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ABSTRACT

EXPERIMENTAL INVESTIGATION OF SINGLE PHASE LIQUID FLOW AND
HEAT TRANSFER IN MULTIPORT MINICHANNELS

Altindz, Mesru
M.Sc., Department of Mechanical Engineering
Supervisor : Assoc. Prof. Dr. Almila G. Yazicioglu
Co-supervisor : Assoc. Prof. Dr. Derek K. Baker

November 2013, 155 pages

This thesis aims to experimentally investigate pressure drop and heat transfer
characteristics of single phase water flow in rectangular minichannels. The small
channels are an area of interest in heat transfer field since 1970’s owing to their
enhanced heat transfer characteristics. However, the heat transfer and pressure drop
characteristics of these channels are not fully established as there is a wide number of
studies in literature showing inconsistent results with each other. In order to
investigate this matter further, an experimental set-up is designed and constructed.
Laminar region is considered during the experiments because the flow inside
minichannels is generally laminar due to pressure drop considerations. Additionally,
constant heat flux condition is selected to stimulate cooling with internal flow in
minichannels. In the scope of this study, three minichannels with different hydraulic
and different port numbers diameters were examined. The results are presented in
terms of Poiseulle numbers and average Nusselt numbers. Generally, average Nusselt
number results and Poiseuille number results showed a good agreement with constant
Po theory and constant Nu theory excluding developing effects and experimental
errors. On the other hand, developing effects are found to be increasing as hydraulic

diameter decreases. Similarly, constant Nu value showed a decrease with increasing
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hydraulic diameter. The small scale heat transfer correlations and conventional heat
transfer correlations are compared with experimental resuts. The conventional
correlations followed the trend of results precisely but predictions of correlations
overestimated most of the results. When a correction factor is applied, several
correlations predicted almost all results within 11%. Small scale correlations showed
agreement with a few results but mostly overestimated the Nu results. No early
transition were observed for Reynolds number smaller than 1800. No signs of
Poiseuille number or average Nusselt number dependency on Reynolds number were

observed considering developing effects and uncertainty values.

Keywords: Minichannels, Heat transfer, Pressure drop, Laminar, Single phase,

Convection
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MULTIPORT MINIKANALLARDA TEK FAZLI SIVI AKISININ VE ISI
TRANSFERININ DENEYSEL INCELENMESI

Altindz, Mesru
Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Yonetici : Dog. Dr. Almila G. Yazicioglu
Ortak Tez Yoneticisi : Dog. Dr. Derek K. Baker

Kasim 2013, 155 sayfa

Bu tezde dikdortgen kanallarda tek fazli su akisinin basing kaybi ve 1s1 transferi
ozelliklerinin deneysel olarak incelenmesi hedeflenmistir. Is1 transferini artirmasi
Ozelligi sebebiyle 1970’lerden itibaren kiigiik kanallar 1s1 transferi alaninda ilgi
sahas1 olmugtur. Buna ragmen, bu boyuttaki kanallarin 1s1 transferi ve basing kaybi
ozellikleri ile ilgili literatiirde birbiriyle ¢elisen bir ¢ok arastirmanin olmasindan da
anlagilacagi gibi tam anlamiyla belirlenememistir. Bu konuyu daha derinlemesine
incelemek i¢in bir deney diizenegi tasarlanmis ve kurulmustur. Deneyin tasarimi ve
deney diizenegi ile ilgili diger detaylar tezde agiklanmistir. Minikanallardaki akis
genellikle basing kaybi sebebiyle laminer oldugu igin, deneyler sirasinda laminar
bolge ele alinmistir. Bununla beraber, minikanallarda igsel akisla sogutma durumun
benzetimi igin sabit 1s1 akist sinir sarti secilmistir. Bu c¢aligmanin kapsaminda,
hidrolik ¢aplart birbirinde farkli {i¢ minikanal incelenmistir. Sonuglar Poiseuille
sayis1 ve ortalama Nusselt sayisi olarak sunulmustur. Genel olarak, ortalama Nusselt
sayis1 ve Poiseuille sayis1 sonuglar1 gelisim etkisi ve deneysel hatalar1 hesaba
katmazsak sabit Po ve sabit Nu theorisi ile iyi bir eslesme gdstermistir. Ote yandan,

gelisim etkilerinin azalan hidrolik ¢ap ile beraber arttig1 ortaya ¢ikmistir. Benzer
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olarak, sabit Nu degerleri artan hidrolik cap ile beraber bir azalis gostermistir. Kiiciik
kanallarda 1s1 transferi korelasyonlarmin ve klasik 1s1 transferi korelasyonlarinin
tahminleri deneysel sonuglar ile karsilastirilmistir. Klasik korelasyonlarin tahminleri
sonuglarin egilimini yiiksek bir uyum ile takip etmistir ancak korelasyonlar
sonuglarin ¢ogunun gercek degerinden fazlasi olarak tahmin etmistir. Bir diizeltme
faktorii uygulandigi zaman, korelasyonlar sonuglari %11 hata payr ile tahmin
edebilmistir. Kiiglik kanallarda 1s1 transferi korelasyonlar1 bir iki sonug ile uyum
gdstermistir. Ancak ¢ogu Nu sonucunu oldugundan fazla olarak tahmin etmistir.
Reynolds sayisinin 1800°den kiiciik oldugu durumlarda tiirbiilansh akisa erken gegise
ait herhangi bir isaret goriilmemistir. Gelisim etkisi ve hata pay1 hesaba katildig:
zaman, Poiseuille sayisinin ya da ortalama Nusselt sayisinin Reynolds sayisina baglh

degisimini gosteren herhangi bir bulgu goriilmemistir.

Anahtar Kelimeler: Minikanallar, Is1 transferi, Basing kaybi, Laminer, Tek faz,

Konveksiyon
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CHAPTER 1

INTRODUCTION

1.1. Motivation

Enhancing heat transfer is critical in many current technologies and in the daily life
of human beings. Society benefits from heat transfers in technologies such as
radiators, air conditioners and refrigerators, industrial burners, furnaces and
condensers. Many electronic devices and mechanical equipment require cooling
enhanced by using fans, heat sinks or pumps to control or decrease their operating
temperature. In these types of equipment, generally, a type of fluid driven by external
means such as a pump, fan or compressor is used, and electrical or mechanical
energy is consumed during such applications. Thus, they form one of the critical
shares of energy consumption, especially electricity consumption. For example, more
than 60% of residential energy use is due to heat transfer involving applications such

as heating, cooling and refrigeration [1].

Nowadays, researchers from a variety of different disciplines work to decrease global
warming and the harmful effects of carbon based fuels on the environment. Carbon
based fuels such as natural gas, oil and coal are the main cause of global warming
and represent 82% of the primary energy used for energy generation [2]. Two
options to decrease the consumption of harmful fuel sources are to decrease energy
consumption and increase the usage of renewable energy. The usage of renewable
energy resources for electricity generation is relatively new compared to the usage of
fossil fuels such as oil, gas and coal, and currently renewable energies having
difficulties competing with fossil fuels in the market, even though price of energy
generation through renewable sources is projected to decrease in following years [2].
On the other hand, decreasing fuel consumption by improving the performance of

components and devices is also a promising method to decrease harmful

1



environmental effects. Additionally, it will still be economically beneficial even

when energy generation through renewable sources becomes cheaper.

Therefore, investigation and improvement of heat transfer characteristics may both
decrease the electrical or mechanical energy consumed to operate a device such as an
air conditioner and decrease fossil fuel usage to generate electrical and mechanical
power such as in a boiler. In addition, decreasing the harmful effects of excessive
energy consumption on the environment will provide positive value. As a result,
research on effective heat transfer for different kinds of applications clearly promises

development and practical benefits for society’s needs.
1.2. Background Information

Many manmade and natural systems require cooling or heating. Due to advances in
computer science and machinery, mankind is challenged with higher heat flux
demands, especially in cooling systems. The main types of cooling systems are
evaporative cooling, natural convection, and forced convection. One of the most
common cooling methods is forced convection heat transfer due to fluid flow inside a
channel or a heat sink. Figure 1.1 presents several examples of fluid flow in a closed
conduit and demonstrates that flow in natural channels mainly involve heat and mass

transfer whereas manmade conduits are mainly designed to transfer heat effectively.

