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ABSTRACT

The objective of this study is to evaluate experimentally the convective heat transfer
and viscous pressure loss characteristics of alumina-water and zirconia-water nanofluids.
Nanofluids are colloidal dispersions of nanoparticles in metal, metal oxide, carbon-based
materials in base fluids, and may offer improved heat transfer properties compared with
pure base fluids. A flow loop with a vertical heated section was designed and constructed
to operate in the laminar flow regime (Re<2000). Initial tests were conducted with de-
ionized water for experiment validation. Alumina nanofluid was tested in the flow loop
at four different volumetric loadings, 0.6%, 1%, 3% and 6% and zirconia nanofluid was
tested at volumetric loadings of 0.3%, 0.64% and 1.3%. The experimental results,
represented in Nusselt number (Nu) and dimensionless length x*, are in good agreement
with traditional model predictions if the loading- and temperature- dependent
thermophysical properties are utilized. Measured pressure loss of the nanofluid is within
20% of theory. It is concluded that the laminar convective heat transfer and viscous
pressure loss behavior of alumina-water and zirconia-water nanofluids can be predicted
by existing models as long as the correct mixture properties are used, and there is no
abnormal heat transfer enhancement.
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CHAPTER 1

INTRODUCTION

1.01 THESIS OBJECTIVE

The objective of this thesis is to study whether nanofluids are able to provide
advantages in heat transfer applications over their pure liquid counterparts. Furthermore
the focus of this study is to measure the heat transfer coefficient and viscous pressure loss
in the laminar flow regime. The following questions are addressed in this research: will
nanofluids be able to increase the thermal conductivity of base fluids? will nanofluids
prove to be useful in increasing heat transfer coefficient? and ultimately will wa;ter-bascd
nanofluids be better fluids in the laminar flow domain? These are some of the questions
that researchers are striving to answer. The goal of this research is to obtain experimental
data by utilizing an experimental loop through which heat transfer rate and pressure drop
are measured. Two types of nanofluids are tested in this study — alumina-water and
zirconia-water nanofluids. Experimental results of these nanofluids are compared with

theory/correlation to evaluate whether they offer advantages over pure fluid.

11  BACKGROUND
In order to understand the characteristics of nanofluids, a review of some previous
work in this area is given below.
1.1.1 Thermal Conductivity
For the purpose of heat transfer, thermal conductivity is an important parameter.
The thermal conductivity of common fluids is low compared to that of solids, such as

metals or metal oxides. Nanofluid is an innovative approach to create higher thermal
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conductivity to meet the demand in high power thermal management systems. There have
been earlier attempts to place micron-sized solid particles in liquids, but problems have
occurred with particles settling. The nano-scale particles are small enough to form a
stable dispersion in the liquid.
1.1.2 Model for Heat Enhancement of Nanofluids

Theoretically, the thermal conductivity increases are based on the volume fraction
and shape of the particles. The Argonne National Laboratory [1] performed nanofluid
experiments, where it was found there was a 20% increase in thermal conductivity. This
was found true with base fluid ethylene glycol and copper oxide particles with volume
percent of 4. It was shown thaf there is a strong correlation between volume percent and
thermal conductivity enhancement.

The increase of thermal conductivity leads to an increase in heat transfer
performance. The Nusselt number (Nu) is a dimensionless number that represents the
ratio between convective and conductive heat transfer. It is defined as:

h* D,
== e 1.1
k (1.1)

Nu

where h is the heat transfer coefficient, D, . is the inner diameter of the pipe,

and k is the thermal conductivity of the fluid. If the thermal conductivity increases, then
the heat transfer coefficient will increase in theory, provided Nu is constant. According
to the theory the Nusselt number should remain constant at 4.36 in the fully-developed
laminar region where the Reynolds number is below 2100. There have been experiments
from the Argonne National Laboratory [1], where testing was done with Alumina. Their

results yielded heat transfer improvements of 80% with a volume percent of less than 3.
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1.1.3 Colloids

Nanofluids are engineered colloids. A colloid is a homogeneous mixture that
consists of two different phases: dispersed-phase particles normally between 1 to 100 nm
and a continuous liquid phase.

