8. Heat inputs to the test heater were

exponentially increased with various exponential periods, z. The inlet liquid

temperatures, 7;,, were maintained at 303, 323 and 343 K. The system pressure, P, was

kept around 400 kPa for all experiment runs. The ranges of all experimental parameters

covered in this study are listed in Table 4.1.

Among these parameters, exponential period of exponentially increasing heat input is

a key factor because it determines if the heat transfer process is steady state or transient

state. Figure 4.1 shows the heat transfer coefficients, 4, at various exponential periods, 7,

with an inner diameter of 1.8 mm, a heated length of 49.9 mm and flow velocities of 3,

4, 5, and 6 m/s for surface temperature difference (temperature differences between the

heater inner surface temperature and the average bulk liquid temperature), 47, of 30 K.

With the increase of exponential periods, the heat transfer coefficients gradually

decrease and approach an asymptotic value at each velocity. This trend is similar to

observations by other researchers [1-3].
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For shorter periods, 7, the /& increases with a decrease in 7. The conductive heat
transfer comes to govern the heat transfer process, and this is defined as transient state.
For longer periods, the usual convective heat transfer begins to predominate and the 4
almost approaches to a constant despite changes in z. For periods larger than about 5 s,
the increase of heat generation rate was so slow that the thermal boundary layer next to
the tube inner surface was fully developed. The heat transfer coefficients did not depend
upon the exponential periods. Therefore, the experiments with exponential periods
larger than 5 s can be practically regarded as steady state. The range of relevant

exponential periods is 6.38-15.48 s in the steady state experiments.

T T T T T T T T T T T T
- FC-72 u |
106 i d=2.8 mm o 3mls -
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T =343 K
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A
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i
= O l’élrﬁ A A AA A A
10 k "’<:>DDQDD -
103 MR | PRI | s sl
10 10° 10° 10*
T(ms)

Fig. 4.3 Relationship between 4 and 7 for d=2.8 mm
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The same results were also found for all other flow velocities and inlet liquid

temperatures using the tubes with different inner diameters and heated lengths. Fig. 4.2

and Fig. 4.3 shows cases for d = 1 mm and d = 2.8 mm.

4.1.2 Experimental data of heat generation rate, surface temperature

difference and heat flux

Figures 4.4a and 4.4b show typical experimental data of the time-dependence of

heat generation rate, Q, surface temperature, A7; (AT =T-T;), and heat flux, ¢, at the

liquid temperature of 303 K and liquid flow velocity of 9 m/s for the exponential

periods of heat generation rate of 7.25 s and 14.25 s, respectively. The tube inner

diameter is 1 mm and the heated length is 40 mm. As shown in this figure, surface

superheat and heat flux increase exponentially as the heat generation rate increases with

exponential function (Q =Qexp(#/7)).
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4.1.3 Effect of u, L/d, u/u,, Pr and Re

This section qualitatively and quantitatively discusses the effects of flow velocity, u,

the ratio of heated length to inner diameter, L/d, viscosity ratio, /i, (1 is the viscosity

of the fluid evaluated at its mainstream temperature and g, is the viscosity evaluated at

the wall temperature), Prandtl number, Pr, and Reynolds number, Re, on the steady state

turbulent heat transfer process.

4.1.3.1 Effect of u

Figure 4.5 gives a clear indication how the flow velocity, u, affects the heat transfer

coefficient, 4. The heat transfer coefficients for an inner diameter of 1.8 mm, a heated

length of 40.2 mm, AT} of 30, 40, 50, 60 K and inlet liquid temperature of 303 K were

shown versus the flow velocity. The heat transfer coefficient linearly increases with the

increase of flow velocity. The heat transfer coefficient anywhere along the surface is

directly related to the temperature gradient at that location. Flow velocity will have a

strong effect on the temperature profile, thereby influencing the convective heat transfer

Process.

The slope, n, on the log-log coordinate system was obtained by the least-squares

method. It is about 1.2 for both d = 1.8 mm and d = 1 mm as shown in Fig. 4.5 and Fig.

4.6, respectively. However, in the case of d=2.8 mm, the slope is determined as 0.8 as

115



CHAPTER IV

shown in Fig. 4.7. This shows that the dependency of heat transfer coefficients on flow

velocity is affected by the tube inner diameter somewhat. The dependency of heat

transfer coefficients on flow velocity for d = 2.8 mm coincides with conventional

correlations proposed by Dittus & Boelter [4] and Nusselt [5]. The cases of d = 1 and

1.8 m show different trend. It seems that the small inner diameter could affect the

convective heat transfer process.

10° ————rrrrry
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- L= 40.2 mm
" L/d=22.3
[ T =303 K

P=400kPa

ATL

O 30K

LI 40K

<o 50 K

A 60K
103 e el
1 10 10

u (m/s)

Fig. 4.5 h varies with u at different A7}, for d=1.8 mm
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4.1.3.2 Effect of L/d

The effect of L/d on the heat transfer coefficient is shown in Fig. 4.8 at flow velocity
of 5 m/s and inlet liquid temperature of 303 K for AT} of 30, 40, 50 and 60 K. The heat
transfer coefficient in the thermally fully developed region is much lower than that in
the thermal entrance region. Thus, the heat transfer coefficient decreases with an
increase in the L/d. The slope, n, on this log-log graph was determined as -0.08. The
thermal entrance region effects were taken into account through the term (L/d)*. The
thermal entrance effects tend to increase heat transfer coefficient, especially for
relatively short tubes. The variation of the heat transfer coefficient with L/d for inner
diameters of 1 mm and 2.8 mm shows the same trend as shown in Fig. 4.9 and Fig. 4.10,

respectively.

10° - —
[ P=400 kPa , AT,

L d=1.8 mm © 3K

L L=30.1, 40.2, 49.9 mm Uo40K

L T, =303K ¢ 50K

A 60 K

| u=5m/s

n=-0.08

h (W/m’K)
;-B

1 10 10*
L/d

Fig. 4.8 Effect of L/d on h for d=1.8 mm
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4.1.3.3 Effect of u/u,,

Figure 4.11 describes the dependence of dynamic viscosity on temperature for FC-72
and water. For both of them, the dynamic viscosity decreases obviously with increase of
temperature. Hata et al [6] confirmed the effect of dynamic viscosity of water on heat
transfer coefficient. Considering the viscosity variation upon temperature of FC-72, it is
reasonable to assume that viscosity of FC-72 would also impose effect on heat transfer

process. The results are shown in Fig. 4.12 to Fig. 4.14.

1.8

1.6

14

1.2

n(Pa-s)

0.8

0.6

0.4

0.2 g 3 3 1 . 43 2 1 4 3 3 1 43 3 2 1 3 3
0 20 40 60 80 100

T(degC)

Fig. 4.11 Dynamic viscosity over temperature for FC-72 and water

120



CHAPTER IV

1
_ ]
-
(g\]
£
3
: -
P=400kPa u
d=1.8 mm O 4m/s
[ L/d=27.7 A Smfs
T =303 K 0 6m/s
10° — el
1 10
p/p,

Fig. 4.12 Effect of w/u,, on h for d=1.8 mm

The ratio of w/u,, was introduced to take into account the variation between the

viscosities of the fluid near the wall and that in the bulk of the liquid for high surface

temperature difference, A7;. Where, u is the viscosity of the fluid evaluated at its

mainstream temperature and ,, is the viscosity evaluated at the wall temperature. Figure

4.12 shows the variation of heat transfer coefficient as a function of w/u,, for an inner

diameter of 1.8 mm, a heated length of 49.9 mm and inlet temperature of 303 K at flow

velocities of 4, 5, and 6 m/s. Because the tube wall is hot, the viscosity of the fluid near

the wall will be smaller than that of the fluid in the bulk. This increases the velocity

gradient near the wall. Therefore, the heat transfer coefficient becomes higher compared
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with that obtained by assuming that the fluid is at an evenly distributed bulk liquid

temperature. Moreover, in small sized channels the difference between inner surface

temperature and average bulk liquid temperature can be larger than in conventional

tubes. The heat transfer coefficient becomes linearly higher with the increase of w/u,,

with a slope, n, of 0.14 for d = 1, 1.8 and 2.8 mm as shown in Fig. 4.12 to Fig. 4.14.