Compact Heat

Boilers ;
:Exclmlwiels
Power Electronics
Condenseys ‘ooli
Cooling Henle's

Tubules loop

Refrigeration EE——— E—
{Evaporators/

|| icondensers 11 | 111

ze veins Alveolar Alvgolar

Aorta La . Capillaries
and arteries ducts ':.l_t_ ——
25mm | 2.5 mm 250 pm 25 pm 2.5 pm

Figure 1.1 Various examples of channel flow in natural and mechanical systems [3]



The hydraulic diameters of manmade channels’ cover a wide range from a few
micrometers to meters, and the hydraulic diameter of a channel is selected
considering many factors such as cost, pressure drop, heat transfer, compactness,
cleaning and reliability. However, enhancing heat transfer and reducing pressure
drop are typically the most critical factors in scientific research. Moreover, only after
a concrete determination of the heat transfer and pressure drop behavior of channels
can other factors be investigated and then considered to find the optimum selection

for industrial applications.

The channel’s hydraulic and heat transfer characteristics are explicitly dependent on
the hydraulic diameter of the channel. Egn.’s (1.1) and (1.2) [3] present the average
convective heat transfer coefficient and pressure drop per unit length due to friction

in laminar fully developed channel flow.

5

— k
h=

5 (1.1)

where Dy is hydraulic diameter, h is the average convective heat transfer coefficient,

k is thermal conductivity and Nu is average Nusselt number.

Ap  2(f Re)puy, 2Popup
L~ D? D}

(1.2)

In egn. (1.2.) the variables are defined as follows: 4p (pressure drop), L (channel
length), f (friction factor), x4 (dynamic viscosity), uy (average flow velocity), Po

(Poiseuille number).

The Eqgn. (1.1) shows that heat transfer coefficient is only a function of hydraulic
diameter because Nu is constant for laminar flow. On the other hand, eqn. (1.2)
shows that pressure drop per unit length is a function of Reynolds number and
hydraulic diameter. Since Nusselt number (Nu) and Poiseuille number (Po) are
independent of Reynolds number in the laminar region for channel flow, smaller
diameters result in higher heat transfer coefficients and higher pressure losses per
unit length as demonstrated in Figure 1.2 and Figure 1.3. A more detailed

explanation can be found about the basics of heat transfer in the following Chapter.

3
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Figure 1.2 Heat transfer coefficient variation with respect to hydraulic diameter for
laminar flow under constant heat flux for fully developed conditions [3]
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Figure 1.3 Pressure gradient variation with respect to hydraulic diameter for laminar
flow under constant heat flux for fully developed conditions [3]

In the turbulent region, heat transfer for constant Reynolds numbers is also enhanced
with decreasing hydraulic diameter similar to the laminar region. However, the
pressure drop also increases with decreasing hydraulic diameter. In other words,
smaller conduits can be very appropriate for high heat flux applications, but higher

pumping power will be required.

Knowledge about the heat transfer characteristics for conventional channels is
mature and published by several leading researchers such as Kakac and Shah [4] and

Shah and London [5]. These researchers investigated pressure drop in conventional



channels which have circular and non-circular geometries such as rectangular and
triangular, through experimental researches and produced empirical correlations.
However, their research included only large diameter channels with a single port, and

not small scale channels and multiport channels.

Although smaller channels promised better heat transfer characteristics according to
heat transfer theory as presented in Figure 1.2, small scale heat transfer through
channels were not investigated until 1970°s and 1980’s due to limitations such as
manufacturing and measurement problems. After advances in manufacturing and
measurement technologies, small systems like compact heat exchangers became
available. Similarly, electronic devices and mechanical devices started to become
smaller while performing the same duty. Therefore, their heat generation per volume
increases as their size decreases and thus cooling fluxes demands are increasing
rapidly every year. Due to these increasing cooling fluxes, small scale heat transfer

has become an important topic in the heat transfer field in recent decades.

In order to classify channels as small scale channels or conventional channels, two
channel classifications according to their hydraulic diameters are presented by
Kandlikar [6] and Mahandele [7] and these are presented together in Table 1.1. In
this thesis, Kandlikar’s classification is used since it is the most widely accepted one
in the literature. Also, this classification is used to distinguish channel types in Figure
1.1

Table 1.1 Channel classification according to hydraulic diameters in [6] and [7]

Kandlikar [6] Mahandele [7]

Conventional channels Dy>3mm Conventional passages Dy >6mm
Minichannels 3mm > Dy, >200 pm | Compact passages 6mm > Dy, >1mm
Microchannels 200 pm > Dy, >10 um  Mesochannels Imm> Dy, >100 um
Transitional Channels 200 pm > Dy, >0.1 pm - Microchannels 100 pm > D, >0.1 um




In the early 1980’s, the limits to electronic cooling power was believed by some
scientists to be 20 W/cm? [8] as indicated in [9]. Tuckerman and Pease’s study [9] in
1981 is considered to be a pioneering study by many people researching heat transfer
on a small scale as it proved that significantly higher heat fluxes are possible.
Tuckerman and Pease investigated heat sinks to cool high speed planar integrated
circuits. In their study, a 1 cm x 1 cm area was cooled by 3 different heat sink
configurations with liquid water flow. One of the heat sinks had rectangular channels
of 50 pm width, 307 um height and 50 um wall thickness. This heat sink was able to
dissipate 790 W/cm? and the researchers claimed that 1000 W/cm? heat dissipation is
possible. The study made an impact on the heat transfer field and motivated other
researches to investigate small scale heat transfer. On the other hand, it was uncertain
whether conventional channel theory also covers small scale heat transfer.
Tuckerman and Pease’s results agreed with constant Poiseuille number theory and
some researchers’ studies agreed with conventional theory. However, other
researchers’ studies [10-12,14,20,22,27,31] showed discrepancies and deviations
from conventional channel theory for several factors such as critical Reynolds
number, Poiseuille number and Nusselt number. A number of different correlations
for small scale channels which do not agree with each other are provided and
explained in details in the Literature Review section of this thesis. Therefore, more
research is needed to validate or correlate conventional theory for small scale heat
transfer or find new correlations. Hence, in the present work the main areas of

investigation can be summarized as [3]:

e Experimental validation of transport equations;

e Verification or correlation of empirical constants of conventional channel

theory;
e Verification of laminar to turbulent transition range in small scale channels.

Additionally, it is important to note that in small scale channels flow is generally in

the laminar region due to the small diameters as suggested by eqgn. (2.4).



1.3. Literature Review

Tuckerman and Pease’s study [9] made heat transfer in small scale channels an active
research field and a large number of studies were conducted afterwards. Yet, there
are still gaps in the literature and further research is needed. Scientists are primarily
investigating different types of channels and flow to find friction factor and heat
transfer characteristics. The main variables investigated in the literature can be

summarized as:
e Type of flow (single phase, two phase flow);
e Types of fluid (gas, liquid, mixture);
e Type of channel geometry (circular, rectangular, triangular, etc.);
e Number of ports (singular, two, three, etc.);
e Boundary conditions (constant heat flux, constant wall temperature).
e Flow Regime (laminar flow, turbulent flow)

There are a large number of articles and conference proceedings on small scale
channels. In this section, only the most important ones among these studies for the
objective and the scope of this study are shown for the sake of clarity and brevity.
Interested readers may use keywords to search the literature for further information.

One of the earliest studies was performed by Pfahler et al. [10] in 1990 to investigate
the effects of smaller dimensions on fluid flow behavior. Three different rectangular
channels were machined on silicon substrates. The heights of the channels were 135
pum, 100 um, and 100 um and the width of the channels were 53 um, 1.7 um and 0.8
um, respectively. A pressurized gas cylinder is used to pressurize the fluid (n-
propanol) in the open cycle. All fluid flow is laminar. For the largest channel with
Reynolds number ranging from 50 to 300, conventional correlations showed
relatively good agreement with constant Poiseuille number theory considering the
effects of entrance region where. On the other hand, the Poiseuille number for fluid
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flow in the smallest channel was much higher than conventional theory predicts and
followed a decreasing trend with increasing Reynolds number. For the last channel,
the Poiseuille number was approximately constant, however conventional theory
underestimated the results. However, it is important to note that the Reynolds
number for smaller channels were very small and only between 0.0001 and 0.0060.

