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Abstract

Mathematical models predicting the oscillatory motions as well as the heat
transfer effects of hybrid fluids (HF) in an oscillating heat pipe (OHP) are simulated. The
models consider the vapor bubble as the gas spring for the oscillatory motions including
effects of operating temperature, vapor bulk modulus, and temperature difference
between the evaporator and the condenser. Using the theoretical hybrid fluid oscillatory
motions from the developed models, heat transfer models showing the theoretical
temperature differences in the evaporator and the condenser are developed including the
effects of forced convection heat transfer due to the oscillating motion, the confined
evaporating heat transfer in the evaporating section, and the thin film condensation heat
transfer in the condensing section. Furthermore, an experimental investigation was
conducted on a copper hybrid fluid oscillating heat pipe (HFOHP) with six turns. It is
observed that the analytical models resemble and follow the same trends as the
experimental data gathered. Results show that the changes in the working fluid’s thermal
properties due to the addition of gallium significantly helps to increase the heat transfer
performance of a water OHP and helps provide a better understanding of HFOHP

optimization for applications in high-powered systems.
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Chapter I.  Introduction

Today’s current rapid technological growth has established thermal management as a
major engineering obstacle. In order to meet current consumer and military needs, modern
technologies are requiring higher levels of efficient and consistent thermal energy dissipation.
Following in accordance with Moore’s Law, computer chip technology continues to advance and
their size decrease, with heat flux levels rapidly increasing. For example, some laser diode
applications reach heat flux levels of up to 500 W/cm?. With heat flux levels this high, traditional
heat transport devices including heat pipes are no longer adequate to maintain the low
temperatures required for safe use of these modern computers, because the heat transfer
limitation of conventional heat pipes prevents these devices from being utilized. Heat pipes,
which utilize phase change heat transfer, were developed to meet the increased demands for
better heat dissipation. Heat pipes provide a way to passively remove thermal energy from a
source in a quick and efficient manner. Heat pipes are an energy transport device that effectively
utilizes phase change of a fluid to transport heat. Heat pipes are attached to a heat source which
is intended to be cooled. The heat conducts through the wall of the heat pipe and reaches the
working fluid inside. The liquid vaporizes and absorbs the heat through phase change. The vapor
then flows along the pipe to the colder condenser region. The vapor releases its latent heat when
it condenses back into a liquid. Latent heat of vaporization is the energy required to cause a
liquid to transition to vapor. Because pure working fluids exist inside the heat pipe, the phase
change can take place at any temperature between the freezing point and critical temperature.

An oscillating heat pipe (OHP) is a new heat transfer device that utilizes two-phases and
relies on oscillating flow of liquid plugs and vapor bubbles in order to increase heat transport

capabilities to higher levels than can be obtained by a conventional heat pipe. The OHP is



comprised of a long capillary tube with many turns. The tube is partially filled with a working
fluid such as water, acetone, etc. The pressure difference across the liquid-vapor interface due to
the small radii of OHP tubes/channels and liquid surface tension can separate into liquid slugs
and vapor bubbles in the capillary tubes/channels of OHPs. The working fluid is heated up in the
evaporator, and a small portion is vaporized. This creates vapor pressure which is a driving force
for moving the heated liquid to the condenser section. The condenser then cools the liquid
allowing the vapor to condense. Because the pressure inside is directly related to the temperature,
a higher temperature in the evaporator results in a higher pressure and a lower temperature in the
condenser produces a lower pressure. This pressure difference between the evaporator and
condenser plus the unbalanced design of OHP with many turns produces the oscillating motion
of a train of liquid plugs and vapor bubbles. While the phase change heat transfer by the latent
heat produces the thermally excited oscillating motion, most of heat is transferred from the
evaporator to the condenser is by the sensible heat transfer. Sensible heat is the energy absorbed
or released due to the heat capacity of a working fluid when a temperature change occurs. While
a small portion of thermal energy transfer comes from the vaporization and condensation of the
fluid, i.e., latent heat, the phase change heat transfer produces the key driving force for the
oscillating motion of a train of liquid slugs and vapor bubbles throughout the tubes or
microchannels in an OHP. Because the OHP is thermally driven, the OHP can transport heat
long distances and can operate in many conditions such as zero gravity or 10-g gravity. This is in
contrast to traditional heat pipes that rely on the capillary pressure only. The increased heat
transfer capabilities are mainly attributed to: (1) The working fluid does not travel through a
wick, resulting in a low pressure drop of the working fluid. (2) There is no interference between

the vapor flow and liquid flow because they are moving in the same direction. (3) The vapor



plugs can be formed within the OHP because of the small diameter of the OHP. (4) The heat
added on the evaporating area is distributed by the forced convection due to the oscillating
motion along with the phase-change heat transfer [1-6]. In addition, OHP heat transfer
performance does not depend on gravity and can be fabricated into any shape. Currently, OHPs
have been utilized in many applications such as naval GBIT devices, aerospace lightweight heat
spreaders, and satellite cooling systems.

Extensive experimental investigations [1-6] and theoretical analysis [7—15] have been
conducted and show that there exist oscillating or/and circulating motions in an OHP, which
depend on working fluids [2-4,10], tilt angles [5-7], dimensions [2,6,9,10,13], filling ratio
[5,9,14], number of turns [2,4,13], and heat flux levels [2,4,7,14]. These investigations have
provided an insight into the mechanisms of oscillating motions occurring in the OHP.
Furthermore, the primary factors affecting the heat transport capability have been studied, which
show that OHP heat transport capabilities are driven by the effects of the forced convection heat
transfer due to the oscillating motion, the confined evaporating heat transfer in the evaporating
section, and the thin film condensation in the condensing section [16].

Liquid metals have been extensively studied in heat transfer applications and it has been
observed that heat transfer performance is significantly enhanced by using a liquid metal
working fluid [17]. The best candidates of liquid metal suitable for heat transfer management
working under 100 °C are gallium and its alloys due to their low melting points [17]. Room
temperature liquid metals including gallium or its alloys such as EGaln (75% gallium and 25%
indium by weight) and galinstan (68.5% gallium, 21.5% indium, and 10% tin by weight) own
many intriguing properties. Gallium and its alloy galinstan are non-toxic room temperature liquid

metals with melting points of 29.8 and —19 °C, respectively. Furthermore, gallium has a large



surface tension, a high thermal conductivity, and a high electrical conductivity. The thermal
conductivity of gallium is 24 W/m-K, which is approximately 41 times higher than that of water,
while the dynamic viscosity is only twice that of water [17]. Gallium is also quite compatible
with other metals in certain temperature environments, including chromium, copper, and
tungsten, which can be used with gallium at temperatures below 600 °C. Due to these merits,
gallium, and its alloy galinstan can potentially be used in next generation cooling devices.