One problem that has occurred in the past is to keep the solid particles from
aggregating. The agglomeration of particles can be prevented by using surfactants or by
tuning the surface charge of the particles. The surfactant molecules can best be
represented as having a hydrophobic head, which is a particle that repels water and
hydrophilic tail which is attracted to water. The hard component of keeping the colloid
stable has to do with the particle’s being repulsive to the base fluid and holding an
attractive charge [2]. This feature in colloids leads to colloids aggregating upon collision.
This is usually prevented by giving the particles similar charges and thus repelling one

particle from another.

i
AG \ -e-eeeenee Aftractive
N mm—— Repulsive
\\ Total

1\

i
1

H
;

<

Figure 1.1: This shows the energy that is required to surmount the inter-particle
forces (Adopted from [6])
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From the graph it can be seen that the energy it takes to overcome two repulsive
forces as they come closer is high. Once this energy barrier is exceeded then the particles
agglomerate, which may mean that the particles become heavier than the base fluid and
sedimentation occurs. This would make it difficult for Brownian Motion to keep the
particles in suspension.

1.1.4 Brownian Motion

It has been theorized that the basis around colloid stability revolves around
Brownian motion. Brownian motion is defined as the random movement of particles in a
base fluid. This random movement means that there is a collision of particles into one
another. The particles impact upon other particles is negligible because the concentration
of particles in nanofluids is normally low. The particles impact to molecules is important.
This collision passes on the kinetic energy of the previous particle obtained to the
molecules. Brownian motion has been researched by Jang and Choi [3] to give off energy
more effectively from the random motion of nanoparticles rather than the collision of
nanoparticles. They explain that conduction is able to occur due to the interaction that
nanoparticles and liquid molecules have. Brownian motion is best described
mathematically from the Einstein-Stokes’s equation:

k,T

=— B 1.2
= Smeaed (12)

In this equation Dj represents the Brownian diffusion coefficient, k,

Boltzmann’s constant, u viscosity, and d,is the diameter of the nanoparticle.
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12 RECENT WORK IN NANOFLUID CONVECTIVE HEAT TRANSFER

There have been important studies in the area that will be discussed in this
section. The work of Kwak and Kim [4] refers to heat transfer enhancement and
nanofluids were found to be more efficient if the nanoparticles are spherical in shape.
Xuang and Li [5] investigated the effects of nanofluids in turbulent flow. In their
experiment, copper nanoparticles were used. Their research found increases in heat
transfer coefficients in the copper nanofluids compared to water at similar Reynolds
numbers. The overall result of this research presents heat enhancement increases as
volume fraction of the nanofluid rises. Williams [6] at MIT studied heat transfer
convection of nanofluids in the turbulent domain. His work included investigations of
alumina and zirconia nanofluids. This research found that there was no heat transfer
enhancement from the nanofluids in turbulent flow region. It was discovered that the
comparison of heat transfer coefficient and Reynolds number, a dimensionless number,
with that of nanofluids and water was a wrong approach to take. Prandtl number also
attributed to heat transfer coefficient increase because of the large difference of viscosity
between de-ionized water and the nanofluids.

Work has also been done in the laminar flow domain by Wen and Ding [7]. They
investigated the heat transfer of nanofluids under laminar flow and focused on the
entrance region. Their research used alumina nanofluids and concluded that heat transfer
enhancement increases with particle concentration and Reynolds numbers. In particular,
they noticed that there was an increase in heat transfer capability at the entrance region of
the pipe and then steady decline with increased distance. They hypothesized that thermal

conductivity of nanofluid is not the main cause for heat transfer enhancement, but rather
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it is possibly due to particie migration which results in non-uniform distribution of
thermal conductivity and viscosity field which reduces the thermal boundary layer
thickness.

Buongiorno [9] offers reasons for the nanofluids convective heat transport in the
turbulent regime. He proposes that there are seven slip mechanisms used to determine
such behavior and they are inertia, Brownian Diffusion, Thermophofesis,
Diffusiophoresis, Magnus Effect, Fluid Drainage, and Gravity. He further clarifies that
the two most important of these features are Thermophoresis, where particles disperse
caused by a temperature gradient, and Brownian Diffusion, which is the random collision
and movement of particles suspended in a base fluid. Buongiorno explains that heat
transfer enhancement occurs when the viscosity is less and the laminar sublayer of the
boundary layer is small.

Table 1.1: Findings in Convective Heat Transfer

Reference # Authors Regimes Findings

4 Kwak and Kim N/A - Heat Enhancement
more efficient when
nanoparticles are
spherical

- Rotational Brownian
motion reduces
enhancement due to

geometry

5 Xuan and Li Turbulent - Increase in heat
transfer coefficient
using same Reynolds
numbers of water and
Cu nanofluids

6 W. Williams Turbulent - No heat transfer
enhancement from
turbulent flow

- Overlooked power it
takes to pump the
higher viscous fluids
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Wen and Ding

Laminar

Heat transfer
enhancement found
near the entrance
region
Enhancement can be
attributed to the
reduction of thermal
boundary layer
thickness.