In 1994, frictional flow characteristics of liquid water flow in rectangular
microchannels were investigated by Peng and Peterson [11]. Seven different
channels were manufactured on a stainless steel substrate producing 3-walls of a
channel and a fiberglass plastic cover is used as the fourth wall. The hydraulic
diameter of the channels varied between 0.133 and 0.367 mm and the aspect ratios
varied between 1/3 and 1. The Reynolds number varied between 50 and 4000 to
cover the laminar, transition and turbulent regions. The results did not agree with
conventional theory and it was observed that conventional correlations
underpredicted for some channels but overpredicted for others. They also observed
an increasing Poiseuille number in the laminar region which contradicted with
constant Poiseuille number theory for conventional theory. Correlations for friction
factor for both the fully developed turbulent region and the laminar region are
suggested. Another interesting observation in their study was the determination of
the critical Reynolds numbers where transition to turbulent flow occurs. They
reported that critical Reynolds numbers are strongly dependent on hydraulic
diameter, and critical Reynolds numbers increase when hydraulic diameter increases.
Moreover, transition to turbulence starts at Reynolds numbers between 200 and 700,
which is quite low when compared to the critical Reynolds number (Re,=2300) for
fluid flow in conventional channels. Additionally, they expressed that the hydraulic
diameter strongly influences the friction factor, and an aspect ratio of 0.5 provides
the lowest friction factor. They suggested the following correlation for laminar flow
which contradicts with constant Poiseuille theory.

C= f Rel"“8 (1.3)



Wang and Peng [12] performed an experimental study to investigate heat transfer
and transition from laminar to turbulent flow. The refrigeration fluids were methanol
and deionized water in liquid form and the flow range was between 70 and 4000
Reynolds numbers. The width of the test section was 18 mm and six different 0.7
mm deep rectangular channels having a width ranging between 0.2 — 0.8 mm were
machined in the test section. The test section was heated with joule heating only from
the top and the fluid was driven by a pump in an open loop. They found that heat
transfer in fully developed turbulent region can be predicted using the Dittus-Boelter
correlation [13] when its constant was modified with approximately one-quarter of
the original constant of the correlation. On the other hand, they reported that
transitions occur at Re = 1000-1500 which also contradicted with the conventional
channel theory indicating that transition occurs around Re = 2300. They claimed that
liquid temperature, viscosity and channel size were dominating factors affecting the
critical Reynolds number.

Peng and Peterson [14] constructed another experimental set-up to further investigate
fluid flow and heat transfer in rectangular channels. Similarly, they manufactured
several channels in 18 mm wide steel plates. The channels’ hydraulic diameters were
between 0.133 mm and 0.343 mm, and the height to width ratio (H/W) of the
channels differed from 0.5 to 3.0. The channel was directly heated with a low voltage
high current DC power supply and 3 sides of the channels were heated. An insulator
placed on the top of the steel plate served as the fourth wall and sealant. They also
defined a new parameter, which is the hydraulic diameter to distance between
channel centers (Dy / W), to research its effects on heat transfer. Friction factor
results and critical Reynolds results showed good agreement with their previous
correlations [11]. However, it was pointed out that they strongly depend on the
height to width ratio (H/W) and Dy of the channel. The results showed that heat
transfer behavior also depends on Dyp/W, and H/W in addition to Re and Prandl
Number (Pr) dependence. Thus, two correlations including Dy, /W, and H/W for

laminar and turbulent flows were suggested. Moreover, they commented that an



aspect ratio equal to 0.5 maximizes heat transfer in the fully developed turbulent

region. They also suggested a correlation as indicated in Table 2.7.

Spiga and Morini [15] analytically found Nusselt numbers under thermally and
hydrodynamically fully developed conditions for fully developed flow under H2
boundary condition(constant axial heat flux and constant peripheral heat flux). Eight
different H2 conditions (1 short wall heated, 3 walls heated and one short wall
adiabatic, all walls heated, etc.) were investigated in rectangular channels with
different aspect ratios. They found that there is very good agreement with
conventional theories such as Shah and London [5]. Additionally, they suggested a
5" order polynomial for Nu for different aspect ratios. Similarly, Morini [16]
determined temperature distribution analytically for fully developed flow under H1
boundary (constant axial heat flux and constant peripheral temperature). Like in his
previous work, eight different conditions were investigated for rectangular channels.
After comparison with the open literature like Shah and London [5] and [17], he
found a good agreement and suggested a 5™ order polynomial function of aspect ratio

to calculate Nu numbers.

Adams et al. [18] worked on turbulent single phase water flow in two circular
channels having 0.76 mm and 1.09 mm diameters. The channels were heated through
joule heating up to 300 W/cm? with band heaters controlled with a variac. Radial
distances between the channels and heaters were around 30 mm to approximate a
constant temperature boundary condition by increasing the axial conduction. The
flow velocity ranged between 0 and 18.9 m/s to investigate Reynolds numbers in the
range 3200 — 23000. The Prandtl number varied between 3.7 and 6.43. Temperature
data along the channel were obtained from six thermocouples and a finite difference
software. After friction factor and heat transfer coefficient computations, Nusselt
numbers for both channels were compared with one well accepted forced turbulent
flow correlation (Grinilenski correlation [13]), and it was observed that the
Grinilenski correlation underpredicted the experimental data. By presenting their
own and other experimental data in the literature, Adams et al. [18] showed that heat

transfer enhancement on small scale channels is inversely proportional with
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hydraulic diameter. A modification to the Grinilenski correlation, which predicts heat
transfer in their experimental data ranging within 18.6% error, is suggested and

presented in Table 2.7.

In order to find effects of simultaneously developing flow effects on heat transfer in
rectangular tubes in heat exchangers in the automotive industry, Garimella et al. [19]
conducted an experimental study. They built a single-tube single-shell cross-flow
heat exchanger in which cold water flowed in the shell-side whereas hot glycol
solutions flowed in the rectangular tubes. The annulus side heat transfer resistance
was minimized to clearly observe the change of heat transfer coefficient in the tube
side. Three different rectangular tube geometries having hydraulic diameters 2.21
mm, 3.02 mm, 3.74 mm and aspect ratios (a) 0.050, 0.108 and 0.029 were
investigated for different lengths to investigate entrance region effects. Additionally,
different concentrations of glycol solution are used as the working fluid to observe
bulk-to-wall property variations. Log Mean Temperature Difference (LMTD)
methodology was performed to find tube side heat transfer coefficients with an
uncertainty within 2.9% and 4.9%. The researchers observed that as the length of the
channel decreases, Nu values are higher for constant Re values for all channels. On
the other hand, it was discovered that aspect ratio effects on heat transfer
performance were negligible for low o values. Another interesting result of the study
is transition to turbulent (Recr). Researchers observed a gradual transition between Re
=800 and Re=2000 rather than a sharp transition. They suggested a lengthy
correlation which is a function of Re, L, Pr, Dy, a and up/uw. The correlation covers
experimental data for 1.74 mm < Dy < 3.02 mm, 6.5< Pr < 16.2 and small aspect
ratios. A comparison indicated that the correlation’s predictions are in good

agreement with developing flow correlations in the literature.

Owhaib and Palm [20] experimentally studied heat transfer in three minitubes with
equal 325 mm axial lengths and 0.8 mm, 1.2 mm and 1.7 mm diameters,
respectively. Liquid R-134a flow inside the tubes was investigated under constant
heat flux boundary condition as the Reynolds number varied between 1000 and

17000. The researchers found that the heat transfer coefficients for all tubes were
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quite close in the laminar region whereas the smallest tube has the higher heat
transfer coefficient in the transition and turbulent regions. The Nusselt numbers were
somewhat close for all tubes in the laminar and turbulent region but significant
scatter was observed in the transition region. After comparison with conventional
theories [13] and small scale correlations such as [14] and [18], they concluded that
conventional theories predicted data reasonably well for turbulent and laminar
regions. However, none of the considered small scale correlations succeeded to

predict the results.