In this investigation, a fundamental understanding of the oscillating flow and heat
transfer of hybrid fluids (HFs) in a OHP is developed. A hybrid fluid is defined as a mixture of
two different fluids, usually a liquid metal and water. In this investigation, a hybrid fluid of
gallium and water is used. Building upon the work done by previous experimental investigations
and results, mathematical models predicting the oscillatory motions as well as the heat transfer
effects of a hybrid fluid oscillating heat pipe (HFOHP) are simulated using MATLAB, which
include the effects of the forced convection heat transfer due to the oscillating motion, the thin
film evaporating heat transfer in the evaporating section, and the thin film condensation in the
condensing section. Experimental investigations are then conducted in order to compare and
analyze the developed analytical models to the experimental investigations conducted. Results of
the combined analytical and experimental investigation will help to understand the mechanisms
of integrated heat transfer enhancement from oscillating motion enhanced by thin film evolution
and evaporation of water, condensation on a liquid metal surface, and high thermal conductivity

of room-temperature liquid metal.



Chapter Il1. Theoretical Analysis

2.1  Mathematical Modeling
An OHP consists of an evaporating section, an adiabatic section, and a condensing

section as shown in Fig. 2.1.
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Fig. 2.1 Schematic of an OHP

2.1.1 Oscillatory Motion in an Oscillating Heat Pipe

For a typical OHP, the hydraulic diameter must relatively small so that the surface
tension can make liquid plugs separated by vapor bubbles. The vapor bubbles in the OHP can be
seen as the ‘springs’ for the oscillating motion generated in the system. In order to greatly reduce
the extensive computing power and time required from the theoretical models, as well as to
greatly reduce the complexity of equations, it is assumed that all liquid plugs behave as one
liquid plug and all vapor bubbles as one vapor bubble. When heat is added to the evaporating
section, the heat will be transferred through the wall and reach the working fluid. As it does, the
saturated liquid will be vaporized into saturated vapor. If the vapor temperature in the

evaporator, T,, is known, the vapor pressure in the evaporating section, p,, can be determined

by the Clapeyron equation

P, = Poe (2.1.1)



Following the same approach, the vapor pressure, p,, in the condenser section can be
determined if the vapor temperature in the condensing section, T_, is given. The pressure

difference between the evaporating section and the condensing section can thus be found by

( h|v (Te _Tc )]
Ap=p,-p,=p|e " -1 (2.1.2)

Utilizing a Taylor series and neglecting high-order terms, the equation above can be simplified

as

h
ApzAT( 'Vf“j (2.1.3)

c

where

7 = Al 8o 1. cos(a)] (214

for an oscillating system. Substituting, the driving force to cause the oscillating motion can be

found as

T 2

Ah —AT .
FD _ ApA _ ( vav,c ](ATmax ATmm ]I:l_i_ COS((()T.):I (215)
where A is the cross-sectional area of the channel.

As the working fluid flows through the channel, the frictional force arises from the

interaction between the liquid/vapor and the pipe walls, which can be evaluated by

dp; _ 4z, (2.1.6)

dx D

where z,is the frictional shear stress at the solid-liquid interface, and D is the hydraulic

diameter. The shear stress may be expressed in the terms of the friction factor, f ,i.e.,



1 dx \’
==fp|l— 2.1.7
%73 p(dtj (2.1.7)
Substituting,
dp, 1 dx Y’
—=——"fp|l— 2.1.8
dx 2D p(dtj ( )

Although the velocity of the working fluid in the OHP is the same for both vapor and
liquid phases, the viscosity and density of the liquid phase is different from the vapor phase
resulting in different pressure drops. The Reynolds numbers for liquid phase and vapor phase can
be expressed as

_AD &

Re 2.1.9
| a4 dt ( )
Re, = 2D & (2.1.10)
H, dt
Rearranging and solving for the density, p, (2.1.9) and (2.1.10) can be expressed as
Re, 4 dtj
=—| — 2.1.11
P D (dX ( )
Re, u, ( dt
A E 2.1.12
=" ( dxj ( )
(2.1.11) and (2.1.12) can then be substituted back into (2.1.8) to obtain
d 2
pf:fReyL(ﬂj(%j :fREéJL% (2.1.13)
dx 2-D-D (dx/\ dt 2D° dt

without reliance on the density. Utilizing the summation of the frictional pressure drops shown
as

Ap; :Apu +Apf,v (2.1.14)



and substituting in for the individual phase friction pressure losses, the total frictional pressure

drop can be expressed as:

Ap, {( f1~Re|)(g'[I;j+(fv-Rev)[/;VDLZV ﬂ[%) (2.1.15)

found by integrating the frictional force equation from Eq. (2.1.8).

To obtain the final damping coefficient for the system, the total friction pressure losses is
multiplied by the cross-sectional area of the channel and divided by the mean velocity, and is

shown as

AR At Re ) (A5 )4 (1 &j
C=— —A{(fl Rel)(ZDszr(fv Rev)(ZDz} (2.1.16)

where L,and L, are the total lengths for the vapor bubbles and liquid plugs in the OHP,

respectively. The frictional force is therefore

F, :ApfA:{( f .Re,)(;"—;j+( fV~ReV)(§V—[I)'2VHA% (2.1.17)

To simplify future mechanical vibration calculations, the non-oscillatory term from (2.1.5) is

denoted as

Ah AT
E = APue | Al ATmmj (2.1.18)
T 2

C

The law of ideal gases written in terms of mass is

pV = mRT (2.1.19)

Rearranging (2.1.19) in terms of pressure of the working fluid vapor phase results in

p, =— (2.1.20)




If the total volume occupied by vapor at time t is V,, i.e., L, A, and vapor is assumed as an ideal

gas, the vapor pressure at the time t can be found as

m,RT 2.1.21)

pv,t = LVA

At time t+At, after heat is added to the evaporating section and evaporation occurs, the
increase in the pressure will result in a decrease in the vapor volume by —xA. If it is assumed
that the vapor temperature is constant during this process, the pressure in the vapor space at time
t+ At yields

__MRT (2.1.22)

pv,t+At (LV N X) A
If x is small relative to L, , the pressure variation at the time interval At can be approximately

written as

Ap, = 2RT (2.1.23)

L
The oscillating heat pipe operates as a spring mass damper system using the compression and
expansion the of working fluid vapor as a restoring force for the oscillatory motion. From the
general equation for spring force,
F =xX (2.1.24)
The restoring force due to the vapor volume variation can be found as

F, = AAp, = AP VLFjT X (2.1.25)

Looking at (2.1.25) in the format of (2.1.25), the spring constant can be deduced by arranging the

terms to represent the isothermal process with the coefficient expressed as
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o= PoRT (2.1.26)

L,

In order to obtain the total mass of the working fluid, the definition of density is shown

m
=— 2.1.27
P=y ( )
which can be rewritten using the definition of volume
V =AL (2.1.28)
which can be used to yield density in terms of area and length of the slugs through
m
=— 2.1.29
P="T ( )
Solving (2.1.29) in terms of working fluid mass,
m= pAL (2.1.30)
The total mass of the working fluid in both liquid and vapor phase can be written as
m=A(pL +pL,) (2.1.31)
2
According to Newton’s Law, i.e., Z F= m%, the equation governing the motion of the
working fluid in an OHP can be found as
d?®x
Fy+F+F=m— (2.1.32)
Rearranging and substituting, we get
d?x L u,L, dx
Lp + A—-+|(f, -Re 1 1+(f -Re,)| ==X ||A—
(e L) ASEE | (1R ) o1, e, ) | [
(2.1.33)

+A pvRT X = ( Ahlvpv,c j(ATmax —ATmin jl:l‘l- COS(CUt):I
L, T 2

c

Ma et al. [14] established this model describing the motion of the working fluid in an OHP.
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Examining Eq. (2.1.33), it can be found that it is a typical governing equation for forced

damped mechanical vibrations, i.e.,

d’x cdx « E
e EE+EX:E[1+COS(Wt)] (2.1.34)

with substitutions from Eq. (2.1.9), Eq. (2.1.18), Eq. (2.1.26), and Eq. (2.1.31). Figure 2.2 shows

a visual representation for a forced damped mechanical vibration model.