This trend is the same with Sider and Tate’ correlation [7].

10°
[ P=400 kPa
d=1 mm
L/d =31.1
Tin=303 K
—_
N>
(g\]
£ n=0.14
e u
=
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< 10 m/s
A 11 m/s
10° 1 . 10
n/pn

Fig. 4.13 Effect of u/u,, on h for d=Imm
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4.1.3.4 Effect of Pr
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It has been clarified that the heat transfer coefficients, s, for d = 1 and 1.8 mm are
proportional to u"?, (L/d)*® and (u/u,)"'* and the heat transfer coefficients, /, for d
=2.8 mm are proportional to u**, (L/d)*® and (u/u,))*'* based on the experimental data.
The dependence of heat transfer on the Pr is shown in Fig. 4.15 in the form of
log[Nua/Res' /(1) 4] versus log(Pr) for an inner diameter of 1.8 mm, a heated length
of 49.9 mm and inlet temperatures of 303, 323, 343 K at flow velocity of 3 m/s. The
values of Nug/Reg" */(u/w,)™"* linearly increase with the increase of Pr and the slope, n,
is determined as 0.4. As shown in Fig. 4.16, the values of Nug/Res"*/(u/u,)""* also
increase with the increase of Pr with slope of 0.4 for d = 2.8 mm. The trend of Pr**

dependence accords with other well-known correlations [6,7].
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Fig. 4.16 Relation between Nud/Red]'z/(/z//zW)o'” and Pr for d=2.8 mm
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4.1.3.5 Effect of Re

To estimate the dependence of the heat transfer on the Re,, the experiment data were
plotted in Fig. 4.17 as a function of Re,. This figure shows all the data measured for
inner diameters of 1, 1.8 and 2.8 mm, heated lengths of 30 to 50 mm, inlet temperatures
of 303, 323, 343 K and exponential periods of 6.38 s to 15.48 s at various flow
velocities. The exponent, n, for d = 2.8 mm is finally determined as 0.8, which is the
same with conventional correlations [4, 5]. However, the value of the exponent for d = 1
and 1.8 mm is 1.2, larger than 0.8 for conventional sized channels. Similar result has
also been reported by Yu et al [8] and Adams et al. [9] for small sized channels. As
mentioned earlier, Kandlikar [10] classified channels with hydraulic diameters of
0.01-0.2 mm as micro-channels, hydraulic diameters of 0.2-3 mm as mini-channels, and
hydraulic diameters greater than 3 mm as conventional sized channels. The inner
diameters of test tube used in this study are located in the range of min-channels. For d
=1 and 1.8 mm, the data show anomalous trend (Re,;'?) compared with correlations for
conventional sized channels (Re,”*). Inner diameter of 2.8 mm is near the threshold
between min-channel and conventional sized channel. It might be the reason why

dependence on Re, for d = 2.8 mm is the same with conventional correlations (Re,”®).
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Fig. 4.17 Relation between Nug/Pr”*/(L/d) " /uw/u,,)"?and Re for d=1, 1.8, 2.8 mm

4.1.4 Comparison with well-accepted correlations
The experimental Nu, data were compared with the conventional correlations and the

correlation developed for prediction of Nu, in small sized channels.

4.1.4.1 Comparison with conventional correlations

A traditional expression for single-phase forced convection in macro channels was

suggested by Dittus and Boelter [4] for Re;>10000 as follows:
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Nu, =0.023 Re’* Pr’* 4.1)
A more accurate correlation used for comparison was developed by Gnielinski [11]

for turbulent flow over range of 3000 < Re;< 5 x 106, as follows:

(f/8)Re, Pr
Uy :1 07 TYSE
O07+12.7(f/8)"(Pr7°—1)

(1+d/L)* (4.2)
Here, f'is the Fanning friction factor for a smooth tube. It is calculated by using the
Filonenko correlation [4.3] after setting the relative roughness equal zero.
f =(3.64log,, Re ,—3.28) (4.3)
Comparisons were also conducted with the following correlation presented by Hata et
al. [6] for fully developed turbulent regime and inner tube diameter of 3, 6 and 9 mm:
Nu, = 0.02Rey* Pr* (L/d) " (s/ u,)""* (4.4)
Figure 4.18 shows the comparison of the experimental Nu,with classical correlations
developed for conventional sized channels. This figure clearly indicates that the
experimental Nu, values are generally higher than those predicted by the classical
correlations for conventional sized channels. The deviation between the experimental
and predicted Nu, is more significant for higher Re; for d = 1 and 1.8 mm. Namely, the
Nugin turbulent flow depends more heavily on Re; compared to macroscale correlations
ford=1 and 1.8 mm.

It 1s assumed that the deviation is due to effect of large relative roughness. The
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roughness effect is generally negligible for conventional macroscale channels. But the

roughness effect in small sized channels may increase the wall shear stress, thereby

decreasing the thickness of conductive sublayer. In this way, the heat transfer rate in

small sized channel is enhanced.

© 1 mm
A 1.8 mm
v 2.8 mm
10° b — — Hataetal i
[ - Dittus & Boelter gg ]
— Gnielinski

10* 10°

Recl

Fig. 4.18 Comparison between experimental Nugy and classical correlations for conventional
sized channels as a function of Re,

4.1.4.2 Comparison with correlation for small sized channels

Adams et al. [9] investigated single-phase heat transfer in tubes with small diameters

of 0.76 and 1.09 mm using water as working fluid. They modified Gnielinski’
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correlation as follows:

Nuty = Nt giensis(1+ F) (4.5)
where F'is given by:

F=(7.6x10%)Re(l—(d/d,)*) (4.6)

where dy=1.164 mm.

© 1 mm, FC-72
Adams, 0.76 -1.09 mm, water

10° | .

10* 10°

Red

Fig. 4.19 Comparison between experimental Nu, for d=1 mm and Adams’ correlation

As shown in Fig. 4.19, the experimental data for FC-72 with tube diameter of 1 mm

was compared with Adams’ correlation, which was developed for water flowing through

0.76 and 1.09 mm diameter tubes. The experimental data show the same trend as Adams’

correlation, and they fall along this correlation within -25%. The experimental data for
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FC-72 are slightly lower than Adams’ data obtained with water in almost the same

diameters. This might be due to the lower thermal conductivity of FC-72.