Lelea et al. [21] investigated heat transfer both numerically and experimentally for
liquid flow in microtubes. Three stainless steel microtubes having diameters 0.125
m, 0.300 mm and 0.500 mm are investigated in laminar region Re ranging up to 800
using distilled water as working fluid. Joule heating through a power supply under
vacuum was used for constant heat flux boundary condition. Global Poiseuille
number and Nusselt numbers were found in laminar region. Moreover, several
thermocouples were placed on the wall of the tube to investigate local Nu numbers.
After correcting pressure drop by extraction entrance region, contraction and
expansion losses, they observed that Nu and Po numbers showed an excellent
agreement with conventional theory. Additionally, numerical results followed closely
experimental data and conventional theory. Maximum sensitivity was 4.0% for
channel having 0.3 mm diameter and less for the larger channels. After this article,

number of studies on microtubes decreased.

Agostini et al. [22] conducted experiments to investigate friction factor and heat
transfer coefficient for single phase R-134a liquid flow. They used 2 multiport
extruded minichannels with hydraulic diameters of 0.77 mm and 1.17 mm. The test
section was heated with direct joule heating of the minichannel through a low voltage
high current power supply. The mass flux of the flow was varied to yield Reynolds
numbers between 500 and 6000 to cover both laminar and turbulent regimes. The
smallest channel was placed horizontally while the largest channel was placed
vertically. They observed that friction factors for laminar and turbulent regions were

predicted well for the small channel and underpredicted for the large channel by
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conventional correlations such as Shah & London [5] for laminar flow and the
Blasius correlation for turbulent flow. However, they commented that minor losses
caused increases in friction factor and established a pressure loss coefficient for the
large channel. Moreover, transition to turbulent flow was observed at 1800 < Re <
2000 for both channels. In the turbulent region, the Grielinsky correlation [13]
estimated heat transfer coefficients quite well. In the laminar region, Shah and
London correlation [5] predicted reasonably well for the large channel although the
heat transfer coefficient of the small channel followed an increasing trend and
contradicted with the correlation. However, it was expressed that the thermal
entrance length and longitudinal conduction might also be the cause for non-constant
Nusselt number for the small channel in the laminar region. They also compared
their results with correlations for small scale channels established by Peng and
Peterson [14], Adams et. al [18], and Garimella et al [19]. It was found that the
correlation suggested by Garimella et al. [19] best predicted their results.

Judy et al. [23] analyzed frictional pressure drop in single phase liquid flow through
microchannels in the laminar region. Three different working fluids (distilled water,
methanol and isopropanol) flowed inside fused silicon circular tubes, fused silicon
square channels and stainless steel circular tubes to investigate and contrast the
effects of different geometries, working fluids and surface materials. The hydraulic
diameters of the tubes ranged between 15 um and 150 pm. After excluding entrance,
exit and hydraulic developing effects, it was found that the frictional drop follows
constant Po theory and shows excellent agreement considering all data are within the
uncertainty bounds for all tube materials, working fluids and geometries. A
maximum deviation for all data sets was found to be 3%. Additionally, no early

transitions were observed in their study in any data set.

Gao et al. [24] investigated scaling effects to inspect heat transfer, friction factors
and transition to turbulence. They built an experiment set-up to cover rectangular
small-scale smooth channels (0.1 pm roughness) with constant 25 mm width and 7
different heights (e) 0.1, 0.2, 0.3, 0.4, 0.5 0.7 and 1 mm using demineralized water as

a working fluid. The experimental uncertainty in Nu were less than 4.5% whereas the
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uncertainty in Re was less than 1%. After correlating entrance head loss, they found
that their friction factor data shows good agreement with constant Po number theory.
On the other hand, they observed that for channels having heights smaller than 0.4
mm, Nusselt numbers were lower than conventional theory predictions. Also a
constant heat coefficient was observed for increasing Nusselt number for low height
values. On the other hand, differences between experimental and predicted heat
transfer coefficients at high Re become significant for higher height values. Using
Nusselt number calculations, it is seen that onset to turbulence occurs between Re
2200 and 3500 while onset to turbulence using friction factor calculations was at Re
between 2500 and 4000. Additionally, local Nusselt numbers are found to be
increasing for constant non-dimensional distance (L*) for different thermocouples.
Especially, local Nusselt numbers found using thermocouples closer to the exit of

channels are higher due to the transition to turbulence.

Caney et al. [25] investigated heat transfer in a 1x1 mm square cross-sectional mini
channel machined on a 15 mm thick 80 mm wide 500 mm long aluminium plate in a
vertical flow configuration. Emphasis was placed on longitudinal conduction heat
transfer and temperature measurement and the thermocouples were located at the
fluid-wall interface, not on a wall surface. The Reynolds number ranged from 310 to
7780 to cover both laminar and turbulent regions. Considering friction factor, Caney
et al.’s data showed good agreement with the conventional correlations of Shah &
London [5] and Blasius [13]. In order to compare longitudinal conduction with axial
convection, they use a parameter M which is introduced by Maranzana et al. [26] and
given as follows:
ke_w

= L (1.4)
pCpHu,,

where M is axial conduction number, ey is wall thickness, p is density, C, is the

specific heat of the fluid, and H is channel height.
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Maranzana et al. [26] showed in their analytical study that longitudinal conduction
becomes significant if the M parameter is larger than 0.01. On the other hand, the
temperature difference along the channel was not showing the expected linear
distribution and it was found that the M parameter was equal to 0.57. Thus, they
commented that there was a significant longitudinal heat conduction that alters the
temperature distribution. They performed a numerical study to compare with
experimental results. The numerical study also supported their temperature trend and
longitudinal conduction hypothesis and they found that temperature profiles taken 50
um from the wall shows the best fit with experimental data. They also commented
that Nu did not converge to a asymptote value due to the heat flux distribution and
thermal entrance length. Lastly, it was pointed out that no unexplained physical

phenomenon was observed in their study after careful observation and correlations.

Lee et al. [27] investigated the effect of heat transfer and fluid flow in rectangular
microchannels both numerically and experimentally. Five different rectangular
channel configurations with hydraulic diameters ranging from 318 um to 903 pum
were investigated. These channels were machined on 25.4 mm x 25.4 mm x 70 mm
copper blocks (length of channels were equal to 25.4 mm) as a heat sink. The
working fluid was selected as deionized water and 300-3500 Reynolds number range
were covered. Cartridge heaters up to 800 W power capacity were placed on the
bottom section of the copper block. Using the commercial software Fluent, a 3D
conjugate CFD analysis modeling both the fluid and copper substrate to simulate
both convection and conduction was performed. Additionally, simplified versions of
the numerical study were performed with H1, H2 and T boundary conditions. In
order to implement the H1 boundary condition a thin, highly conductive wall was
employed while other boundary conditions were directly implemented on the fluid
boundaries. The researchers also questioned small scale heat transfer equations and
calculated hydrodynamic entrance and thermal entrance lengths of experimental
studies used to find these correlations. They pointed out that in most of these studies,
flow was hydrodynamically developing, thus in the simultaneously developing

region, and argued that the discrepancy between conventional correlations are due to
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inappropriately selected correlations. The fluid flow in Lee et al.’s study [27] were
not fully developed and either fell in the thermally developing region or
simultaneously developing region. The Nusselt numbers in their study showed an
increasing trend in both laminar and turbulent regions. They observed a transition to
turbulence at Re between 1500 and 2000 where there was an increase in the Nu
number’s slope. None of the conventional channel predictions such as Shah and
Londan [5] and Sieder and Tate [13] could predict the data in the laminar region
because these correlations do not take entrance region effects and aspect ratios into
consideration. Similarly, none of turbulent correlations were able to predict their
data. On the other hand, the 3D conjugate analysis predicted the experimental data
fairly well. Among the simplified numerical analysis, H1 (also termed as thin wall by
investigators) showed an excellent match with 3D conjugate numerical results
whereas other boundary conditions underestimated the Nu results (H1 12.4% smaller
and T 7.1% smaller than 3D conjugate data). It was suggested that the thin wall
approach was most appropriate to use when full conjugate analysis is not possible
due to computer limitation, etc. Additionally, Lee et al. underlined that Navier
Stokes equations are still valid for their size range and was a good way to evaluate
heat transfer performance of small scale channels while the use of conventional
correlations were not appropriate due to significant differences with microchannel

boundary and inlet conditions.