1 AX,

X A

Driving force

k\\\\\T\\\\V

— —
(pressure
Res_ist_ance Restoring force Total mass of difference
(Frictional (Gas spring) working fluid between the
force) evaporator and

condenser

Fig. 2.2 Schematic of a forced damped mechanical vibration model

For the governing equation for forced damped mechanical vibrations, the undamped natural

frequency, @,, and the damping ratio between actual and max damping, ¢, can be written as

@y = |~ (2.1.35)
m
and
c=—" (2.1.36)
2ma,

respectively.
Before heat is added on the evaporator, there is no oscillation movement in the OHP.
Thus, the initial conditions for the governing equation for forced damped mechanical vibrations

can be found as
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x=0 and %=o; at t=0
dt

Referencing (2.1.22), the position x can be approximated using Taylor series expansion yielding

2 3 n
Ap :ﬂ{x+x—+x—+...+ X J (2.1.37)

Tk L 5L

With the oscillating heat pipe operating as a forced damped mechanical vibration system, the
general equation can be written as Eq. (2.1.34), but the mass can then be distributed to simplify
the equation as

d?x

F+C%+KX: E (1+cos(at)) (2.1.38)

Substituting in the new x value from (2.1.37), (2.1.33) can be rewritten as

d? L : d
(L + vav)Aqu{( f -Re,)[%}(fv-Rev)[%ﬂAd—?

2 3 n Ah _AT..
ABRT(( X X (A (ATmax ATmmjl:l_i_Cos(wt):l
L UtL e T 2

c

(2.1.39)

The governing equation for forced damped mechanical vibrations is simply a
nonhomogeneous, second-order ordinary differential equation (ODE) where the exact solution is
subject to the boundary conditions given above. Utilizing Laplace transforms, the exact solution
can be readily obtained, i.e.,

(\/(;2 —1)sin (ct)—e*"sinh [w( &? —1)t}

20w P -1
1-e COSh((\/m)a)t)-l-

2
(9

cjsinh(( ;? —1)a)t) (2.1.40)
¢*-1

_l_
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Eq. (2.1.40) can then be used to create theoretical models of the oscillatory movement of
the working fluid with given OHP parameters. These models can then be used to find the
amplitude and frequency of the working fluid with given parameters in order to determine the

average velocity of the working fluid inside the OHP at steady-state.

2.1.2 Heat Transfer in the Evaporating Section of an Oscillating Heat Pipe

When heat is applied to the external section of the evaporator as shown in Fig. 2.3, it is
first transferred via conduction through the walls until it reaches the working fluid at which point
the fluid starts vaporizing. This vaporization leads to a vapor volume expansion in the evaporator
section and a corresponding vapor volume contraction reaction in the condenser section as liquid
condenses. This expansion and contraction of the vapor volume causes the oscillating motion
leading to forced convection. If the tube structuring the evaporating section is smooth, i.e., no
wick structures on the inside surface of tube, the heat transfer process occurring in the
evaporating section is similar to convection boiling heat transfer, which has been extensively

investigated [18-25].

| o Eveporating | Adisbatic | o Condensing __|

Section Section Section

‘\\‘ = \.‘
LTS g 5
[;/ \/ V apor )L quid ) ,: { ii___j,’) )
JTT17T711] L & B
\k% o \k 7_/,//

Fig. 2.3 Schematic of the vapor bubbles and liquid plugs inside an OHP
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The heat transfer in the evaporating section is a combination of nucleate boiling and bulk
convection. Between these two forms of convective heat transfer, the total heat transfer
coefficient h is expressed as

htotal,e = hmic + hmac (2141)

where h,,,;. is due to the nucleate boiling heat transfer and h,,,,. is due to the bulk convection
that results from the oscillating motions. The microscopic nucleate boiling portion of the heat
transfer coefficient can be derived from the Nusselt number found by Forster and Zuber [18] for
the case of pool boiling such that

h,t%,

Nu, = 0.0015(Re, )"* (Pr, )** = (2.1.42)

1
where 1, is the bubble radius and Rey is the Reynolds number for micro-convective boiling heat

transfer, and are defined, respectively, as

AT 27Z'kC o 0.5 0.25
[ = [ 1l j [ P j (2.1.43)
hvav Ap gcAp
7k.c AT Y
Reﬁ[ ! ﬂ(p. j (2.1.44)
,U| IOVh|V

These equations are based on the premise that the Reynolds number for micro-convective
boiling heat transfer is governed by the growth rate of bubbles. This rate is described by the
Rayleigh equation which Forster and Zuber solved to show that the product of the bubble radius
and the bubble growth rate is a constant for a specific superheat. For the case of boiling from a
superheated wall, whether in pool boiling or convective boiling, the degree of superheat actually
IS not constant across the boundary layer. Due to this fact, the Reynolds number used in the

Forster-Zuber equation actually is an effective Reynolds number representative of some mean,
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effective super-heat. The difference between this effective superheat and the wall super-heat is
small for the case of pool boiling and was neglected in Forster and Zuber’s derivation. However,
this difference cannot be neglected in the case of convective boiling since the temperature
gradient is now dependent on flow rate and vapor quality and would generally be much steeper
than in the corresponding pool boiling case with the same wall super-heat.

In using Forster and Zuber’s formulation to represent micro-convective heat transfer in
convective boiling, this effect was taken into account by writing Eq. (2.1.42), Eq. (2.1.43), and

Eq. (2.1.44) in terms of effective AT and AP, which in this case, is Eq. (2.1.45).