A. Ahuja

N/A

thermal conductivity
is 3 times higher
when moving
opposed to stationary
flow

J. Buongiorno

Turbulent

There are seven slip
mechanism to
determine nanofluids
behavior

The two important
ones are
Thermophoresis and
Brownian diffusion
Enhancement occurs
because the laminar
sublayer is small
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CHAPTER 2

NANOFLUID PROPERTIES

2.1  NANOFLUID PROCUREMENT AND PREPARATION
There are various methods that are used to create nanofluids. In one process, the

nanoparticles are made using gas condensation. The nanoparticles are then dispersed in
the base fluid. Ultrasound is commonly used in this process in order to make sufficient
amélgamation of base fluid and particle.[12] Another method called VEROS (Vacuum
Evaporation on Running Oil Substrate) was used to prepare nanofluids by evaporating
nanofluid particles on an oil substrate. A small metal particle is evaporated onto an oil
substrate. The particles grew onto the oil substrate in the base fluid.

The nanofluids used in this experiment were purchased directly from the vendor
NYACOL. They manufactured alumina and zirconia nanofluids with a nominal weight

percent of 20 % as provided from the tables below [10].

Table 2.1: Alumina Nanofluid Properties from NYACOL.:

NYACOL®
NAME
AL20DW
AL,O;3 (Wt. %) 20
Particle Size (nm) 50
Particle Charge +
pH 4.0
Specific Gravity 1.19
Viscosity (cPs) 10
AL,O3 (Wt. %) 20
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Table 2.2: Zirconia Nanofluid Properties from NYACOL:

NYACOL®
NAME
ZrQO; (ACETATE
STABILIZED)
7rO, (Wt. %) 12.8%
Particle size, nm 50
Particle charge +
Counter ion, 1.5 acetate
mole/mole
pH 3.5
Specific Gravity 1.26
Viscosity 10

In the experiment, we wish to use diluted nanofluids at lower percents and the
expression below was used to find the volume percent from a given weight percent”

Weight%* p,
P ¥ (1 —Weight%) + (Weight%* p )

=Vol% Q.1

The as-purchased weight percent is known; therefore, the volume % can be found
by coming up with an arbitrary fraction of 20% alumina over water and alumina mixed.
Knowing the p,,,, and p,,, , which is 3920 kg/m’ for alumina, is important for finding the
volume %. pp;4 45, i the mixed density of de-ionized water and alumina, which is found
from the following equation [3],

Pr = (A=VI%)* 0, ) + (V01%* p,01) 22)

For example, with 20 weight percent from equation (2) a py,, ., of 1584 kg/m’ is

found. From equation (1) a volume % of 6 is found. It is important to understand how
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much needs to be added to a sample in order to experiment on the next set of volume or

weight percent conditions. This is found from the following equation from [11]:

1-DVol% 3 1—-Weight% « Pr
DVol% ight?
fox 0l% Weight%  p, 2.3)
14 1 -Weight% , Pr

Weight%  p,

In the above equation, DVol% is the desired volume % wanted, p, is the density

of the base fluid, p, is the density of the nanopowder, x is the volume of the weight %

being used, and f represents the amount of the base fluid that is needed to dilute the

fluid in order to obtain the desired volume %.

2.2 | CHARACTERIZATION OF NANOFLUIDS

Nanoparticle weight percent and the purity of the nanofluid are analyzed as part
of the nanofluid characterization. An Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES) is used for this purpose. The ICP consists of a plasma torch,
load cell, tubes that carry the inert gas Argon, and a radio frequency generator. This
machine is useful for this experiment because no addition sample preparation is required
and each analysis takes only a few minutes, provided that proper calibration has been
performed. The ICP is able to identify low elemental concentrations in fluid samples,
down to ppb level (parts per billion) [13]. The ICP machine is able to find the elemental
concentrations in a test sample by heating it up with a plasma torch. This forces the atoms

to produce one or more specific wavelengths of light emission.
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Figure 2.1: Schematic of the inside of ICP machine (Courtesy of Science Hypermedia)