There are not many studies on multiport minichannel tubes. One of the experimental
studies was performed by Stignor et al. [28] to investigate the heat transfer
performance of these type of tubes for the laminar flow regime. An experimental set-
up was constructed which contains 3 loops (heating, cooling and testing loops). In
the test section, heat transfer in a coaxial heat exchanger with the working fluid
flowing in the tubes and cooling water flowing inside the annulus was tested to
simulate boundary condition close to constant temperature. The four different
working fluids flowing inside the tubes were liquid secondary refrigerants (propylene
glycol, Temper-20 and Hycoll 20) and water. Three different tubes were
investigated. The First tube has 8 ports with a hydraulic diameter of 4.73mm. The
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Second tube had 9 ports with fins and its Dy, was 3.19 mm. The hydraulic diameter of
the 3" tube containing 25 ports was 2.06 mm. The flow was heated after a
hydrodynamic development length. In other words, the flow inside the tubes was
thermally developing. The authors compared their results with several correlations in
the literature including the Garimella model [19], Grinelinski model [29] and
Muzychka model [30] which takes the root of the cross-sectional area as the
characteristic length. In order to clearly visualize the effect of thermally
development, characteristic length (L*) effects on Nu are presented in graphs with
predictions of correlations. For the first tube, the Grinelinski model [29] predicted
the experimental results best whereas the Garimella model [19] showed good
agreement for higher L* but overestimated for low L* values. On the other hand, the
Muzychka model [30] in which the root of the cross-sectional area is taken as the
characteristic length predicted lower L* values, but underpredicted higher L* values.
For the second tube, results followed the same trend with the Grinelinski model [29]
but there was a constant difference between predictions. The authors found that after
neglecting the fins while calculating Dy, (i.e. taking the channel as pure plain square),
there was an excellent agreement with the Grinelinski model [29] predictions.
Additionally, the Muzychka model [30] showed very good agreement. Therefore, it
was suggested that for channels with fins, fins should be taken into calculation for
the cross section but neglected for hydraulic diameter. All models overpredicted heat
transfer in the 3™ tube but the Grinelinski model [29] again best predicted the data
with uncertainties less than 20%. The authors commented the cause of
overpredictions might be longitudinal conduction along the channel or gross flow
maldistribution among ports. However, the authors did not take into consideration
how different port numbers may effect heat transfer performance and made no

comments about it.

Park and Punch [31] investigated heat transfer and friction factor for single phase
liquid flow in ten different microchannel arrays. Deionized water was used as the
working fluid. The microchannel arrays with hydraulic diameters ranging from 106

pum to 307 um were tested in the laminar flow regime as Re numbers varied from 69

17



to 800. The number of channels in different arrays was between 16 and 100.
Microchannels were heated only for an area of 10 mm x 10 mm from the bottom
surface with resistance heaters. After excluding inlet and exit losses, they found
excellent agreement with conventional friction factor theory [32]. On the other hand,
conventional heat transfer correlations [32] and [5] failed to predict the actual results.
Therefore, they proposed another correlation that also includes Brickman number
(Br), thus including viscous dissipation effects. However, they also noted that
viscous dissipation were negligible due to low Prandtl number and flow speed. It was
pointed out that the effects of viscous dissipation is negligible for typical flow
conditions and becomes critical when there is slip flow.

Fernando et al. [33] studied the single-phase heat transfer performance of a cross-
flow shell and tube compact heat exchanger built with extruded aluminum multiport
rectangular minichannels similar to the channels used in the present thesis. Thirty
rectangular minitubes containing six ports with 1 mm height and 2.65 mm width (Dy,
= 1.42 mm) were used to construct the heat exchanger. Hot water flowed through the
tube side whereas cold water flowed through the shell side (D, = 3.62 mm). The
Reynolds number range for tube side and shell side was 170-6000 and 1000-5000,
respectively. The length of tubes was 661 mm with 651 mm being heated. The
researchers suggested a correlation which gives the best prediction of their data for
the turbulent region in the tube side and also made a comparison with the open
literature for both tube side and shell side. For the tube side, the researchers found
great agreement with the Grinelinski correlation [34] used for conventional channel
for Reynolds number ranging 2300-6000 (turbulent region). However, none of
correlations for small scale channels such as the Peng and Peterson correlation [14]
gave a good estimation in the turbulent region. For laminar region, a slight linear
gradual increase of Nusselt number was observed up to Reynolds number of 1200.
At Reynolds equals to 1200, there was a sharp incline in slope on the gradual
increase of Nusselt number up to Reynolds number of 2300. The researchers thought
that this might be due to an increase in the thermal entrance length as the Reynolds

number increases while length is held constant even though this might be a sign for
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onset to turbulent flow or transition flow at Re = 1200. Neither conventional nor
small scale correlations were able to predict Nu between 1200 and 2300 Re numbers.
On the other hand, the Peng and Peterson correlation [14] gave a reasonably good
prediction when Re was less than 1200. Considering heat transfer in the shell side,
conventional and small scale correlations failed to predict shell-side heat transfer
coefficients due to change in velocity between baffles and flow condition that were
not hydraulically fully developed. Thus, the researchers also suggested correlations
for laminar and turbulent regions in the shell side which predicted their data within

5% uncertainty.

H1 boundary condition is defined as [4] heat flux, with circumferential constant wall
temperature and axially constant wall heat flux. H2 boundary condition [4] is defined
as axially and circumferentially uniform wall heat flux. H1 boundary condition is
assumed to be the boundary condition in mostly with applications such as electrical
resistance heating and counterflow heat exchangers heating with high conductive
wall materials. On the other hand, H2 is close to H1 with low conductive wall

materials. For circular channel, H1 and H2 boundary conditions are identical.

1.3.1. Summary of literature review

A summary of Poiseuille number results in literature review is presented in Table
1.2. A large number of studies in the literature review agreed with conventional
theory (in which Po equals to a constant and is independent of Re in the laminar flow
regime). On the other hand, there are some researchers that found lower and higher
Poiseuille numbers than conventional theory predicts. Moreover, some researchers
found a Reynolds number dependence in the laminar region which contradicts
conventional constant Poiseuille number theory. Furthermore, it should be noted that
all circular channels (tubes) agreed with conventional theory. The laminar regimes of
the studies which covered also transitional and turbulent regime in Table 1.2 is
presented as critical Reynolds numbers in Table 1.3.
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Table 1.2. Experimental results for Poiseuille number

Study fRe" Po  Mat’l® D,(um) Cr’ Aspect ratio (o) Re Working Fluid

(Po) Depends

on Re

Pfahler et al. .3 8 I
[10] l No. Si 1.6-76.1 R 0.008-0.393 0.003-300  n-propano
Fﬁ”%‘j‘]”“er”” * Yes. SS$' 133367 R 03331  50-4000  water
"[g'le]a etal. — No. SS* 100500 C° ; 50-800 water
Agostini et al. 5 i i i Liquid
o) —~ No. AP 7701170 R  098-1.10  500-6000 34

—~ No. S 15150 C - 8-1883 water
J[uzds% etal. No. S 50100 R 1 61-1527 water

—~ No. S§* 75125 C - 58-2431 water
?gz]et al. — No.  PB® 199-1923 R  0,004-0,04  40-10000 water
%}ey etal No. AIF 1000 R 1 310-7780 water
Ef‘lr;‘ and Punch No. Si®  106-307 R 0.22-0.95 77-807 water

!+ indicates Po is higher than conventional theory;
| indicates Po is lower than conventional theory;
— indicates Po is agrees with conventional theory.

’Mat’l: Material

%Si: Silicon

*SS: Stainless Steel

°Al: Aluminium

%PB: Polished Brass

"Cr: Cross Section

®R: Rectangular

°C: Circular

Even though the articles presented here are those the current author considers to be
most important for the present work, the author wants to express that there are a large
number of additional studies that show higher or lower Po number than that predicted
by conventional theory, such as 16 for circular tube, 14 for square channel and 24 for
flat channel. Figure 1.4 show a plot of Poiseuille number versus Reynolds number
reported by Kandlikar [3] and Kohl et al. [35]. This figure clearly indicates the
discrepancy in literature about friction factor data. Moreover, various other

researchers found results inconsistent with conventional constant Po theory.
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Figure 1.4. Poiseuille numbers in literature compared with theoretical values for
different small scale channels (after [3] and [35])
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Table 1.3 gives a summary of critical Reynolds numbers when the flow enters the
transition region. Laminar to turbulent transition occurs at a Re of 2200 for
rectangular ducts [3]. As indicated in Table 1.3., the transition occurred earlier
according to some of the experimental data in reviewed literature. The relative
roughness of tubes was not measured in most of these studies. Therefore, the reason
for this discrepancy might be differences in roughness. On the other hand, roughness
of materials such as aluminum and brass are very low and on the order of a few
micrometers. Furthermore, roughness is not a factor that affects friction factor and

Poiseulle number.