0.79 045 049

k Coi 0.24 0.75
hmic:0'00122|: 05I 029h024 024:|[T sat :l I:sat PI:I S (2.1.45)

(o3

This model was developed by Chen [18] which describes the microscopic nucleate boiling
portion of the heat transfer coefficient. S is a suppression factor and a function of the two-phase

Reynolds number, which is
S=(1+256x10°Ret’)” (2.1.46)
where the two-phase Reynolds number is defined as
1.25
Re, =Re,[F(X,)] (2.1.47)

and where Re; is the liquid Reynolds and X, is the Martinelli parameter. The liquid Reynolds
number is found by first defining the mass flux G such that

UAp,

G= :T:Upl (2148)

>3

and where the general equation for the Reynolds number is

upD,

Re=—/— (2.1.49)
7
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When considering only the liquid portion of the fluid, Eq. (2.1.49) is multiplied by the liquid

percentage of the total working fluid in terms of the vapor quality such that

Re = S(1=X)D: (2.1.50)
! Hy h

The Martinelli parameter is derived such that

Ap; ) o[ APy
(2o

where ¢? is the two-phase frictional multiplier for liquid flow and is defined as

¢/l (2.1.52)

Z=14+-
g G

and the generic Martinelli parameter is given as

(Apf ] 0.5
L
= ' (2.1.53)

Xtt - Ap
f
v

For the case where both the gaseous and liquid flow are both turbulent, the two-phase frictional

factor for the liquid is shown to be

C 1

=l —+— 2.1.54
U 0
The Fanning friction factor is defined as
f = Const (2.1.55)
Re
A proportionality relationship may then be found such that
A 2
% oc fc; oc G* " p"s ™ o " s (2.1.56)

where it follows that
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0.5
A (2n)
[%) ocm 2 y"?s0% (2.1.57)

A relationship for the generic Martinelli parameter may then be expressed as

(@n) N s
Y 2 2
Xy =(ﬂj (ﬂJ (S—) (2.1.58)
n’]v :uv SI
where m; = m(1 — x) and m,, = mx. Substituting these into Eq. (2.1.58) gives
1 (2-n) 05 g
— 2
X, = (—X) [&] [ﬂ) (2.1.59)
X pl :uv
For the case where both the gaseous and liquid flow are turbulent, n = 0.2 which gives
1 0.9 0.5 0.1
X, = [—_ Xj [&J {ﬂJ (2.1.60)
X pl /JV

The function F(X;;) in Eq. (2.1.47) depends on the Martinelli parameter and is defined as

F(Xy)=1 for X;'>01 (2.1.61)
1 0.736
F(Xn):2.35(0.213+—] for X;'>0.1 (2.1.62)
Xtt

When the filling ration ¢ is known, the quality is derived such that

m _pV _p P, — 9P,
x=—t=0 (g =L T (2.1.63)
m. PV, p( ) P

where the average density of working fluid in the system may be calculated from the definition
of specific volume as
V=XV, +(1-Xx)V, (2.1.64)

where v = 1/p which results in
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X 1-X
_+_
pv pl

(2.1.65)

QD+

Utilizing the Martinelli parameter for a two-phase flow, the heat transfer coefficient due
to the forced convection caused by oscillating motions (macroscopic heat transfer coefficient)

can be readily determined by

e = F (X )hy (2.1.66)
where F (X, )is the Martinelli function seen in Eq (2.1.61) and Eq. (2.1.62). The Martinelli

function adjusts for a two-phase flow scenario, where

X, <1 Gas Flow
X, =1 Two — Phase Flow
X >1 Liquid Flow

KN , the Dittus-Boelter equation states

Knowing Nug = hi'(—D and rearranging to get h =
|

Nu, =0.023Re%’ Pr" (2.1.67)
Where
=04 for heati
n=0 or eat!ng (2.1.68)
n=0.33 for cooling

The Dittus-Boelter equation is a good approximation for a fully developed turbulent flow in a
smooth circular tube where temperature differences between bulk fluid and heat transfer surface

are minimal, avoiding equation complexity and iterative solving. Therefore,
h = o.ozs[ﬁj Re/® Pr’* (2.1.69)
D
The temperature difference in the evaporator section is therefore

AT, =% (2.1.70)
htotal,e
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where L, is the length of the evaporator section.

2.1.3 Heat Transfer in the Condensing Section of an Oscillating Heat Pipe

The vapor generated in the evaporating section is condensed in the condensing section if
the phase-change driving force exists, and the condensate in the thin film region will flow into
the liquid-slug region due to the capillary force. Because the film thickness in the condensing
film region is very thin compared to the meniscus thickness in the liquid slug, most of the
condensing heat transfer will occur in the thin film region. In this region, the Reynolds number
of the condensate is very small; hence the inertial terms can be neglected and based on
conservation of momentum in the thin film, the pressure drop due to the viscous flow can be

found as

d? fR D,.q,
an _ e35 HB9:S (2.1.71)
ds 26°D;phy,

where s is the coordinate along the condensing film starting from the middle point of the
condensing film and ¢ is the thin film thickness. Knowing that the general equation for the

Reynold’s number of a fluid is

Re=2UL 2.1.72)
7

the Reynold’s number of the condensing film can be found as

_ lTﬁépl
H

Re, (2.1.73)

where U, . is the average velocity of the condensate.

. . . . L
By integrating the equation for pressure drop due to the viscous flow from s=0to ;V :

the total pressure drop along half of the vapor bubble length can be found as
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[
=j fRe; 14D, |y (2.1.74)
5 253Dp|h

There exist numerous vapor slugs in the OHP including the condensing section. Although

the vapor slug distributions, i.e., vapor bubble number, in the OHP is unpredictable, the total

vapor space remains constant for a given liquid filling ratio ¢, which is defined as

VI
¢:V (2.1.75)

total

where V, is the volume occupied by liquid, and V,, is the total volume throughout the

oscillating heat pipe.

In the condenser, it is assumed that all the vapor bubbles are combined with the
condensing taking place on the perimeter of the large slug. When a uniform distribution of vapor
throughout the length of the heat pipe is assumed, the length of the idealized single vapor slug in

the condenser may be found such that

L, =L (1-¢) (2.1.76)

Knowing that the Laplace Young Eq is

1 1
P =P =0[—+—j (2.1.77)
L n
and making the assumption that r, =r,, we get
P -P, _29 g liquid-vapor interface (2.1.78)
r

It is known that K is the curvature and is defined as
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o
d 2
1+(j
{ dx
which is
k-1 (2.1.80)
I
for a capillary tube. Substituting, the resulting equation for capillary pressure results in
AP, =20K (2.1.81)
After deriving along the condensate film, the derived equation is
o, dK (2.1.82)
ds ds

Rearranging Eq. (2.1.82), we get dP, =20dK and then Integrating from K = 1 to K =1, the
r,

0 rc
total capillary pressure can be found as
1
AP, = zaj dK (2.1.83)
1
which simplifies to
AP, = G(E—E} (2.1.84)
rc r0

where 1, is the meniscus radius of the liquid-vapor interface at the line of symmetry, s =0 and r,
is the meniscus radius of the liquid-vapor interface at the liquid slug, s = L. ,, which can be found
from Fig. 2.3, respectively, as

[ :%(Di 28, (2.1.85)
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and

I :%(Di _250.5ch\,) (2'1'86)

When considering Eq. (2.1.85) and Eq. (2.1.86), the total capillary pressure can be rewritten as

AP — o 2 1 (2.1.87)

¢ D. D.
(3-0e) (3-2)

For the steady-state condensation process of the thin film, the capillary pressure defined

in Eq. (2.1.87) should be equal to the pressure drop determined by Eq. (2.1.74). Setting the

equations equal to each other and rearranging, the film thickness can be found as

f Re, 4D,q, Li,v
16D, pihy,

(2.1.88)

il 2 1
D, D,
?_50.5%,V ?_50

With a given heat flux, Eq. (2.1.88) may be solved, and the condensation film thickness

determined. The temperature difference in the condensing section can then be found using

AT, = &2
k

(2.1.90)

2.2 Hybrid Fluid Selection for the Hybrid Fluid Oscillating Heat Pipe

When an OHP is filled with a hybrid fluid and heat is applied in the evaporator, the water
evaporates into saturated vapor, whereas the liquid metal remains a liquid (depending on what
materials are being used). This leads to a train of liquid metal plugs and vapor bubbles as shown

in Fig. 2.4.
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Fig. 2.4 Schematic of hybrid fluid interaction in a HFOHP

Analyzing closely, there is thin film evaporation and condensation occurring in the HFOHP, as

shown in Fig. 2.5.