Before test were done directly to the alumina test sample, there are standard
solutions prepared at several ppm (parts per million) ranges in order to establish a
calibration curve for the element of interest. The standards used were 0 ppm, 1 ppm, and
100 ppm of aluminum. This enabled data interpolation from intensity of a given
wavelength to obtain the elemental concentration. The next step processed after this
included making dilutions of the 8 samples taken before and after each weight percent
run of the alumina nanofluids. The samples were diluted to fit the middle of the
calibration curve, which is 50 ppm. In order to get dilutions of alumina on the 50 ppm
scale, calculations of total alumina in samples are taken. The chemical formula used to
help estimate the amount of aluminum in alumina is Al;O3. Using the atomic weights of
aluminum 26.98154 and Oxygen 15.9994, it is found that there is approximately 53% of
aluminum in alumina. The next step taken in the dilution process involves multiplying the
percent of aluminum by the weight percent of alumina. Multiplying the results by one

million will give a value of the amount of aluminum in ppm. The following formula is
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used for finding the amount of concentrated nanofluid to add in order to obtain a diluted
nanofluid:

DesiredPPM X
Metal Water pgyeayo

2.4)

Where DesiredPPM is the expected ICP ppm range that one wishes to use,
Metalppy is the amount of metal in solution in units of ppm, Waterpesireavor is the amount

of water one uses to dilute the test sample. X is the amount of test sample solution.

2.3  QUALITATIVE STABILITY TESTING PROCEDURES
Below are series of simple lab tests performed to determine whether the
nanofluids in question are able to remain stable at experimental testing conditions. These

are dilution test, constant temperature test, and settling test.

2.3.1 Dilution Test

DT1. In this test, the nanofluid is diluted down with de-ionized water. This is done to
imitate the dilutions that are made for the experimental test in the flow loop. This gives
an idea whether there will be agglomeration upon dilution.

DT2. After the desired dilutions are made, then the small container that the samples are
stored in is shaken up and placed in a small Petri Dish. A Petri dish is a clear glass or
plastic dish. It is important that there is a small film layer at the bottom of a transparent
Petri Dish, in order to make accurate measurements.

DT3. The Petri Dish is then raised to the light and observed from the bottom. This is

where it can be noticed if there is any agglomerations because there will be particles that
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are visible to the naked eye. If this is the case, then agglomeration was found after
dilutions were made.

DT4. During the observation phase, it should be noted that whether any visible changes
in the nanofluid can be seen. These observations may include a change in viscosity of the

fluid or significant sedimentation of the particles.

2.3.2 Constant Temperature Test

CT1. This test is performed if the dilution test shows no visible settlement in the
nanofluids. The diluted nanofluid is heated in a constant temperature hot water bath.
This is to imitate high temperature conditions found in the experiment. This also aids in
deciding whether there will be agglomeration.

CT2. Once the diluted nanofluids are prepared, each sample is heated at a constant
temperature in the hot bath up to the maximum temperature (<90 °C) expected in the
loop.

CT3. After the test sample has been sufficiently heated, then the same steps that were
taken to observe agglomeration using the Petri Dish are completed once again. The
sample is poured into the Petri Dish and is then observed from the bottom of the Petri

Dish to find any visible agglomerates of nanoparticles.
2.3.3 Settling Test

ST1. This last test requires the nanofluid sample to be diluted and then subjected to

elevated temperature. Higher temperatures were used because the nanofluids would be
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subjected to similar conditions in the laminar flow loop. The purpose of this test is to
determine how long it takes until the nanofluids in question settles.
ST2. These test samples remain in a stationary position and are observed periodically

and then examined daily.

24  OBSERVATIONS

The NYACOL alumina nanofluid has been used in both pool and flow boiling
experiments in our lab and have shown to be stable after dilution and when exposed to
elevated temperature. Therefore it is determined from previous experience that alumina
should remain stable under all conditions of the laminar flow experiments. The stability
tests were performed for zirconia procured for this study, since NYACOL recently
changed their production process for this nanofluid. Zirconia samples were diluted to
four different concentrations from the as-received concentration of 12.8 weight %. These
concentrations are 7, 3.5, 1.75, and 0.1 weight percent. No settling was observed in the
conditions at ambient temperature. These samples were then heated to 90 °C in a
constant temperature water bath. The samples were inspected about once per hour during
a total period of about 6 hours. The transparency and the coloration of the nanofluids
were unchanged. These zirconia samples were then allowed to settle for a 24-hour period.
At the end of this period, the specimen showed signs of sedimentation. The nanofluid
became more opaque near the bottom and there were agglomerates visible to the naked
eye found in all the concentrations. When shaken in the test tube, the agglomerates

disappeared. It was judged that, as long as the nanofluids are circulated and remained in
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the loop for less than a day, sedimentation will not become a problem for the laminar

flow experiments.
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CHAPTER 3

DESCRIPTION OF EXPERIMENTAL FACILITY

3.1 LAMINAR VS. TURBULENT

There are three different flow regimes of concern when working with fluids.
These are turbulent, laminar, and transitional region. Transitional flow exists between
laminar and turbulent regimes. Determination of the flow regime can be related to the