Table 1.3. Experimental results of transition from laminar to turbulent region

Study Re; Cross  e/Dy’ Dh Mat’l®  Aspect ratio (a) I.F.°

section (um) N.F.
Peng&Peterson [11,14] 200-700 Rect. Notmeas. 133-367 ss4t 0.33-1.00 I.F.
Wang and Peng [12] 3880 Rect. Notmeas. 381-1295  SS* 005024  N.F.
Garimella et al. [19] 12%%% Rect. Not meas. 1737-3018 AP 0.029-0.108 N.F.
Owhaib &Palm [20] 00> Circ. Notmess. 800-1700  SS' : NLF.
Agostini et al. [24] 12%%% Rect. Notmeas. 770-1170 AP N.F.
Gao et al. [24] 23%)%%' Rect. <0.lum 199-1923 PB® 0.004-0.04  N.F.
Caney et al. [25] 23%%% Rect. Not meas. 1000 AP 1 N.F.
Lee et al. [27] 12%%% Rect. Notmeas. 318-903 Co’ 0.2 N.F.
Fernando et al. [33] 1125%% Rect. Notmeas. 1420 AP 0.377 N.F.

Te/Dy indicates relative roughness
’Mat’l: Material

®|.F. indicates isothermal flow

N.F. indicates non isothermal flow
*SS: Stainless Steel

SAl: Aluminium

®PB: Polished Brass

"Co: Cooper
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A comparison of Nusselt number with conventional theory (in which Nu is constant

and independent of Re in the laminar flow regime) is summarized in Table 1.4. There

is a large scatter in Nusselt number results and no general trend is observed in terms

of hydraulic diameter, cross section and aspect ratio.

Table 1.4 Experimental results on Nusselt number

Study Nu  Port Number Cross section Dh (um) o
Wang and Peng [12] ! 4-6 Rect. 381-1295 0.05-0.24
Peng&Peterson [13] ! 2-8 Rect. 133-367 0.333-1
Adams et al. [18] 1 1 Circ. 760, 1090 -
Garimella et al. [19] 1 1 Rect. 1737-3018  0.029-0.108
Owhaib & Palm [20] ! 1 Circ. 800-1700 -
Leleaetal. [21] — 1 Circ. 100-500 -
Agostini et al. [22] ) 18-32 Rect. 770-1170 0.98-1.10
Gao et al. [24] ) 1 Rect. 199-1923 0,004-0,04
Caney et al. [25] — 1 Rect. 1000 1

Lee et al. [27] ! 10 Rect. 318-903 0,2
Stignor et al. [28] — 8-25 Rect. 2060-4730 0.11-0.44
Park and Punch [31] 1 16-100 Rect. 106-307 0.22-0.95
Fernando et al. [33] i) 6 Rect. 1420 0.377

1 indicates Nu is higher than conventional theory
| indicates Nu is lower than conventional theory

— indicates Nu is agrees with conventional theory
! indicates Nu is agrees with conventional theory for some data but does not agree for all data.

Based on this literature review, the following conclusions are drawn:

1. The literature review showed that the Poiseuille number is not constant in the

laminar region in some experiments. It was argued that the reason might be

due to not taking inlet contraction, exit expansion and the developing region

into consideration. However, there are still studies that do not agree with

conventional theory even after considering minor head losses. Some

researchers argued that Poiseuille number is dependent on Reynolds number

in the laminar region and proposed correlations. Other researchers disagreed

and pointed out that Poiseuille number is constant and there is no unexpected

behavior when presenting their experimental results.
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2. An understanding of transition to turbulent region is another aspect that is not
mature in the small-scale heat transfer area. Surface roughness is an
important parameter for early transition since relative roughness becomes
larger as the hydraulic diameter of channel decreases. Experimental results
differ significantly especially for rectangular channels.

3. Many correlations for small scale channels were suggested by researchers.
While these correlations were able to predict some experimental results, they
failed to predict others. Similarly, conventional correlations were not able to
predict all experimental data as presented in Table 1.4. Therefore, it is still a
question mark which correlations are more suitable for specific channels and

which ones of them give more accurate predictions.

4. Predictions from conventional correlations are generally better in the
turbulent region as opposed to the laminar region. The reason might be that
the hydraulic and thermally developing length is much lower in the turbulent
regime in comparison to the laminar region and thus the conditions of flow

are closer to conventional correlations.

5. The largest variation in heat transfer results occurs in the laminar region. This
might be due to longitudinal conduction and developing effects. As indicated
previously, the length of small scale channels are limited due to pressure drop
considerations. Therefore, the flow is generally laminar and sometimes not

thermally fully developed.
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1.4. Thesis Overview

1.4.1. Objective

After a careful literature review, gaps in the literature are found in Poiseuille
numbers and Nusselt numbers in the laminar region for single phase flow.
Additionally, there are a limited number of studies investigating variations in heat
transfer with respect to port number, even though the effect of different port numbers
which is the number of parallel passages in the channel on heat transfer is not clearly
established. Therefore, this study aims to experimentally test heat transfer and fluid
flow in three different mini channels having five to eight ports.. The objective of the

study can be given as follows:

e Verification of the validity of constant Poiseuille number theory in the

laminar region;

e Investigation of any possible variations in  Poiseuille number and its

dependency on Reynolds number;

e Verification of the validity of constant Nusselt number theory in the laminar

region;

e Evaluation of availability and applicability of conventional heat transfer

correlations;

e Evaluation of availability and applicability of small scale heat transfer

correlations;

e Evaluation of effects of different port number on heat transfer;
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1.4.2. Organization

The motivation and the objective of the thesis and current state-of-the-art on mini
channels were presented and discussed with a literature review and overview of

general knowledge in Chapter 1.

The fundamentals of heat transfer and fluid flow in minichannels are presented with

small scale and conventional correlations in Chapter 2.

The details of experimental set-up, flow cycle and equipment are presented in
Chapter 3.

The experimental approach and conditions with procedure and calculations used for

data reduction are given in Chapter 4.
The results of experimental data are provided and discussed in Chapter 5.

The outcome of thesis is discussed and the study is concluded with a brief summary

with suggestions for future work in Chapter 6.
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CHAPTER 2

FUNDAMENTALS OF SINGLE PHASE LIQUID FLOW
AND HEAT TRANSFER IN MINICHANNELS

Conventional heat transfer and fluid dynamics in closed conduits is a broad area and
it contains many subfields such as non-Newtonian flow, slip flow, two-phase flow,
electro kinetic flow and supersonic flow. Investigation of all these subfields is
outside the scope of this thesis. Hence, only related physical phenomena will be
discussed in this Chapter. Interested readers are referred to [36] for a wider

treatment.
2.1. Validation of Continuum Theory in Small Scale Channels

Fluid molecules have very small diameters compared to their intermolecular distance
and these molecules continually move in different directions and undergo collisions.
Therefore, the terms such as fluid density or velocity do not hold practical meaning
at molecular. On the other hand, at a macroscopic level a fluid follows a constant
motion and demonstrates constant properties such as pressure and density. Using
bulk properties is more practical in most engineering studies and is defined as
continuum theory. The smallest element which shows continuum properties is called
a fluid particle [36]. Internal flow in conventional channels and pipes (i.e. large
diameters or at the macro scale) are generally continuum flow. However, the
dimensions of small scale channels are quite small compared to conventional
channels and it should verified whether the flows in small scale channels are
continuum, especially for gas flow. To determine the validity of continuum model in

a channel flow, the dimensionless Knudsen number is defined as

A
= 2.1
Kn L, (2.1)
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where 4 is molecular mean free path and L is a characteristic length scale for the

channel, usually the hydraulic diameter.

Kn ranges for different flow types are [3]:
Kn <0.001 continuum flow
0.001 < Kn <0.1 slip flow regime
10 < Kn free molecular flow

Navier-Stokes equations are valid for larger channels, when Knudsen number is
smaller than 0.001.