Liquid metal
Evaporation

Fig. 2.5 Schematic of thin film evaporation and condensation in a HFOHP
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With these effects in mind, a hybrid fluid of gallium and water is used for this
investigation. The reason is due to gallium and its alloys being the best candidates for heat
transfer management under 100 °C working temperatures, due to their low melting point.
Furthermore, the surface tension of gallium is nearly 10 times higher than that of water [17],
implying that galinstan can hold a ball shape on a surface and be in a nonwetting state. The

wetting condition of gallium and water on a rough surface is shown in Fig. 2.6.

H=0

Fig. 2.6 Wetting condition on the rough surface of a HFOHP

Figures 2.7-2.10 show the previous visual observations made on a HFOHP based on
research by Hao et al. [26]. It was observed that liquid metal tends to stay towards the bottom of

the OHP, and that the liquid metal column become small balls.

Liquid slug |

oscillation ’ ~Liquid

Liquid metal | I l l‘ Liquid metal
oscillation
v H “'Vapor
W\ J =/

Fig. 2.7 First visual observation made of a HFOHP
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Fig. 2.9 Third visual observation made of a HFOHP
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Fig. 2.10 Closer visual observation of a HFOHP

For the galinstan-silicon dioxide—nitrogen system, the advancing contact angle under
nonoxidizing conditions has been experimentally determined to be 146.8°. Gallium flow
resistance is reduced on the micro/nanostructured surface. Recently, Lam et al. [27] analytically
investigated the hydrodynamic slip of galinstan on the microstructured surface, and the
microstructured surfaces effect on the overall thermal resistance of a galinstan-based microgap
cooling in the laminar flow regime. The overall thermal resistance was reduced during the
galinstan-based microgap cooling. Many previous works [28-30] have modeled the
hydrodynamic slip on superhydrophobic surface. A review of experimental and theoretical
hydrodynamic work was conducted by Rothstein [31]. The flow resistance reduction and higher

thermal conductivity of liquid metal will significantly help to increase the heat transfer
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performance of a standard OHP. The properties of the hybrid fluid chosen are shown in Table

2.1.

Table 2.1 Properties of the hybrid fluid chosen (gallium + water)

Gallium Water
Melting point [°C] 29.76 0
Boiling point [°C] 2,400 100
Vapor pressure [mmHg] <10® at 500°C 760 at 100°C
Specific heat [kJ/(kg*°C)] 0.37 at 30°C 4.183 at 20°C
Density [kg/m?] 5900 at 30°C 998.2 at 20°C
Thermal conductivity 24 at 30°C 0.599 at 20°C
[Wi(m**C)]
Solubility in water Insoluble -
Dynamic viscosity [Pa*s] 2.4x102 at 30°C 1.005x107 at 20°C
Surface tension [N/m] 0.725 at 30°C 0.0727 at 20°C

In order to be able to calculate and simulate the mathematical models, the hybrid fluid
has to be treated as a theoretical mixture in order to have single values pertaining to the hybrid
fluid’s thermal properties. The first thermal property treated as a theoretical mixture is the liquid
density of the hybrid fluid, which is calculated using the relation

(m,+m,)

=~ 1 2/ 2.1.91
PrrF (Vl +V2) ( )

The second thermal property treated as a theoretical mixture is the liquid specific heat of the

hybrid fluid, which is calculated using the relation

C,hr =(ﬂjcpyl +(ﬂ}cpyz (2.1.92)

mtotal mtotal
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The third thermal property treated as a theoretical mixture is the liquid dynamic viscosity of the

hybrid fluid, which is calculated using the Kendall-Monroe equation [32], which is

te = (Yl +Y,4%) (2.1.93)
where Y is the mole fraction. The fourth thermal property treated as a theoretical mixture is the

liquid thermal conductivity of the hybrid fluid, which is calculated using the Jamieson and Irving

equation [33], which is
kI,HF :k|,1y1+k|,2y2_(k|,1_k|,2)(1_\/y—1)y1’ I(1 >k2 (2.1.94)

where y is the mass fraction. The fifth thermal property treated as a theoretical mixture is the
liquid surface tension of the hybrid fluid, which is calculated using the ideal surface tension
equation, which is

o =Y,0,+Y,0, (2.1.94)

After these values are calculated, simulation of the mathematical models can now be performed.

2.3 Simulation

2.3.1 Setup

The theoretical simulation of the oscillatory motion as well as the heat transfer of a
HFOHP was conducted through MATLAB. MATLAB is a proprietary multi-paradigm
programming language and numeric computing environment developed by MathWorks.
MATLAB allows matrix manipulations, plotting of functions and data, implementation of
algorithms, creation of user interfaces, and interfacing with programs written in other languages.

The MATLAB simulation was coded from scratch using the mathematical model derived earlier.
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2.3.2 Results and Discussion

Using the equations shown and creating an analytical code in MATLAB for a HFOHP
under different conditions, analytical models are obtained. Figures 2.11-2.20 show analytical
models of theoretical oscillating motions for both water as well as a hybrid fluid (15% gallium
and 85% water) in an OHP at different operating conditions, where all filling ratio percentages

are in regard to volumetric percentages.
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Fig. 2.11 Analytical model showing theoretical oscillating motion for water in an OHP at
different filling ratios with characteristic length of 107 mm, inner diameter of 2 mm, operating

temperature of 15 °C, and maximum temperature difference of 5 °C
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Fig. 2.12 Analytical model showing theoretical oscillating frequency for water in an OHP at
different filling ratios and characteristic lengths with inner diameter of 2 mm, operating

temperature of 15 °C, and temperature difference of 5 °C
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Fig. 2.13 Analytical model showing theoretical oscillating motion for water in an OHP at
different characteristic lengths with filling ratio of 50%, diameter of 2 mm, operating

temperature of 15 °C, and temperature difference of 5 °C
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Fig. 2.14 Analytical model showing theoretical oscillating motion for water in an OHP at
different inner hydraulic diameters with filling ratio of 50%, characteristic length of 107 mm,

operating temperature of 15 °C, and temperature difference of 5 °C
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Fig. 2.15 Analytical model showing theoretical oscillating motion for water in an OHP at
different temperature differences with filling ratio of 50%, characteristic length of 107 mm, inner

diameter of 2 mm, and operating temperature of 15 °C
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Fig. 2.16 Analytical model showing theoretical oscillating motion for water in an OHP at

different operating temperatures with characteristic length of 207 mm, inner diameter of 2 mm,