Reynolds Number:

pvD

Re = ——fner (3.1)

where p is the density, v is the mean flow velocity, u is the dynamic viscosity

of the liquid, and D, . is the inner tube diameter. Reynolds number is the ratio between

inertia force and viscous force. When the Reynolds number is higher then 4800, the flow
is turbulent [14]. Re between 2100 and 4800 corresponds to the transitional regime, i.e.,
the flow is in transition to the turbulent domain. Flow is best described in stream lines.
The streamlines of turbulent flow are chaotic in nature as shown in experiments done by
Osbourne Reynolds [14], where he injected a dye through a glass tube that enabled him to
view the nature of flow at different pipe and flow characteristics. With Reynolds’s
experiment, it was discovered that turbulent flow has velocity fluctuations that causes the
streamlines to move in an erratic matter. This allows the dye to be dispersed in the flow.
Laminar flow, however, is very different. The streamline for laminar flow is

steady and smooth. In fully-developed laminar flow the velocity profile is parabolic. The
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Reynolds number that is needed to maintain a laminar flow is normally under 2100. This
occurs with the combination of high viscosity and low density, velocity, and inner tube
diameter.
3.1.1 Laminar Flow Heat Transfer
Heat transfer in laminar flow regime can be solved analytically as described in [15]
There are two types of boundary conditions that lead to two different analytical
solutions. The first one is a constant surface temperature. The analytical solution for

constant surface temperature is derived from the differential energy equation:

2 2
%i.,.l_ai:l?i__a_i_ (3.3)
o‘’r ror aodx Oox

In this energy equation t represents the temperature; r is radius, u velocity, x

distance, and « the thermal diffusivity, which is defined as:

a= k (3.4)
p*e,
Equation 3.3 can be re-arranged with dimensionless variables:
2
0 ?+—1— 96 =(1—r+2)ﬁ (3.5)
ort r*ort ox*

Here 0 is the non-dimensionless temperature and x™ is the non-dimensionless

distance. For a circular tube x*is defined as:

. xln

" RePr

(3.6)

Equation 3.6 is solved using the boundary condition of constant surface

temperature to give a formula in the following form:
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U, = ZGn iXp(—ZnX 2) (3.7
22 (G, /A" n)exp(=A"nx™)

At infinite distance, or fully developed laminar flow, Nu equals 4.36. The second
condition that leads to an analytical solution for Nusselt number is constant heat flux.
Using equation 3.6 the boundary condition for constant heat flux is used which gives the
following formula:

2+ -1
Nu, :[N;_%ZM 58)
uw

Am Vv 4’”
The formula above gives rise to a table that is used to find the Nusselt number
throughout the entire length of the pipe. The results are displayed in the table below and

the conditions are used in the following experiment.

Table 3.1: Nusselt number for a pipe with constant heat flux (Adopted from [15])

X" Nusselt Number
0 )
0.002 12
0.004 9.93
0.01 7.49
0.02 6.14
0.04 5.19
0.1 4.51
o 4.36
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3.1.2 Laminar Flow Friction Pressure Loss

There is a friction factor f, that is used to determine the pressure drop at

different flow regimes. The equation for the friction factor in fully-developed laminar

flowis f, = % . This can be found using the Moody chart, which uses Reynolds number
e

to find different friction factor for various surface roughness.
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Figure 3.1: This is a picture of a moody chart, used to identify friction factor at different Reynolds
number (Adopted from [14])

The objective of this study is to measure the heat transfer coefficients and

pressure drop of nanofluids in the laminar flow regime. It is important to ensure that the

design of the experiment will allow a wide operating range within the laminar flow
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regime. Furthermore it is also imperative to verify the design criteria are met for both
pure water and nanofluids because the thermophysical properties of concentrated

nanofluids may vary significantly.