2.2.  Transition from Laminar to Turbulent

The Reynolds number (Re) is probably the most known dimensionless number in
fluid mechanics and represents the ratio of inertial forces to viscous forces. When
inertial forces dominate flow tends to fluctuate and mix whereas when viscous forces
dominate flow tends to be smooth. In other words, low Re means viscous forces
dominate the flow and the flow is smooth and steady (laminar region). As Re
increases, flow transitions from being smooth and steady to being fluctuating and
unsteady with significant mixing (turbulent region). The Re where transition from
laminar to turbulent flow occurs is defined as the critical Reynolds number (Reg).
Moreover, it is important to note that this value depends on the surface roughness
and inlet velocity profile. For external flow over a flat plate, Re, is generally
assumed as 5 x 10° [13]. For internal tubular flow, it is widely accepted [13] that

Rer is approximately 2300. For internal flow, Reynolds number is defined by,

D D
Re = P Ym~ _Um 2.2)
u %
where D is the diameter of a circular channel, u,,is the mean velocity of the fluid, p

is the density and v is the kinematic viscosity.
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When the cross section of the channel is noncircular, the Re is defined using a
hydraulic diameter (Dy,).

4A.,

Dh -
Py
Where A is the cross sectional area and Py, is the wetted perimeter.

(2.3)

2.3. Single Phase Fluid Flow in Channels in the Laminar Flow Regime

For a Newtonian fluid, such as water or oil, the Fanning friction factor, f, is a
nondimensional number used to estimate total pressure drop in a channel or over a
plate. For fully developed channel flow, pressure drop can be found through the
following equation [3, 35].

_2fpupl

4p D (2.4)

Here, L is the channel length. The diameter is replaced with Dy, if the cross section of

the channel in noncircular.

For hydrodynamically fully developed laminar flow in a circular channel, a velocity
profile can be found assuming Hagen-Poiseuille flow [36]. Using this velocity profile
and wall shear stresses, a friction factor can be can be derived as being equal to a
constant divided by Reynolds number as given in Egn. (2.5). This constant is named

after J. L. Poiseuille and is called the Poiseuille number (Po).

f Re =Po (2.5)

For fully developed laminar flow in a circular pipes, the constant Poiseuille number
is 16 as indicated in [3]. Poiseuille number is also used for non-circular cross section
channels to find the friction factor in fully developed laminar flow. Shah and London
[5] provide Po (f Re) for various cross sectional geometries for closed ducts as
presented by Kandlikar [3] in Table 2.1.
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Table 2.1 Friction factor for fully developed laminar flow in ducts [3]

Duct shape Po=/Re
O Circular 16
b Flat channel 24
1 14.23
2 15.55
a Rectangular, 3 17.09
aspect ratio, bla = 4 18.23
b 6 19.70
8 20.58
o< 24.00
<:> Hexagon 15.05
10 12.47
. 30° 13.07
Isosceles Triangle, .
Anex angle 8 — 60° 13.33
£/ pL\ nglc - ()0: IB'IS
120° 12.74
Ellipse,
Major/Minor axis a/h = 1 16.00
2 16.82
_¢_ 4 18.24
b 3 19. I_S
16 19.54

%___a___ﬁ__f_

The Po values for rectangular cross section ducts are given by:

f Re =Po=24[1-13553a+ 1.9467a* — 1.702a3 + 0.9564a*

—0.2537a°] (26)

where aspect ratio («) is equal to height (H) divided by the width (W) of the
rectangular channel. Another important parameter for fluid flow is the dimensionless
axial distance x* which is defined as [4]

x/Dp
+
x Re

(2.7)

where x is the axial distance along the channel.
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Dimensionless axial length is a parameter generally used to examine whether the
flow is hydrodynamically fully developed or developing. The hydrodynamic
entrance length of laminar fluid flow in circular channels is generally estimated using

the following well known equation [4]:
Lhd = 0.05 Re Dh (28)

In other words, the flow is assumed to be hydrodynamically fully developed if L >
Lnhg, Wall shear stress is larger in the developing region of flow, thus it creates a
higher resistance to flow. Therefore, the friction factor and pressure drop are higher
in the developing region. To account for the higher pressure losses in developing
region, an apparent friction factor, fiy,, is defined. The apparent friction factor
replaces the fully developed friction factor in Eqn. (2.4). For long channels, the
developing region effects become negligible and the friction factor and apparent
friction factor are equal to the fully developed friction factor. This phenomenon can
be observed more clearly in Table 2.2: as x* increases, fp, Re converges
asymptotically to a constant value. This shows that laminar flow becomes fully

developed when x is larger than 1.0 ( X > Lyy).
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Table 2.2 Laminar flow friction factor for developing flow in rectangular channels

[3]
JappRe
a. =0.1
=(/D)Re  ai=1.0  @.=0.5 =02  a=10
0 142.0 142.0 142.0 287.0
0.001 111.0 1.0 111.0 112.0
0.003 66.0 66.0 66.1 67.5
0.005 51.8 51.8 52.5 53.0
0.007 44.6 44.6 453 46.2
0.009 39.9 40.0 40.6 42.1
0.01 38.0 38.2 38.9 40.4
0.015 32.1 325 333 35.6
0.02 28.6 29.1 30.2 32.4
0.03 24.6 253 26.7 29.7
0.04 22.4 23.2 24.9 28.2
0.05 21.0 21.8 23.7 27.4
0.06 20.0 20.8 22,9 26.8
0.07 19.3 20.1 22.4 26.4
0.08 18.7 19.6 220 26.1
0.09 18.2 19.1 21.7 25.8
0.10 17.8 18.8 21.4 25.6
0.20 15.8 17.0 20.1 24.7
~1.0 14.2 15.5 19.1 24.0

Yo is the aspect ratio of the channel
The apparent friction factor contains fully developed friction factor and an additional
parameter to account for developing region effects. This additional parameter is

defined [5] as the incremental pressure drop number, K(x) :

4
K(x) = (fapp - f)D_i (2.9)

where X is the position starting from the inlet of the channel.
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When x is larger than hydrodynamic developing length, incremental pressure drop

number K(x) is not dependent on length and becomes the constant K(), also known

as Hagenbach’s factor. Kandlikar [3] suggested an equation for Hagenbach’s factor

based on aspect ratio:

—2.9959¢°

K () = 0.6796 + 1.2197a + 3.3809a? — 9.5921a? + 8.9089a*

(2.10)

The variation of Po and Hagenbach’s factor with respect to aspect ratio is presented

in Figure 2.1.
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Figure 2.1 Hagenbach’s factor and f Re (Po) for different aspect ratios of rectangular

channels

The relation between apparent friction factor, fully developed friction factor and

Poiseiulle number can be derived by combining Eqn. (2.7) and (2.9):

D
fapp Re = fRe + K (x) Re 4—;
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Combining Egns. (2.7) and (2.11), it can be shown that apparent friction factor is a
function of dimensionless axial distance in the developing region as presented in
Eqgn. (2.12)

fapp Re = fRe + K (x)/x* (2.12)
As a result of the discussion presented above, Table 2.2 is used to find friction factor
for hydrodynamically developing and developed flows. Additionally, a curve fit

equation to approximate apparent friction factor in Table 2.2 was suggested by
Kandlikar [3] and is provided in Appendix A.