4.1.5 Steady state turbulent heat transfer correlations
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Fig. 4.20 Relation between Nug/Pr”*/(L/d) " /(u/u,,)" *and Re, for d=2.8 mm

Figure 4.20 shows all the data measured for inner tube diameters of 2.8 mm, heated
lengths of 31.3, 40.5 and 50.2 mm, inlet temperatures of 303, 323, 343 K, inlet
velocities of 3, 5, 7 m/s and exponential periods of 6.4-14.2 s. The empirical correlation

is also depicted by solid line in this figure. A value for the constant coefficient was
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determined as 0.052 by the least-squares method and the turbulent heat transfer

correlation for d = 2.8 mm was developed as Eq. (4.7). The final correlation equation

represents the experimental data (154 points) within +15%.

Nu, =0.052Re %* Pr® (L/d) % (u/ u1,)""* (4.7)
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Fig. 4.21 Relation between Nuys/Pr”*/(L/d) " /(w/u,,)"#and Re, for d=1 and 1.8 mm

Figure 4.21 shows the data measured for inner tube diameters of 1 and 1.8 mm,
heated lengths of 30 to 50 mm, inlet temperatures of 303, 323, 343 K, and exponential

periods of 6.4-14.2 s at various flow velocities. The constant coefficient was determined
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as 0.000809 by the least-squares method. The turbulent heat transfer correlation for d =
1 and 1.8 mm was derived as Eq. (4.8). As shown in Fig. 4.21, the experimental data
(440 points) fall along the proposed empirical correlation shown in solid line within
+15%.

Nu, =(8.09x10™*)Re’? Pr®*(L/d) " (1) u,,)""* (4.8)

4.2 Transient Turbulent Heat Transfer

Transient turbulent heat transfer involves dynamically varying heat flux or
temperature. In this study, the transient turbulent heat transfer caused by exponentially
increasing heat inputs has been systematically investigated for the vertical small
diameter tubes.

Section 4.2 firstly introduces the experimental conditions, especially the definition of
transient state. Then the effects of flow velocity, exponential period and tube inner
diameter on transient turbulent heat transfer process are explored in detail. Finally,
transient turbulent heat transfer correlation is proposed by combing the steady state

values with effects of the Fourier number and tube inner diameter.
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4.2.1 Experimental conditions

Transient turbulent heat transfer caused by various exponentially increasing heat

inputs was experimentally investigated for several flow velocities and inlet liquid

temperatures for small diameter tubes with different inner diameters and heated lengths

at a certain pressure. The experimental conditions for transient study are almost

identical with steady state experiments as tabulated in Table 4.1, except the exponential

periods of heat generation rate. The exponential periods were varied from 27.3 ms to

15.48 s for d = 1 mm, from 15.7 ms to 14 s for d = 1.8 mm and from 25.6 ms to 14.2 s

for d = 2.8 mm.

4.2.2 Characteristics of heat generation rate, heat flux and surface

temperature difference

Fgure 4.22 shows typical time dependence of heat generation rate, O, heat flux, g and

surface temperature difference, 47, (=T-T;) at the inlet liquid temperature of 323 K,

flow velocity of 11 m/s and exponential periods of 80.8 ms, 382.4 ms and 1.5 s,

respectively. As shown in Fig. 4.22, heat flux and surface temperature difference

increase exponentially with the increase of heat generation rate. A shorter period means

a higher heat generation rate. Thus heat flux and surface temperature difference also
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increase more rapidly while the period is shorter. Those values increase slower when the

period is longer. It is clarified that the surface temperature difference and heat flux

increase exponentially as the heat generation rate increases with exponential function of

Q =Qoexp(t/1).

4.2.3 Transient heat transfer coefficient

Transient heat transfer coefficient, s, can be obtained from the measured heat flux

and surface temperature difference (h=¢/AT;). The instantaneous heat transfer

coefficients were measured using a tube with inner diameter of 1.8 mm and heated

length of 49.9 mm for flow velocity of 6 m/s, inlet liquid temperature of 323 K and

exponential periods of 0.15, 1.4 and 13.9 s. The data was plotted against elapsed time

and surface temperature difference in Fig. 4.23 and Fig. 4.24, respectively. As shown in

those figures, the heat transfer coefficients dip and approach an asymptotic value at

every period. Some researchers [12, 13] considered that the temperature is uniform in

the liquid at the initial stage. The heat transfer coefficients were mainly determined by

the transient conduction in the fluid. With the increase of thermal boundary layer and

development of temperature distribution, the heat transfer coefficients approach the

asymptotic value or steady state value. This process was influenced by the exponential
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periods of heat generation rate. It was also found that the transient heat transfer

coefficients decrease and approach asymptotic values for all periods, velocities and

other experimental conditions. Particular attention should be paid to the asymptotic

value for each exponential period. Thus the data at surface temperature differences, 477,

of 20, 30, 40 and 50 K should be taken as representative data hereinafter.

Figure 4.25 shows the relation of heat transfer coefficients, h and the exponential

periods, z, with flow velocity, u, as a parameter. The heat transfer coefficients measured

using 1 mm diameter tube for flow velocities of 8, 9, 10 and 11 m/s, and inlet

temperature of 303 K were plotted with the surface temperature differences of 20, 30,

40 and 50 K. With the increase of exponential periods, the heat transfer coefficients

gradually decrease and approach an asymptotic value at each velocity. This trend is

similar to observations by other researchers [1-3]. As shown in Fig. 4.25, both flow

velocity and exponential period affect the transient heat transfer process.

As stated earlier, the experiments with exponential periods larger than 5 s can be

practically regarded as steady state experiments because the increase of heat generation

rate is so slow that the thermal boundary layer next to the tube inner surface is fully

developed. The heat transfer coefticients did not depend upon the exponential period.

With a decrease of period from about 5 s, the heat transfer coefficients slightly
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increase. The region from period of 5 s to a period at which heat transfer coefficient is

5% larger than the steady state value is considered as quasi steady-state. The

quasi-steady state region is from period of 5 s to period of about 1 s in Fig. 4.25. In this

region, the heat transfer coefficients become obviously higher for higher flow velocities.

Meanwhile, the heat transfer coefficients approach the steady state for each velocity and

they are weakly affected by the periods. It seems that the usual forced convection heat

transfer predominates the heat transfer process. The heat transfer process in this region

transports heat through the thermal boundary layer influenced by the liquid flow

conditions.
T T T T T T T T T T T T
- d=1 mm !
L/d=50 O 8mfs
10° | T 303K " toms
: ] O 10 m/s
ATL—ZOa 30, 40,50 K v 11 m/s
_ P=400 kPa
NM 5
100 F
< &
4 JE ¥ BEE B
10

T(ms)

Fig. 4.25 h versus 7 at various flow velocities for d = 1 mm
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With further decrease of periods, the heat transfer coefficients gradually increase and

they are much higher than that for steady state. This shows that the heat transfer process

is in a transient state. The effect of heat conduction contribution increases gradually

with a decrease of periods. And conductive heat transfer rather than the convective heat

transfer component governs the heat transfer process for very short periods. This can be

proven by the fact that the flow velocity has relatively small impact on heat transfer

coefficients in the transient region. Liu [2] stated that the development of thermal

boundary layer is slower than the increment of wall temperature due to very high heat

generation rate. The heat conduction is high due to thin thermal boundary layer and

severe temperature gradients. The heat conduction contribution on heat transfer process

for transient state is higher than that for quasi-steady state.