3.2 APPARATUS

There are several key components attached to the single-phase laminar loop.
These include data acquisition system, thermocouples, gear pump, heat exchanger, cool
water bath/chiller, flow meter, power supply, and pressure transducer.
3.2.1 Data Acquisition System

The data acquisition system uses waves and signals to convert data from the loop
to the computer. The type of data acquisition system used is the HP3852A. This type of
data acquisition system can handle a variety of transducer inputs. These include
thermocouples, transducers, and measurements in DC voltage, current, resistance,
frequencies, and pressures. This is sufficient to measure data for the experiment in the

loop.
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Figure 2.2: Picture of the data acquisition system used to process data from experimental
instruments

3.2.2 Flow meter

The flow meter is used to measure the volumetric flow rate of the fluid. The flow
meter used in the laminar loop experiment is the FTB9504. The FTB9504 is used to
measure the extremely low flow rates expected in laminar flow, i.e., from 0.013 to 0.264
gpm in our case. The flow meter uses a rotor that is similar to a wheel. The rotor is
moved by the fluid and the rotation frequency is converted to flow rate via calibration. A
20 point calibration curve was provided by the flow meter vendor. A 20 point curve is a
set of parameters that the company uses to test where the frequencies lie with respect to

the flow rates. These calibrations are done to ensure that proper flow rates are read.
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3.2.3 Thermocouples

Thermocouples are used to measure temperature. K-type thermocouples were
used for this experiment. The K-type thermocouple uses Chromel alloy "and Alumel
alloy”. The thermocouples run in the -200 to 1250 °C ranges. The K-type thermocouple
has an accuracy of +/- 1.1 °C and a resolution of 0.37 °C. [16]
3.2.4 Heat Exchanger

The heat exchanger removes heat from the system to make sure that overheating
does not occur. The heat exchanger in the laminar loop is made with copper tubing coiled

tightly inside a plastic bottle which holds secondary coolant.

3.2.5 DC Motor Gear Pump

Figure 3.3: Picture of gear pump used to circulate the fluid throughout the loop

' Chromel alloy is made of nickel and chromium
% Alumel alloy is made of aluminum and nickel
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The gear pump is another essential apparatus to the smooth running of the flow

loop. This type of pump has two internal gears. When the gears start moving in the

presence of fluid, they push the liquid through the small gear teeth. It is important that the

pump is run with a DC motor, as alternating current may cause fluctuations of power,
which in turn would affect the flow rates of the fluid. The gear pump used in the
experimeﬁt uses a small DC motor that works constantly at 12 Volts.

3.2.6 Cool Water Bath (Chiller)

The cool water bath/chiller is another method to remove heat from the fluid. It
works with the heat exchanger. The cool water bath/chiller has water with a metal coil
inside that function to keep the water cold. The test fluid arrives in the cool water bath
and exits the cool water bath with a lower temperature. This is used to control AT,

defined as the difference between 7. 3 andT., *.

outlet inlet
3.2.7 Differential Pressure Transducer

The pressure transducer is an important device in the loop. It is able to measure
the pressure drop difference between two points in the loop. The transducer used for the
loop is the PX154-001DI from Omega Engineering. The conversion of pressure into an
electrical signal is achieved by the physical deformation of strain gages which are bonded
into the diaphragm of the pressure transducer and wired into a Wheatstone bridgé
configuration. Pressure applied to the pressure transducer produces a deflection of the

diaphragm which introduces strain to the gages. The strain will produce an electrical

T,

outlet

‘T,

inlet

is the temperature of the fluid as it exits test section.

is the temperature of the fluid as it enters the test section.
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resistance change proportional to the pressure. [19] The transducer was already calibrated

to operate within 1% accuracy.

Figure 3.4: Displayed above is the pressure transducer used to measure the pressure drop of the
experimental loop
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3.2.8 Function and Schematic of Loop
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Figure 3.5: Schematic of experimental loop
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A schematic of the experimental apparatus is shown in Figure 1. The experimental
loop was designed for convective heat transfer in the laminar flow domain. It was
constructed with stainless steel tubing. The flow meter was positioned just after the pump
discharge. The vertical test section was a stainless steel tube with an inner diameter (ID)
of 4.5 mm, outer diameter (OD) of 6.4 mm, and length of 1.01 meters. The test section
had eight sheathed and electrically insulated K-type thermocouples soldered along the
test section and two similar K-type thermocouples inserted into the flow channel before
and after the test section to measure the bulk fluid temperatures. These thermocouples
and the flow meter provided the data to determine the thermal power of the experimental
loop.

PowerTherm =Cp*(Tout—Tin)*Q*p (39)

Where C, is the specific heat of the nanofluid, 7,,, is the bulk outlet temperature, 7,

ut > Tin

is the bulk inlet temperature, Q is the volumetric flow rate, and p is the density of the

nanofluid The test section used i