filling ratio of 50%, and temperature difference of 5 °C
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Fig. 2.17 Analytical model showing theoretical oscillating motion for a hybrid fluid of 15%

gallium and 85% water in an OHP at different filling ratios with characteristic length of 107 mm,

diameter of 2 mm, operating temperature of 15 °C, and temperature difference of 5 °C
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Fig. 2.18 Analytical model showing theoretical oscillating frequency for a hybrid fluid of 15%

gallium and 85% water in an OHP at different filling ratios and characteristic lengths with inner

diameter of 2 mm, operating temperature of 15 °C, and temperature difference of 5 °C
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Fig. 2.19 Analytical model showing theoretical oscillating motion for a hybrid fluid of 15%
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gallium and 85% water in an OHP at different characteristic lengths with filling ratio of 50%,

inner diameter of 2 mm, operating temperature of 15 °C, and temperature difference of 5 °C
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Fig. 2.20 Analytical model showing theoretical oscillating motion for a hybrid fluid of 15%
gallium and 85% water in an OHP at different inner hydraulic diameters with filling ratio of

50%, characteristic length of 107 mm, operating temperature of 15 °C, and temperature

difference of 5 °C
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Fig. 2.21 Analytical model showing theoretical oscillating motion for a hybrid fluid of 15%
gallium and 85% water in an OHP at different temperature differences with filling ratio of 50%,

characteristic length of 107 mm, operating temperature of 15 °C, and inner diameter of 2 mm
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Fig. 2.22 Analytical model showing theoretical oscillating motion for a hybrid fluid of 15%
gallium and 85% water in an OHP at different operating temperatures with characteristic length

of 107 mm, inner diameter of 2 mm, filling ratio of 50%, and temperature difference of 5 °C

These analytical results show that under different OHP conditions, the analytical models
for the hybrid fluid of 15% gallium and 85% water have slightly higher amplitudes but lower
oscillation frequencies compared to the analytical models for water. The reason for this is
because gallium has a higher dynamic viscosity and density, which affect the oscillating motion
equations and therefore models. Furthermore, Fig. 2.23 shows the analytical model comparing
the theoretical oscillating motion of water to a hybrid fluid at different volumetric percentages of

gallium and water in an OHP.
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Fig. 2.23 Analytical model comparing the theoretical oscillating motion of water to a hybrid fluid
at different volumetric percentages of gallium and water in an OHP with filling ratio of 50%,
characteristic length of 107 mm, operating temperature of 15 °C, inner diameter of 2 mm, and

maximum temperature difference of 5 °C

Comparing the theoretical oscillating motion of water to a hybrid fluid at different
volumetric percentages of gallium and water in an OHP as seen in Fig. 2.23, it becomes apparent
that as the volumetric fill ratio of gallium increases (and therefore decreasing the volumetric fill
ratio of water), the oscillation frequency decreases while the amplitude increases, and both of
these values will have an effect on the heat transfer of the OHP.

Figures 2.24-2.28 show analytical models of the theoretical heat transfer coefficients and
temperature differences for water as well as hybrid fluids ranging from 5% to 15% volumetric

gallium in the hybrid fluid in an OHP at specified operating conditions.
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Fig. 2.24 Analytical model showing theoretical macroscopic and microscopic heat transfer
coefficients in the evaporating section for water in an OHP with varying power input for an
operating temperature of 15 °C, filling ratio of 50%, characteristic length of 107 mm, and inner

diameter of 2 mm
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Fig. 2.25 Analytical model showing theoretical macroscopic and microscopic heat transfer
coefficients in the evaporating section for a hybrid fluid of 5% gallium and 95% water in an
OHP with varying power input for an operating temperature of 15 °C, filling ratio of 50%,

characteristic length of 107 mm, and inner diameter of 2 mm
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Fig. 2.26 Analytical model showing theoretical macroscopic and microscopic heat transfer
coefficients in the evaporating section for a hybrid fluid of 10% gallium and 90% water in an
OHP with varying power input for an operating temperature of 15 °C, filling ratio of 50%,
characteristic length of 107 mm, and inner diameter of 2 mm
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Fig. 2.27 Analytical model showing theoretical macroscopic and microscopic heat transfer
coefficients in the evaporating section for a hybrid fluid of 15% gallium and 85% water in an
OHP with varying power input for an operating temperature of 15 °C, filling ratio of 50%,

characteristic length of 107 mm, and inner diameter of 2 mm
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Fig. 2.28 Analytical model showing theoretical temperature differences for water as well as
hybrid fluids ranging from 5% to 15% volumetric gallium in the hybrid fluid in an OHP with
varying power input at an operating temperature of 15 °C, filling ratio of 50%, characteristic

length of 107 mm, and inner diameter of 2 mm

As seen from the results, the microscopic heat transfer contributions that is due to the thin
film evaporation is much less than the macroscopic heat transfer due to the forced convection
from the oscillating motions. As a result, the heat transfer in the OHP is mainly due to the
exchange of sensible heat, which agrees with the results presented by Khandekar et al. [7,8] and
Zhang and Faghri [12,13]. The driving force of the oscillating flow is the pressure difference
between the condenser and the evaporator. This pressure difference is a result of the phase-
change heat transfer occurring in the OHP.

Furthermore, Fig. 2.28 shows that as the volumetric percentage of gallium increases in
the hybrid fluid, the heat transfer capabilities also increase, up to a certain point. This is due to

the fact that as we increase the volumetric percentage of gallium, the hybrid fluid’s dynamic
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viscosity, liquid density, liquid thermal conductivity and liquid surface tension increase, while
the hybrid fluid’s liquid specific heat capacity and overall oscillating motion velocity decrease
(due to a minimal increase in amplitude but a lower oscillating frequency between the working
fluids as the volumetric percentage of gallium increases). With these effects in mind, one can see
that there resides a ‘sweet spot’ within the equations used that takes advantage of the changes

within these mentioned values before losing efficacy.
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Chapter I11. Experimental Investigation

3.1  Hybrid Fluid Oscillating Heat Pipe Experiment

In order to verify the analytical model predicting the heat transfer performance,
experimental investigations were conducted. The experimental system, as shown in Fig. 3.1,
consisted of a test section including an OHP, a cooling bath, a power supply, and a data

acquisition system.