The same results were also found for the tubes with inner diameters of 1.8 and 2.8

mm as shown in Fig. 4.26 and Fig. 4.27.
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Fig. 4.26 h versus 7 at various flow velocities for d = 1.8 mm
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Fig. 4.27 h versus 7 at various flow velocities for d = 2.8 mm
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4.2 4 Transient Nusselt number
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Fig. 4.28 Nu,, versus Fo at various flow velocities for d = 1 mm

The relations between heat transfer coefficients, 4, and exponential periods, 7, for d =
1, 1.8 and 2.8 mm shown in Fig. 4.25 to Fig. 4.27 were rewitten in the form of
variations of Nusselt number, Nu,,, against Fourier number, Fo, in Fig. 4.28 to Fig.
4.30 with flow velocity as a parameter. The Fourier Number (F0) is a dimensionless
number which arises naturally from the nondimensionalization of the conduction
equation. It is very widely used in the description and prediction of the temperature
response of materials undergoing transient conductive heating or cooling.

Fourier number is defined as the following equation:
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Fo=— (4.9)
where a, 7, and 7; are the thermal diffusivity of liquid (m%s), exponential period (s), and
the inner radius of test tube (m), respectively.

As shown in Fig. 4.28 to Fig. 4.30, Nuy, also decrease and approach an asymptotic
value for each flow velocity. The flow velocity has clear influence on Nug, for longer
Fo, but exerts a relatively small effect on Nug, for shorter Fo. The relation between
Nug, and Fo with flow velocity as a parameter shows the same trend as / versus 7 for
each velocity. Taking the aforementioned heat conduction contribution in the transient
turbulent heat transfer process into consideration, it is reasonable to assume that the
transient turbulent heat transfer characteristics could be described by introducing the
non-denmensional time, Fo. As stated earlier, Fakoor-Pakdman [14,15] employed Fo to
analyse the transient laminar forced convection heat transfer inside a circular tube under
time-dependent heat flux. Kakac [16] also numerically analyzed transient heat transfer
for turbulent flow using Fo. Therefore, the empirical correlation for transient turbulent
heat transfer caused by exponentially increasing heat inputs will be derived later by

taking the effect of the non-dimensional time, Fo, into account.
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Fig. 4.29 Nu,, versus Fo at various flow velocities for d = 1.8 mm
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Fig. 4.30 Nuy, versus Fo at various flow velocities for d = 2.8 mm
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4.2.5 Effect of Fo on transient turbulent heat transfer

Figures 4.31 to 4.33 show the ratios of transient turbulent Nusselt numbers, Nu ., to

steady state ones, Nu,, against Fo for all the data measured using tubes with inner

diameters of 1, 1.8 and 2.8 mm, respectively. The Nu,, /Nug, ratios approach unity for

larger Fo, which implies the heat transfer shifts to steady state heat transfer. And the

Nugy /Nug g ratios increase with the decrease in Fo for smaller Fo. This means the heat

transfer shifts to transient heat transfer. The transient turbulent heat transfer is affected

by the Fo. It seems that the transient heat transfer correlation could be obtained by

combing the steady state value with the effect of Fo since the increment of transient

Nusselt numbers relative to steady state value depends on Fo. The largest transient

turbulent heat transfer data become almost 6, 11 and 10 times the steady state for tube

inner diameters of 1, 1.8 and 2.8 mm, respectively. For this reason, the study of transient

turbulent heat transfer is fundamentally important for improving the reliability and

efficiency of dynamic heat exchangers.
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Fig. 4.32 Nug /Nug s versus Fo for d =1.8 mm
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Fig. 4.33 Nug, /Nug g versus Fo for d =2.8 mm

4.2.6 Effect of tube inner diameter on transient turbulent heat transfer

The experimental data measured for tube inner diameters of 1, 1.8 and 2.8 mm under

various experimental conditions were plotted in Fig. 4.34 with the corresponding curves

derived from Eq. (4.14) and Eq. (4.15). The ratios of transient turbulent Nu,, to steady

state one for three tube inner diameters all increase with a decrease of Fo. However, the

increment of transient state data relative to the steady state is higher for smaller diameter.

It 1s assumed that the effect of heat conduction contribution for transient state increases

with a decrease of tube inner diameter. The effect of tube inner diameter will also be
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taken into account for developing transient turbulent heat transfer correlation.
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Fig. 4.34 Nug, /Nug s versus Fo for d =1, 1.8 and 2.8 mm

4.2.7 Transient turbulent heat transfer correlation
To specify the increment of transient state data relative to the steady state, the
following equation was defined.

Nud,tr - Nud,st
Nu, =t —dst
Nu
d,st

(4.10)

where, Nu;, is relative increment of Nusselt number between transient state and steady

state, Nuy - 1s Nusselt number for transient state, and Nu, , is Nusselt number for steady
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state.

Figure 4.35 shows the experimental results for d = 2.8 mm in the form of Nu;, versus
Fo. The Nu;, values linearly decrease with increase of Fo. The slop on this log-log graph
is determined as -1.2. Those experimental data for d = 2.8 mm are correlated with the
follwing equation:

_ Nu,, —Nu (4.11)

Nu. 45t~ 553%107° Fo™'?

in
Nud,st

Although some deviation exists in the larger Fo region, the Eq. (4.11) could roughly

represent the experimental data for d = 2.8 mm within £50%.
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Fig. 4.35 Nu;, versus Fo for d = 2.8 mm

In the same method, the experimental data for d = 1 and 1.8 mm are correlated with
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Eq. (4.12) and Eq. (4.13) respectively.

Ni — N 4.12
Nuin = ud’” ud’ﬂ = 3.35X1074F071'2 ( )
Nua’,st
Ni — M 4.13
Nu, = o~ st 1 550107 Fo'? 19
Nud,st

The transient turbulent heat transfer correlation for a wide range of exponentially
increasing heat inputs on small diameter tubes has been obtained by combining the
steady state values with effects of the Fo and tube inner diameter clarified in this work.

It is expressed as follows:

Nu,,, :Nud,st(1+C~Fo_1'2) (4.14)

where, C is a constant to accommodate the effect of tube inner diameter and is

expressed in the following equation.

4.15
C=9.1x10" exp(—di) (4.1)

re

where, d is the tube inner diameter and d,. (= 0.001 m) is the reference diameter. C =
3.35x10* for 1 mm diameter tube; C = 1.5%10™ for 1.8 mm diameter tube and C =

5.53x10° for 2.8 mm diameter tube.
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Fig. 4.36 Nug ,/(Nug)caversus Fo for d =1, 1.8 and 2.8 mm

Figure 4.36 shows the ratios of the experimental transient turbulent heat transfer data,
Nug 4, to the values calculated from transient turbulent heat transfer correlations of Eq.
(4.14) and Eq. (4.15), (Nug )cal, versus Fo for tube inner diameters of 1, 1.8 and 2.8 mm,
inlet liquid temperatures of 303, 323 and 343 K, surface temperature differences of 20,
30, 40 and 50 K at various flow velocities. The obtained empirical correlations correlate
all those experimental data (3253 points) within £25%. For larger Fo, the data show a
smaller deviation from the correlation because they approach the steady state. For steady
state, the heat transfer process is governed by the usual heat convection and the heat conduction

component is almost none. With a decrease of Fo, the heat transfer process becomes a complicated
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phenomenon combining both heat convection and heat conduction. The heat transfer process may be
affected by other factors besides Fo, flow velocity and inner diameter. Thus the data for smaller Fo
show a relatively larger deviation from the proposed empirical correlation considering only the
effects of Fo and inner diameter. Eq. (4.14) and Eq. (4.15) are also plotted in Figures 4.10 to

4.12 by solid lines. The empirical correlations represent the experimental data well.

4.3 Summary
4.3.1 Steady state turbulent heat transfer

Steady state turbulent heat transfer was systematically investigated for wide ranges of
parameters such as velocity, inlet temperature and exponential period of heat generation
rate. Circular tubes with different inner diameters (1, 1.8 and 2.8 mm) and heated
lengths (about 30-50 mm) were used in this study. The conclusions are summarized as
follows:

1) The Nusselt numbers for FC-72 flowing through tubes with diameters of 1, 1.8 and
2.8 mm are found to be higher than those predicted by classical correlations for
conventional sized channels. It is assumed that the roughness effect enhances the heat
transfer rate in small sized channels.

2) To accommodate the enhancement caused by the small sized channels, steady state
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turbulent heat transfer correlations were developed in Eq. (4.7) and Eq. (4.8) ford =1,

1.8 and 2.8 mm by taking into account the effects of L/, w/u,, Pr and Re,. The

deviation between the experimental data and the developed correlations is less than

+15%.

4.3.2 Transient turbulent heat transfer

The transient heat transfer process due to exponentially increasing heat inputs for

turbulent flow of FC-72 was schematically investigated for different combinations of

parameters such as flow velocity, inlet liquid temperature and period of exponentially

increasing heat inputs using small diameter tubes with different inner diameters and

heated lengths. The experimental results lead to the following conclusions:

1) The usual convective heat transfer dominates the heat transfer process for quasi

steady state region. The heat conduction gradually governs the heat transfer process for

transient state with a decrease of period.

2) It was clarified that the transient heat transfer process could be analyzed in terms

of the dimensionless time, Fo.

3) The ratios of Nug,/Nu,s approach unity for larger Fo, and they increase with the

decrease in Fo for smaller Fo.
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4) The increment of transient state data relative to the steady state is higher for
smaller diameter as the effect of heat conduction contribution increases with a decrease
of tube inner diameter.

5) Based on the effects of Fo and tube inner diameter, the empirical correlation of
transient turbulent heat transfer was developed for a wide range of exponentially
increasing heat inputs using small diameter tubes. Deviations between the experimental

data and the empirical correlations were less than £25%.
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CHAPTER V

CHAPTER 5

Subcooled Flow Boiling Heat Transfer in Vertical Small

Diameter Tubes

Subcooled flow boiling refers to the situation that the bulk liquid temperature remains
lower than the saturation temperature but the surface superheat is enough to generate
bubbles. This chapter presents the experimental study on steady state and transient
subcooled flow boiling heat transfer with FC-72 in vertical small diameter tubes. The
steady state and transient flow boiling heat transfer processes are described in detail.
The effects of flow velocity, inlet and outlet liquid subcooling and exponential period of
heat generation on subcooled flow boiling and its CHF are explored. Empirical
equations are proposed to fit the experimental data. The physical mechanism of steady
state and transient subcooled flow boiling CHF in vertical small diameter tubes has also

been discussed.

5.1 Experimental Conditions
Subcooled flow boiling heat transfer experiments have been conducted with FC-72 in

vertical tube with inner diameter of 1.8 mm and effective length of 26.2 mm. FC-72 was
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Table 5.1 Experimental conditions of flow boiling

Working liquid FC-72

Test tube material SUS304

Tube inner diameter (d) 1.8 mm

Effective length (L) 26.2 mm

L/d 14.56

Inlet flow velocity (u) 3,4,5m/s

Inlet pressure (P;y,) 301.26-329.64 kPa
Outlet pressure (P,y,) 300 kPa

Inlet liquid subcooling (AT p,i) 33.85-76.71 K
Outlet liquid subcooling (AT up,0uz) 27.16-73.18 K
Inlet liquid temperature (7;,) 293,303, 313,323,333 K
Exponential period (1) 81.31 ms-16.04 s

selected as the test liquid since it has low surface tension. The low surface tension

characteristic is expected to affect the transition from non-boiling region to film boiling.

The flow velocity varied from 3 to 5 m/s. Heat inputs to the test heater were

exponentially increased with exponential periods, 7, ranging from 81.31 ms t016.04 s.

The inlet liquid temperatures, 7;,, were maintained at 293, 303, 313, 323 and 333 K.
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Correspondingly, the inlet and outlet liquid subcooling were 33.85-76.71 K and
27.16-73.18 K respectively. The outlet pressure, P,,, was kept at 300 kPa for all
experiment runs. The ranges of all experimental parameters covered in this study are

summarized in Table 5.1.

5.2 Heat Transfer Coefficient in Non-boiling Region

106F ' LR | N LR | ' LR | ' ""'g
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d=1.8 mm O 3m/s
L/d = 14.56 s
P =300kPa S m/s _
> 10° T =K - Eq. (4.8)
2 FoaT =30k T F
E L
z
O
-
S % :
41 UL A sempeapeasse===
b M s
Q.a0-06--6
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0.01 0.1 1 10 10
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Fig. 5.1 Non-boiling heat transfer coefficient versus exponential period at A7;=30 K

The heat transfer coefficients in the non-boiling region were measured at inlet

velocities of 3, 4, 5 m/s for AT (7Ts-T;)=30 K at outlet pressure of 300 kPa. The results

are shown versus exponential periods in Fig. 5.1. For longer periods, the experimental
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data of heat transfer coefficients versus exponential periods match basically with
authors’ steady state single-phase heat transfer correlations as expressed in Eq. (4.8).
Therefore, the experiments conducted for longer periods are regarded as steady state.
On the other hand, the heat transfer coefficients increase with decrease of period in
shorter period region. The experiments performed under shorter periods are taken as

transient state.

5.3 Time Dependence of Flow Boiling Characteristics

Figure 5.2 shows representative changes in tube inner surface temperature, 7, heat
flux, ¢, and heat input, O, with elapsed time. The heat input to the test tube was
increased quasi-steadily as a function of Qpexp(t/z) with period of 15.68 s. This figure
shows a typical heat transfer process of transition to film boiling through fully
developed nucleate boiling (FDNB) as plotted with solid line in Fig. 5.4. Firstly the
surface temperature increases with the increase of heat input. Boiling begins when the
surface superheat is enough to initiate the evaporation as shown with square mark. In
the nucleate boiling regime, surface temperature increases with a very low rate until
reach the CHF point as shown with circle mark. In the boiling process, the heat flux

increase rapidly with increase of heat input. During nucleate boiling process, a rapid
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increase in heat flux up to CHF under small temperature difference is observed.

Therefore, the nucleate boiling region has been widely employed in the industries.
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Fig. 5.2 Typical changes of heat generation rate, heat flux and surface temperature

relating to elapsed time for transition to film boiling through FDNB (t=15.68 s)

Figure 5.3 shows the case of time dependence of ¢, O and 7§ for the exponential

period of 163.98 ms, corresponding to the boiling graph shown with dashed line in Fig.

5.4. It shows a transition from non-boiling region to film boiling with increasing heat

flux or so-called semi-direct transition. This kind of transition refers to imperfect

nucleate boiling (the nucleate boiling region is in a very short time) prior to CHF
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accompanying with rapid increase in the surface temperature. The surface temperature

increases steeply to induce boiling incipience and the CHF, which is similar to the direct

transition process occurred in the transient pool boiling process as shown in section 3.2.