Vacuum supply

Valve 1 x Valve 2

Filling tube

—
—

o (0] O (@]

o (D () () el

0000 —

O
O

> Cooling water

Cold bath
o © DAQ Computer
O O
E—
DC power ~Cartridge heater
Fig. 3.1 Schematic of experimental OHP system setup
3.1.1 Setup

An OHP with six turns was manufactured on a 130 mm x 80 mm x 10 mm copper plate.
The channels (2 x 2 mm?) were machined into the copper substrate and had six thermocouple

ports (with 1.5 mm diameter) drilled on each edge with two in the evaporator, two in the
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condenser, and two in the adiabatic section allowing for temperature data collection, as seen in

Fig. 3.2.
Evaporator ~ Adiabatic Condenser
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Fig. 3.2 Schematic of OHP used

Furthermore, the copper substrate creates a hydrophobic surface condition and is good at
preventing material adherence to the surface. Since the OHPs were to be used for multiple tests,
the ability to clean and refill the OHPs was crucial to this experiment. Hydrophobicity is defined
by the liquid contact angle with the surface of the OHP greater than 90°. OHPs operate best with
a hydrophobic condenser section, since hydrophobic wetting characteristics of liquid metal can
significantly enhance the convection heat transfer of oscillating flow from the evaporator to
condenser through the high thermal conductivity of liquid metal, reduction of the pressure drop,
and condensation heat transfer in cavities. OHPs operate best with a hydrophilic evaporative
section, since the hydrophilic wetting characteristics can enhance thin film evaporation [27],

which significantly increases the driving force for the oscillating motion. The microchannels
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were then sealed with two translucent silicone rubber sheets and gasket to prevent gas or liquid
leakage at a high-pressure difference between ambient and internal. A translucent acrylic plate

was then bolted to the OHP, leaving the channels visible through the plate as shown in Fig. 3.3.

Fig. 3.3 Picture showing the visible channels through the clear plate

To emulate a heat source, a 63 mm x 33 mm copper heater block with four internally
placed cartridge heaters was attached to the lower portion of the OHP backside and was centered
horizontally on the back of the OHP splitting the distance equally between the four 12.7 mm
deep thermocouple ports. The heater block was attached to the copper OHP using a thin film of
Omegatherm 201 silicon thermal grease in order to reduce contact resistance to the copper. By
equally centering the heater block over the four thermocouple ports, the evaporator section can
then have a spatially averaged temperature for higher accuracy than measuring with a single
thermocouple. A 115 mm x 38 mm aluminum cooling block was also attached using a thin film
of Omegatherm 201 silicon thermal grease with a two-pass heat exchanger pumping water on the
opposite end from the evaporator. The cooling block was centered to have the two thermocouple
locations measuring the condenser temperatures equally divided into halves for accurate

temperature averaging. The OHP experimental setup can be seen in Fig. 3.4.
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Fig. 3.4 Schematic of the OHP experimental setup

The two blocks were fastened to the OHP with thin wire to ensure all heat dissipation
occurred through the working fluid, not the fasteners. The entire assembly was thermally isolated

using fiberglass insulation and low emissivity foil coated bubble wrap to reduce the heat loss, as

shown in Fig. 3.5.

Fig. 3.5 Picture showing the thermal insulation around the OHP experimental setup



45

3.1.2 Filling the Hybrid Fluid Oscillating Heat Pipe

In order to fill the OHP with the hybrid fluid, the OHP underwent a backfilling process to
evacuate all of the air within the channels. This process involved attaching the charge tube,
shown in Fig. 3.5, to a vacuum pump with surgical tubing to decrease the internal pressure to
approximately 30 Pa then filling the assembly completely with distilled water. The water is then
pumped out and evaporated using the vacuum pump. This process was repeated twice in order to
ensure no air remains and any residual pressure is water vapor. The hybrid fluid was
premeasured using the OHAUS Explorer EX1103 balance. The hybrid fluid was then filled to
40%, 50%, and 60% of the internal channel volume. Prior to removing the vacuum pump tubing
from the OHP charge tube, the vacuum tubing was clamped to prevent pressure equalization. A
third tubing line sealed until this point connecting to the OHP was attached to the measured
hybrid fluid in a glass syringe. Upon releasing the sealing clamp on the third line, the pressure
difference forces the hybrid fluid into the OHP. The rate of fill was controlled by slowly
releasing the syringe plunger while measuring the change in mass of the total assembly to gage

the actual fill mass.

3.1.3 Data Acquisition

Prior to the start of the experiment, the system was allowed to equilibrate and reach
steady state such that the steady-state operating temperature was achieved and a uniform
temperature distribution with no heater power input was observed throughout the HFOHP. Once
the experimental system reached the equilibrium, the input power was increased in 50 W
increments up to a maximum heat input of 400 W. The steady-state condition was defined as the

mean temperature in the evaporator with a change of less than 0.5°C in 5 min.



46

The control test was conducted using distilled water only as the working fluid. The data
collected was utilized as a benchmark for comparing the hybrid fluids. Data was collected using
16 channel 24-Bit multifunction MC USB-2408 Series temperature and voltage data acquisition
measurement (DAQ) device with eight type T thermocouples. All thermocouples were calibrated
with the maximum uncertainty of = 0.05°C. Temperature data was collected using the DAQ to
measure the temperatures from the locations denoted in Fig. 3.3. The four thermocouples in the
evaporator section had their data spatially averaged to have a single value denoting the average
temperature of the evaporator with higher accuracy. The two thermocouples measuring the
condenser section were spatially averaged to have a single value denoting the average
temperature of the condenser. Subtracting the condenser temperature from the evaporator
temperature yielded the average temperature difference for each HFOHP test with the hybrid
fluid at the specific power inputs after thermal equilibrium was reached. After the experimental
setup reached 400 W and had reached thermal equilibrium, the power was removed, and data
collection was kept on to capture the equalization rate of the test OHP.

The maximum output voltage and current of the N5750A DC power is 150 + 0.15 V and

5+ 0.015 A. The relative uncertainty of the input power is calculated by

R CRC)

The relative uncertainty of thermal resistance is determined by

CEEE
R T, T, T, T, Q

At the heat input of 50-400 W, the temperature difference between the condenser and the

evaporator is 10.2-32.3 °C. The relative uncertainty of the input power is 0.31%-0.52%. The



47

relative uncertainty of the thermal resistance is 1.62%-3.73%.

3.1.4 Results and Discussion

The temperatures of the evaporator and condenser measured during the HFOHP
experiments were measured, and they were recorded by the stabilized temperature at the end of
each power step. Subtracting the averaged condenser temperature from the averaged evaporator
temperature yielded the average temperature difference for each OHP experiment at each power
input step after thermal equilibrium was reached. The temperature difference results between the
averaged evaporator and condenser temperatures at every power input step are shown in Tables

3.1-3.3.

Table 3.1 Average temperature differences between evaporator and condenser at 40% fill ratio

Hybrid Fluid Hybrid Fluid Hybrid Fluid
Power [W] Water (5% Gallium and | (10% Gallium (15% Gallium
95% Water) and 90% Water) | and 85% Water)
50 10.66955 11.5613 11.17375 11.5528
100 14.92537 17.24138 13.29695 14.3572
150 20.00514 20.00917 15.0566 15.1215
200 21.05263 20.01629 14.4271 16.6728
250 22.72727 21.73913 15.89875 19.3734
300 25.01845 23.07692 16.3367 18.73175
350 26.92308 24.13793 17.7581 20.57025
400 28.57143 26.0933 19.63865 22.98851
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Table 3.2 Average temperature differences between evaporator and condenser at 50% fill ratio