It is assumed that the semi-direct transition process is also due to explosive-like HSN in

originally flooded cavities.
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Fig. 5.3 Typical changes of heat generation rate, heat flux and surface temperature relating

to elapsed time for semi-direct transition (1= 163.98 ms)
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5.4 Flow Boiling Heat Transfer Process

7
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Fig. 5.4 Typical flow boiling curves at t=15.68 s and 163.98 ms

According to the transition from non-boiling regime to film boiling due to

quasi-steady state and transient exponential heat generation, the flow boiling heat

transfer processes are divided into the following two types, i.e.: transition from the

non-boiling region to film boiling through FDNB and transition from non-boiling

regime to film boiling through a short nucleate boiling or semi-direct transition. The two

typical flow boiling heat transfer processes are plotted in Fig. 5.4 in the form of heat

flux, g, versus surface superheat, 47;,. The two blow boiling heat transfer processes

correspond to periods of 15.68 s and 163.98 ms. Their time dependence of flow boiling

163



CHAPTER V

characteristics are described in section 5.3.

5.4.1 Transition from the non-boiling region to film boiling through FDNB

(type 1)

The flow boiling heat transfer processes for periods of heat generation ranging from

1.58 s to 15.68 s at inlet velocity of 4 m/s and inlet subcooling of 55 K are all shown in

Fig. 5.5. The typical transition from non-boiling region to film boiling through fully

developed nucleate boiling (FDNB) are caused by quasi-steadily increasing heat inputs

with exponential periods longer than a certain value as shown in Fig. 5.5. At first, the

heat flux increase along the single-phase heat transfer curve obtained by the authors [1].

At the incipient boiling point as shown in black square mark, the wall superheat

decrease due to the activation of originally flooded cavities. The heat flux then increase

gradually with an increase in surface superheat along the FDNB curve to the CHF point

marked with black circle mark. After the CHF point, heat transfer process shifts to

transition boiling and film boiling. The transition from FDNB to film boiling occurs due

to the hydrodynamic instability (HI) mechanism [2, 3] in the two-phase region near the

tube inner surface. The process from non-boiling regime to film boiling through FDNB

is defined as type 1 heat transfer process. The CHF for various periods can be separated
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into two groups as shown in Fig. 5.11. The first group data for longer periods

correspond to type 1 heat transfer process.

As shown in Fig. 5.5, the CHF data slightly increase with the decrease of period of

heat generation. The surface superheat corresponding to the boiling incipience is

defined as AT;. The AT;also increase with a decrease in period. The increasing trend of

CHF and 4T; could be explained by the time lag of the HI [4].

107.‘ ' R i ]
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Fig. 5.5 Transition to film boiling through FDNB with quasi-steady heat input
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5.4.2 Transition from non-boiling regime to film boiling through a short

nucleate boiling or semi-direct transition (type 2).

10 £ ——rrr ———gy

17=397.16 ms |
""" 1=123.98 ms 1
""""" 7=83.75ms ]

® q_,CHF
= q

| Conduction regime
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P =300KkPa
out

u=4 m/s
AT =55 K

sub,in

1 10 10

ATSa (K)

Fig. 5.6 Semi-direct transition to film boiling process with transient heat input

The heat transfer processes for periods of 83.75 to 397.16 ms at velocity of 4 m/s and
inlet subcooling of 55 K are shown in Fig. 5.6. The heat flux increase along the
conduction regime and suddenly increase from incipient boiling point (g;) to CHF point
(gcr) with a small increase in the wall superheat. The transition from conduction to
explosive boiling regime due to HSN in flooded cavities with increasing of heat flux in
a short time and the transition from the boiling regime to film boiling is called a

semi-direct transition [4]. The semi-direction transition has been observed for the period
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shorter than a certain value. As shown in Fig. 5.11, the second group data for shorter

periods correspond to semi-direct transition process.

5.5 Steady State Flow Boiling CHF

As mentioned in section 5.2, the heat transfer process for periods longer than 5 s is
defined as steady state one because its heat transfer coefficient agrees with the steady
state single phase heat transfer correlation. The effects of flow velocity, inlet and outlet

subcooling on steady state flow boiling CHF have been discussed as follows.

5.5.1 Effect of flow velocity

Figure 5.7 shows the heat transfer process from single-phase region to boiling region
for different flow velocities. The heat flux increases with the increase of 7,-T;, along the
forced convection curve in the single-phase region. For the same temperature difference,
higher flow velocity curve shows higher heat flux due to higher heat transfer coefficient.
From the boiling incipience point, the heat flux increases along the nucleate boiling

regime to CHF point. The CHF values increase with the increase of flow velocity.
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Fig. 5.7 Relation between ¢ and 7T;-T;,

5.5.2 Effect of inlet subcooling

Figure 5.8 shows the steady state flow boiling curves for inlet subcooling of 34, 44,
54 and 64 K at outlet pressure of 300 kPa and flow velocity of 3 m/s. The heat flux and
surface superheat corresponding to the incipient boiling point are defined as ¢; and ATi.
The ¢g; and ATi increase with an increase in inlet subcooling. The CHFs also increase
with increase of inlet subcooling. It indicates that higher subcooling requires a higher

heat flux and surface superheat to initiate and sustain bubble activity.
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Fig. 5.8 Effect of inlet subcooling on boiling heat transfer curve
The CHF data measured using the tube with diameter of 1.8 mm and L/d of 14.56 are
shown versus inlet subcooling with flow velocity as a parameter in Fig. 5.9. The CHF
values increase with an increase in flow velocity at a certain ATy, The CHF values
increase with the increase of ATy, at each flow velocity. In the subcooled flow boiling,
the bubbles generated on the heat surface condense as they leave the surface and contact
with the subcooled bulk liquid. The condense rate increases with increase of subcooling.
Therefore, higher heat flux is required to initiate and sustain bubble activity for the

higher subcooling.
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Fig. 5.9 gersup versus ATy, 1, at various velocities

Gunther [5] proposed a flow boiling empirical correlation based on the study on the
effect of velocity and subcooling for a flat 12.5 mm wide and 150 mm long heater strip
placed in a rectangular section with flow of water as follows:
9ersub = 71987u™AT,,, (5.1)

A similar empirical correlation combing the effects of flow velocity and inlet
subcooling was developed to fit the experimental data. The empirical correlation is

expressed as follows:

=1.45x10°u"3AT , (5.2)

qcr,sub sub,in
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Fig. 5.10 gcp.sup versus AT, 0 at various velocities

The CHF data versus outlet subcooling is shown in Fig. 5.10. The CHF values also

increase with the increase of AT, .. at each flow velocity. Since the CHF point always

appears near the outlet of flow channel, the relation between CHF and outlet succooling

is very important. The following empirical equation has been developed to describe the

relation between CHF and AT 0. As shown in Fig. 5.10, Eq. (5.3) matches the

experimental data very well.

qcr,sub =1.54x1 OS uO'SSAT 0.37

sub,out

171

(5.3)



CHAPTER V

5.6 Transient Flow Boiling CHF
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Fig. 5.11 Typical transient CHF for various periods at AT, ;,,=65 K

The transient flow boiling CHF correspond to the maximum heat flux measured for
exponential periods of rapid and quasi-steady state heat inputs. In this experimental
study, the exponential periods varied from 81.31 ms t016.04 s.

Figure 5.11 shows the CHF data measured at flow velocity of 3, 4 and 5 m/s and inlet
subcooling of 65 K versus exponential period ranging from 83.72 ms to 15.58 s. As
shown in Fig. 5.11, the CHF values increase slightly from steady state with a decrease
of period. It is explained by the time lag of HI. Then CHF values significantly decrease
to a minimum one and finally increase again with the decrease of period. The transient
CHF data could be separated into two groups, which represents CHF data for long and

short period respectively. The first group CHF corresponds to type 1 flow boiling heat
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transfer process, which could be explained by conventional HI mechanism. The second

group CHF corresponds to type 2 flow boiling heat transfer process, which could be

explained by HSN mechanism. In the case of 5 m/s, there are CHF values belonging to

two different groups at period of 789.29 ms. It seems that there exists a transition region

between the two CHF groups.

The surface superheat corresponding to the CHF (47,) versus exponential periods is

shown in Fig. 5.12. The 4T, could also be divided into two groups based on the

exponential periods. The AT, for the first group is significantly lower than that for the

second group. This phenomenon also confirms that there exist two different CHF

mechanisms for long period and short period.
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Fig. 5.12 Typical AT, for various periods at AT, ;=65 K

The CHF data and its surface superheat measured at inlet subcooling of 55 K and 45
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K are shown in Fig. 5.13 to 5.16. They show similar results as the case of 47, ;=65 K.

The CHF values and 47, could be divided into two groups based on the exponential

periods of heat generation.
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Fig. 5.13 Typical transient CHF for various periods at AT, ;,=55 K
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Fig. 5.14 Typical AT, for various periods at AT, ;=55 K
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Fig. 5.15 Typical transient CHF for various periods at AT, ,=45 K
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Fig. 5.16 Typical AT, for various periods at AT, ;=45 K
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5.7 Summary

Subcooled flow boiling heat transfer experiments were conducted with FC-72 in
vertical tube with inner diameter of 1.8 mm and effective length of 26.2 mm for
exponentially increasing heat input with periods of 81.31 ms to 16.04 s. The flow
velocity varied from 3 to 5 m/s and the inlet liquid temperature changed from 293 K to
333 K at a fixed outlet pressure of 300 kPa. The experimental results are summarized as
follows:

1) The transition to film boiling process can be categorized into two types,
representing two different CHF mechanisms. The transition from non-boiling to film
boiling through FDNB and the transition from non-boiling region to film boiling
through a short nucleate boiling are named as type 1 and type 2 process. Type 1 occurs
at steadily increasing heat inputs and could be explained by conventional HI mechanism.
Type 2 appears for rapid increasing heat inputs and it is induced by the explosive-like
HSN from originally flooded cavities.

2) The steady state CHF values increase with the increase of flow velocity, inlet
subcooling and outlet subcooling because in such a situation a higher heat flux is

required to initiate and sustain bubble cavity. Empirical correlations combing effects of

176



CHAPTER V

flow velocity and subcooling have been proposed.

3) The transient CHFs due to exponentially increasing heat input could be divided

into first and second group for long and short periods respectively. The first group data

correspond to type 1 process. The second group data correspond to type 2 process.
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CHAPTER 6

Conclusions

The experimental study on pool boiling heat transfer, single-phase and two-phase
flow boiling have been conducted with quasi-steady and transient heat input. The study
of pool boiling heat transfer and single-phase heat transfer contributes to the
understanding of mechanism of two- phase flow boiling heat transfer. The conclusions

are summarized as follows.

6.1 Pool boiling Heat Transfer

The steady and transient pool boiling experiments were performed on a horizontal
cylinder in a pool of ion-exchange-distilled water at pressures of 20 kPa to 101.6 kPa.
The steady state and transient Critical Heat Flux (CHF) data under one atmosphere and
sub-atmospheric pressures for the subcoolings ranging from zero up to 40 K with the
exponential periods (7) of heat input ranging from 20 s down to 10 ms were obtained
and analyzed. The following conclusions are obtained:

1) For short periods of heat generation, the non-boiling heat transfer coefficients

increase with a decrease of periods caused by transient heat conduction
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contribution. However, in the long period region, the heat transfer coefficients
approach an asymptotic value which is predicted by natural convection
correlation.

2) It was found that the steady state CHF increase with the increase of subcoolings.
And although the steady CHF data for one atmosphere are in agreement with
conventional correlations, the CHF data for sub-atmospheric pressures show
higher values.

3) The steady state CHF data for sub-atmospheric pressures are not in agreement
with conventional correlations. Those CHF values within sub-atmospheric
pressures increase with a decrease in pressure.

4) The transient CHF values under sub-atmospheric pressures could be divided into
two groups based on the exponential periods, corresponding to short period

region and long period region.

6.2 Single-phase Heat Transfer in Vertical Small Diameter Tubes
The steady state and transient heat transfer process for turbulent flow of FC-72 in
vertical small diameter tubes was schematically investigated. The experiments were

conducted at the flow velocities, u, changing from 8 to 11 m/s with corresponding Re, in

180



CHAPTER VI

the range of 23,400 to 45,900 for d = 1 mm, u changing from 3 to 6 m/s with

corresponding Re, in the range of 16,200 to 44,800 for d = 1.8 mm and u changing from

3 to 7 m/s with corresponding Re, in the range of 25,200 to 81,800 for d = 2.8 mm. The

range of Prandtl number, Pr, was from 8.4 to 10.8. Heat inputs to the test heater were

exponentially increased with exponential periods ranging from 15.7 ms to 15.5 s. The

inlet liquid temperatures were maintained at 303, 323 and 343 K and the system

pressure was kept around 400 kPa. The test heaters used in this study were circular

SUS304 tubes with small inner diameters of 1, 1.8 and 2.8 mm, wall thickness of 0.5

mm, and heated lengths around 30, 40 and 50 mm. The important conclusions that can

be drawn based on the observations and analysis in the present study are summarized as

in the following subsections.

6.2.1 Steady state turbulent heat transfer

1) The heat transfer coefficient linearly increases with the increase of flow velocity.

Flow velocity has a strong effect on the temperature profile, thereby influencing

the convective heat transfer process. The dependency of heat transfer coefficients

on flow velocity for d = 2.8 mm coincides with conventional correlations.

However, the cases of d = 1 and 1.8 mm show stronger dependency.
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The heat transfer coefficient decreases with an increase in the L/d due to the
thermal entrance effect for relatively short tubes.
The heat transfer coefficient becomes higher with the increase of w/u,, with a
slope of 0.14 as viscosity of FC-72 varies greatly with change of temperature.
Lower viscosity of the liquid at the walls increases the velocity gradient near the
wall, thereby increasing the heat transfer coefficient.
The values of Nug/Res”*/(w/.,)""* increase with the increase of Pr with slope of
0.4. The trend of Pr’* dependence accords with other well-known correlations.
For d = 1 and 1.8 mm, the data show anomalous trend (Re,*) compared with d
= 2.8 mm in accordance with correlations for conventional sized channels (Re,”?).
The Nusselt numbers for FC-72 flowing through tubes with diameters of 1, 1.8
and 2.8 mm are found to be higher than those predicted by classical correlations
for conventional sized channels. It is assumed that the roughness effect enhances
the heat transfer rate in small sized channels.
The experimental data are also compared with correlation for small channels. The
experimental data for FC-72 are slightly lower than Adams’ data obtained with

water in almost the same diameters. It may be due to the lower thermal

conductivity of FC-72.
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To accommodate the enhancement caused by the small sized channels, steady

state turbulent heat transfer correlations have been developed for d = 1, 1.8 and

2.8 mm by taking into account the effects of u, L/d, /i, Pr and Re,. The

deviation between the experimental data and the developed correlations is less

than £15%.