Hybrid Fluid Hybrid Fluid Hybrid Fluid
Power [W] Water (5% Gallium and | (10% Gallium (15% Gallium
95% Water) and 90% Water) | and 85% Water)
50 10.20408 10.9425 11.24455 11.19065
100 17.24138 19.60325 18.18182 18.86792
150 20.54795 20.83333 21.42857 21.12676
200 22.47191 21.05263 17.3913 18.6151
250 27.77778 25.00815 17.85714 19.12365
300 28.88905 27.27273 20.00382 21.7676
350 29.33397 26.92308 21.21212 22.37515
400 32.35526 28.98255 23.2868 24.3542

Table 3.3 Average temperature differences between evaporator and condenser at 60% fill ratio

Hybrid Fluid Hybrid Fluid Hybrid Fluid
Power [W] Water (5% Gallium and | (10% Gallium (15% Gallium
95% Water) and 90% Water) | and 85% Water)
50 12.16955 12.51741 12.75016 13.02514
100 18.00382 19.00195 18.00482 20.00693
150 21.01839 24.01852 22.57502 25.05024
200 24.00581 26.00981 26.00914 28.00593
250 27.51124 26.75042 26.25019 27.50153
300 30.01069 28.51052 25.50026 27.90415
350 31.6751 29.75005 25.90195 28.3595
400 36.00671 33.60329 26.8896 31.00025

These experimental results were plotted against the theoretical results found earlier and

can be seen in Figs. 3.6-3.8.
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varying power input at an operating temperature of 15 °C, filling ratio of 50%, characteristic

length of 107 mm, and inner diameter of 2 mm



50

40
35 ]
,/—"”‘/7_‘i(_ T
x 301 = oo 4 -
$ S cl ! T
o | T T X
g 25— T .
]
= ety
(] L T )
020 -—--Water )
:5 Theoretical
§ 15 --HF 5% Gallium-Theoretical L
g —_HF . .
= 10% Gallium-Theoretical
g HF __, . y
— 10 15% Gallium-Theoretical
© WaterExperimental Data
x HF ‘ .
5% Gallium-Experimental Data
5 o HF 10% Gallium-Experimental Data
| | ‘ ‘ ‘ + HF 15%-Gallium Experimental Data
0 I i
0 50 100 150 200 250 300 350 400

Heat Input, W
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varying power input at an operating temperature of 15 °C, filling ratio of 60%, characteristic

length of 107 mm, and inner diameter of 2 mm

As one can see from the graphs, the theoretical results compared to the experimental
results are not very precise at low power inputs, but that discrepancy greatly decreases as the
power input increases and the theoretical and experimental results become a lot more agreeable
with one another. Considering that the pressure drops in the turns of the OHP and possible
circulation of working fluid were not taken into account in the theoretical model, the discrepancy
between the theoretical and experimental results are reasonable. Another thing to note is that the
discrepancy between the theoretical results and the experimental results also increased as the
total filling ratio increased from 40% to 60%. This is due to the fact that the theoretical results
are based on the assumption that oscillatory motion starts as soon as heat input begins, which is

certainly not the case in real-life applications. Yin et al. [34] studied the effects of heat input
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needed to start the oscillating motion in an OHP depending on the filling ratio. It was noticed
that when the filling ratio increases, the heat input required to start up the oscillating motion
increases; furthermore, there exists an upper limit. This upper limit of the filling ratio is
dependent on the properties of the working fluid.

Although the theoretical results are not 100% accurate, it provides a good indication of
how the OHP might perform with given parameters, which can help save time in experimental
setups and help figure out which parameters might perform the best, allowing us to run physical
experiments on them at a faster rate.

From the raw temperature data, further analysis was conducted in order to find the

thermal resistance of the HFOHP using the relation:

AT
R=— (3.1.3)
Q
Once the thermal resistance was calculated, the thermal conductance could then be solved for by
the relation:
1
C=— 3.1.4
R (3.1.4)

Figures 3.9-3.11 show the thermal conductance of water as well as the different hybrid fluid

ratios used in the HFOHP.
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Fig. 3.11 Graph showing the thermal conductance for water as well as hybrid fluids ranging from
5% to 15% volumetric gallium in the hybrid fluid in an OHP with varying power input at an
operating temperature of 15 °C, filling ratio of 60%, characteristic length of 107 mm, and inner

diameter of 2 mm

From Figs. 3.9-3.11, one can see around what power input the HFOHP began its
oscillatory motion. It was noticed that as the filling ratio increased, the heat input required to
start up the oscillating motion increased as well. In terms of best performance, it boiled down to
two factors. The first factor was the total filling ratio. Based on the experimental data gathered as
well as the theoretical models plotted, it was observed that as the total filling ratio decreased
(from 60% to 40%), the thermal conductance of the working fluid increased, regardless of the
working fluid inside the OHP. The second factor was the hybrid fluid ratio. Based on the
experimental data gathered as well as the theoretical models plotted, it was observed that the
hybrid fluid of gallium and water performed better than pure water, regardless of the volumetric

ratio of gallium in the OHP. With that being said, it is observed that there exists a ‘sweet spot’
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within the hybrid fluid ratio that performs the best. With the experiments conducted in this
research, it was observed that a 10% volumetric ratio of gallium within the hybrid fluid
performed the best, regardless of the total filling ratio. This is due to the fact that as the
volumetric ratio of gallium increases within the hybrid fluid, there are a number of variables that
change value, including the thermal properties as well as the overall velocity of the hybrid fluid.
It was observed that at a certain point, when volumetric gallium percentage is increased, the
increase in thermal conductivity loses its efficacy since the hybrid fluid’s velocity also decreases
and therefore reduces the amount of forced convective heat transfer able to be produced that the
gallium’s effective heat transfer relies heavily on. With all this being said, it was observed that
the hybrid fluid of 10% gallium and 90% water with a total fill ratio of 40% performed the best

with the given OHP parameters.
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Chapter IV. Conclusions

A study of the effects of hybrid fluids in an oscillating heat pipe was conducted
both analytically and experimentally to determine whether HFOHPs are viable for
applications in high-powered systems. Mathematical models predicting the oscillatory
motions as well as the heat transfer effects of hybrid fluids in an oscillating heat pipe
were developed analytically and simulated through MATLAB. These analytical models
included the forced convection heat transfer as a result of the oscillating motions, the thin
film evaporation heat transfer, as well as the thin film condensation heat transfer. Results
show that although the HFOHPs produced less overall oscillating motions compared to a
water OHP, it produced an enhancement in heat transfer and therefore a decreased
temperature difference between the evaporator and condenser during operation compared
to a water OHP because of the change in various thermal properties. Within these
HFOHP experiments, it was observed that there exists a ‘sweet spot” of volumetric ratio
of gallium within the hybrid fluid that performed the best, and this was due to the fact
that it had the best heat transfer capability in terms of the change in thermal properties
while not being heavily governed by the decrease in its overall oscillatory velocity. This
investigation also found that the experimental investigation results resemble and follow
the same trends as the analytical simulations. It can be concluded that when the OHP is
charged with a hybrid fluid involving a liquid metal, the heat transfer capabilities can be
enhanced in high-powered systems. These results can help advance current cooling
capabilities and limitations, and the technology can be readily used in many fields such as
naval GBIT devices, aerospace lightweight heat spreaders, satellite cooling systems, solar

energy, HVAC, power plants, and heat exchangers.
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