6.2.2 Transient turbulent heat transfer

1)

2)

3)

4)

The usual convective heat transfer dominates the heat transfer process for quasi

steady state region. The heat conduction gradually governs the heat transfer

process for transient state with a decrease of period.

The relation between transient Nusselt number and Fourier number, Fo with flow

velocity as a parameter shows the same trend as heat transfer coefficient versus

exponential period for each velocity. It was clarified that the transient heat

transfer process could be analyzed in terms of the dimensionless time, Fo.

The ratios of Nu,,/Nu, s approach unity for larger Fo, and they increase with the

decrease in Fo for smaller Fo.

The increment of transient state data relative to the steady state is higher for

smaller diameter. It is assumed that the effect of heat conduction contribution
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increases with a decrease of tube inner diameter.

Based on the effects of Fo and tube inner diameter, the empirical correlations of

transient turbulent heat transfer have been developed for a wide range of

exponentially increasing heat inputs using small diameter tubes. Deviations

between the experimental data and the empirical correlations were less than

+25%.

Based on the effects of Fo and tube inner diameter, the empirical correlations of

transient turbulent heat transfer have been developed for a wide range of

exponentially increasing heat inputs using small diameter tubes. Deviations

between the experimental data and the empirical correlations were less than

+25%.

6.3 Subcooled Flow Boiling Heat Transfer in Vertical Small

Diameter Tubes

Subcooled flow boiling heat transfer experiments were conducted with FC-72 in

vertical tube with inner diameter of 1.8 mm and effective length of 26.2 mm for

exponentially increasing heat input with periods of 81.31 ms to 16.04 s. The flow

velocity varied from 3 to 5 m/s and the inlet liquid temperature changed from 293 K to
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333 K at a fixed outlet pressure of 300 kPa. The experimental results are summarized as

follows:

1)

2)

3)

The transition to film boiling process can be categorized into two types,

representing two different CHF mechanisms. The transition from non-boiling to

film boiling through FDNB and the transition from non-boiling region to film

boiling through a short nucleate boiling are named as type 1 and type 2 process.

Type 1 occurs at steadily increasing heat inputs and could be explained by

conventional HI mechanism. Type 2 appears for rapid increasing heat inputs and

it is induced by the explosive-like HSN from originally flooded cavities.

The steady state CHF values increase with the increase of flow velocity, inlet

subcooling and outlet subcooling because in such a situation a higher heat flux is

required to initiate and sustain bubble cavity. Empirical correlations combing

effects of flow velocity and subcooling have been proposed.

The transient CHFs due to exponentially increasing heat input could be divided

into first and second group for long and short periods respectively. The first group

data correspond to type 1 process. The second group data correspond to type 2

process.
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APPENDIX

A.1 Wheatstone Bridge Method

Vi

Ve

|

Fig. A.1 Circuit diagram of Wheatstone bridge

The standard bridge circuit, often called a Wheatstone bridge, is shown like in Fig.
A.1. When the voltage between point V/; and the negative side is equal to the voltage
between point 7, and the negative side, the null detector will indicate zero and the
bridge is said to be “balanced.” To measure resistance with a Wheatstone bridge, an

unknown resistance, V7 is connected in the branch, while the other three resistors are
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precision devices of known value. One of the other three resistors (like R,’) can be
adjusted until the bridge is balanced. When balance has been reached, the unknown

resistor value can be determined from the ratios of the known resistances.

The derivation of a typical Wheatstone bridge is as follows:

V.= 14

'"TRR, (1)
Rl

V,=—23_J

Ducto R +R,<<R,'+R,' (R;=8.5115mQ, Rr-12 mQ, R,=R;=2000 Q)

V,=I(R +R,) (3)

Substitute Eq. (3) into Eq. (1) and Eq. (2)

R
V = ' _I(R+R.)=R.1
! R1+RT(1 r) !

“4)

VQ': R3 I(Rl +RT): R3 (Rl +RT)I (5)
R,'+R.' R,'+R.'

The output voltage of the Wheatstone bridge, Vrw, is expressed as follows:

R,'(R, +R;)
Vow =V, =V, =[RT——3R ';R = }I
2 3

_ R,R,'+R,R,'-R,'R, - R;'R
R,'+R,'
R,'+R;'

L1 (6)
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Then
' VTW [} [}
R R+ ] (R,"*+R;") (7
R, =
R’

When the bridge is in balance, V'73=0. So Eq. (7) can be rewritten as:

_ RIRS'

R
T R,

®)

The resistances of connections and connecting wires between R; and Ry are not
considered for Wheatstone bridge method. Therefore, the measured resistance, Ry, is
higher than the actual value. The corresponding measured average temperature of test
heater is also higher than the actual one. Once the measured average temperature by
Wheatstone bridge method exceeds the preset value, the heat input to the test heater
would be cut-off. In this way, it provides an allowance for interlock protection. As to
the precise measurement of a low resistance, Ry, the Kelvin double bridge circuit

should be employed.
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A.2. Kelvin Double Bridge Method

VR RT

N

Fig. A.2 Circuit diagram of Kelvin double bridge

Kelvin double bridge is a variation of the Wheatstone bridge, used for measuring

very low resistances. Its schematic diagram is shown in Fig. A.2.

If we were to use a standard Wheatstone bridge to measure low resistance, we have

a problem in that the connections and connecting wires between R; and Ry possess
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resistance, R;, as well, and this stray resistance may be substantial compared to the

low resistances of R; and Ry. Since we don’t want to measure these stray wire and

connection resistances, but only measure R;, The Kelvin double bridge circuit is

employed so that it won’t be influenced by voltage dropped across the connections

and connecting wires.

The voltafe drop across the connections and connecting wires, R;, and test heater,

Rr, is expressed in Eq. (9) and Eq. (10) as follows:

R (R, +Ry)
Vo R, +R, + R,
R R, (R, +R,) ®
RT+R|+ L( 2 3)
R, +R, + R,
R
Ve = & V
T R, (R, +R B
RT+R1+—L( 2+ Rs)
R, +R, + R,
V,:VRT+VR3
RLR3
R R, +R +R
V — 3 V — L 2 3 V
R R, + R, R R +R+RL(R2+R3) i
"1 R, +R,+R,

Submit Eq. (10) and Eq. (12) into Eq. (11),
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RLR3
RV, R, +R, + R,
V= R(R+R) & R (R +R) *
R, +R +—1+—2—3~ R +R+1—2 32
R, + R, + R, R, + R, + R, (13)
v, R, R
= (R, + ——2—)
RT+RI+M ’ RL+R2+R3
R, + R, + R,
Dueto R, <<R,+R;,
v, R R
= P+ (14)
s+ R +R, R, + R,
R
V,=—2—V, 15
* R+R, " (15)
v, R,R R
ViV -V, =—T— (R + ) ————TV, (16)
R, +R +R, R,+R, R, +R,

The electrical resistance of the heater branch was much smaller than the remainder

of the electrical paths. Thus,

Vg =I(Rr +R +R,) (17)

Submit Eq. (17) into Eq. (16),

V.= IR, + R, R, )_IR3(RT+R1+RL) (18)
R, + R, R, +R,
=IR, _w
R, +R,
IR R, B IR R,

R, +R, R, +R,

Then the output voltage of the Kelvin double bridge circuit is obtained as:
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R R, +E(R3 +R,) (19)
R, = L

X

R,

When the bridge is in balance, V;=0.

R, = (20)

Eq. (20) is the usual equation for the Kelvin double bridge. It indicates that the

connections and connecting wires resistance has no effect on the measurement.
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