2.4. Heat Transfer in Channels in the Laminar Flow Regime

Nusselt number is a well-known dimensionless number and it can be defined as the
ratio of convective heat transfer to pure molecular conductive heat transfer at the

boundary. The local Nusselt number is defined as

B h
~ k/Dy

The Nusselt number is widely used to predict average convective heat transfer

Nu (2.13)

coefficient h in a channel flow and Nusselt number is predicted to be a constant in a
fully developed laminar flow by conventional theory. This constant depends on the
cross section of the channel and the heat transfer boundary condition. Table 2.3
shows Nusselt number for different cross sections under different boundary

conditions.
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Table 2.3 Nusselt number values for different cross sections for H1, H2 and T
boundary conditions for fully developed laminar flow [4]

Nu
Cross Section T 5 3
H1 H2 T

Circular

4.364 4.364 3.657
Rectangular a=1

3.559 3.091 2.976
Rectangular o=2

4111 3.017 3.391
Equi.Triangle

3.111 1.892 2.470

Hexagonal

4.002 3.862 3.340
Elliptical O
(ecc.=0.9) 5.099 4.350 3.660

Plane Duct
8.235 8.235 7.541

TH1:constant circumferential wall temperature, uniform axial heat flux boundary condition
H2: constant axial and circumferential heat flux boundary condition
*T: Constant wall temperature

The constant Nusselt number for a rectangular channel varies with respect to aspect
ratio in fully developed laminar flow. The aspect ratio («) is height divided by width
as shown in Figure 2.1. Notice that the definition of aspect ratios may be different in
references. The Nusselt number equations for different heat transfer boundary

conditions are given as follows:

Nuy, = 8.235(1 — 2.0421a + 3.0853a? — 2.4765a> + 1.0578a*

H1: (2.14)
—0.1861a°
Nuy, = 8.235(1 — 10.6044a + 61.1755a? — 155.1803a3
H2: (2.15)
+176.9203a* — 72.9236a®
T: Nug = 7.541(1 — 2.610a + 4.970a? — 5.119a3 + 2.702a* — 0.548a>  (2.16)
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Microchannels are sometimes utilized in heat sinks, especially for electronics. In
such cases, only three sides of the channels are heated. Additionally, the boundary
conditions do not generally match experimental studies and generally lie somewhere
between the three boundary conditions H1, H2, and T defined in Chapter 1 and in the
footnote of Table 2.3. Fully developed Nusselt number values for three-side heated

and four-side heated channels are tabulated in Table 2.4.

Table 2.4 Fully developed laminar flow Nusselt number values for three-side heated
(Nufq3) and four side heated (Nugqg 4) channels [3]

o=H/W Nl1|'.|_1 NUM_,;
0 8.235 8.235
0.10 6.939 6.700
0.20 6.072 5.704
0.30 5.393 4.969
0.40 4 885 4.457
0.50 4.505 4111
0.70 3.991 3.740
1.00 3.556 3.599
1.43 3.195 3.740
2.00 3.146 4.111
2.50 3.169 4.457
3.33 3.306 4.969
5.00 3.636 5.704
10.00 4.252 6.700
=10.00 5.385 8.235

In a, H is the unheated side for 3 side heated channels. An interpolation equation is
provided in Appendix A for Nu for intermediate values of aspect ratio.

For conventional size channels, fluid flow is generally thermally developed. On the
other hand, fluid flow in smaller channels may be thermally developing due to
smaller hydraulic diameters and shorter lengths. Therefore, thermal development of

the fluid should be carefully considered in small scale channels.
The thermal entry length of a channel is defined as follows:

L.g = C Re PrD, = C Pe Dy, (2.17)
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where Pe is the Peclet number, Pr is the Prandtl number, and C is a constant for

channels.

The thermal development of flow is generally investigated in terms of a

dimensionless parameter defined as dimensionless thermal axial distance:

X
X =D, RePr (2.18)

The flow becomes thermally developed when x* is higher than thermal entry
constant, C. The thermal entry constant C is generally assumed as constant and equal
to 0.05 for circular channels [13]. On the other hand, C for rectangular channels was
approximated as 0.1 by Shah and London [5] and 1 by Kandlikar [3]. Nusselt
number in the thermal entry region is presented in Table 2.5 for thermally developing
flow. It can be seen that the difference between Nusselt numbers when x~ equals to
0.1 and 1 is very small in Table 2.5, which is consistent with the fully developed

flow approximation of Shah and London after x” equals to 0.1.

Table 2.5 Nusselt numbers for thermally developing flow [3], [37]

Nu,.

x* o, <0.1*  @.=025 o.=0333 o.=05 o=10 o =10%
0.0001 jl4 26.7 27.0 237 252 3l6
0.0025 11.9 10.4 9.9 9.2 8.9 11.2
0.005 10 844 8.02 7.46 7.1 9.0
0.00556 0.8 8.18 7.76 7.23 6.86 8.8
0.00625 9.5 7.92 7.5 6.96 6.6 8.5
0.00714 93 7.63 7.22 6.68 6.32 8.2
0.00833 9.1 7.32 6.92 6.37 6.02 7.9
0.01 8.8 7 6.57 6.05 5.69 7.49
0.0125 8.6 6.63 6.21 57 5.33 7.2
0.0167 8.5 6.26 5.82 5.28 491 6.7
0.025 8.4 5.87 5.39 4.84 445 6.2
0.033 8.3 5.77 5.17 4.61 4.18 5.9
0.05 8.25 5.62 5.00 4.38 391 5.55
0.1 8.24 5.45 4.85 4.22 3.71 54
1 8.23 5.35 4.77 4.11 36 5.38

x* =x/(Re PrDy); * — parallel plates, both sides heated; ** — parallel plates, one side heated.
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As mentioned previously, the length of the small scale channels are generally short
due to pressure drop consideration. Therefore, the flow does not become fully
developed for some applications and thermal entry and hydrodynamic entry effects
become significant. In order to evaluate the thermal entry effect theoretically, Table
2.5 and the interpolation equation presented in Appendix A are used. In addition,
some of the conventional channel correlations that are used to evaluate Nusselt
number are presented in Table 2.6. Despite the circular geometry of channels and
different boundary conditions used in developing the correlations in Table 2.6, some
researchers such as [27], [28], [33] compared these correlations with their work and
reported that these correlations also gave good predictions for some experimental
data ([28], [33]) for thermally developping flow. Additionally, Nusselt number
approximation for developing flow in a square channel [3] are also provided in Table

2.6 for the completeness.

In the literature review section 1.2, correlations were suggested by several
researchers for laminar flow in small scale channels based on the argument that
correlations for flow in conventional channels are not sufficient to predict small scale

heat transfer. These correlations are compiled and listed in Table 2.7.

In the Chapter 2, basics of fluid flow and heat transfer were discussed for small scale
channels with suggested correlations from various researchers. In the Chapter 3, the

construction of the experimental set up will be discussed in details.
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Table 2.6 Conventional correlations for prediction of heat transfer in laminar flow for
developing flow

Reference Correlation Cross Flow Range
Sect. Regime of
Validity
Kandlikar  Nu = 6.7702 — 3.17024 + 0.4187(InA)>
[3] Rect. TD,
+ 2.155nA (2.19) CHF Re<2200
(0=1)
+2.76x10704715
Stephan& 0.0677( Re Pr D/L)*33 .
= 2.20) Circ. SD, 0.7<Pr<7
Preuer V4= 3657 TG T pr(Re /)0 (2.20) Ci
CHF
[38]
Stephan& B 0.086( Re Pr D/L)*33 .
PreuBer Nu = 4364 + 1+ 01 Pr(Re D/L)0% (2.21) Circ. SD, 0.7<Pr<7
CWT
[38]
Ehah& Nu = 4.364 + 0.0722(Re Pr D/L) (2.22) Circ. TD, -
ondon
CWT
[5]
Gnielinski Nu = 13-663 +07°
[29]
+ [1.615( Re Pr D/L)*33
(2.23) Circ. TD, -
- 077 CWT
1
2(Re PrD/L)*\** /s
14 22Pr

A= (RePrD/L)?

TD: Thermally Developing

SD: Simultaneously Developing
CHEF: Constant Heat Flux

CWT: Constant Wall Temperature
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Table 2.7 Convective heat transfer correlations for small scale channels

Cross  Correlation Range
Sect.
Choi et al. [39] Circ. Nu = 0.000972Re'7 pri/3 (2.24) Re<2000
Nu = 3.82x10~6Re™%¢pr1/3 (2.25) Re>2500
Peng et al. [14] Rect. Nu = 0.1165(D,/W,)*81a%79Re%62 pr1/3  (2.26) Laminar
.15
Nu = 0.072 (%)1 " (1 = 2421 (a — 0.5)%7)Re8 pr/3 Turbulent
(2.27)
Wang&Peng [12] Rect. Nu = 0.00805Re%8prl/3 (2.28) Re>1500
Nguyen [40] Trap. Nu = 8.39Re'/? — 1.33Re?/® (2.29) Laminar
Nu = 4.73Re/?2 — 0.22Re?/* (2.30) Turbulent
Adams et al. [18]  Circ. Nu = Nug,(1+F) (2.31) Turbulent
where
F = 7.6x107°Re [1 — (D/1.164mm)?]
(f/8)(Re — 1000)Pr
Nugn = 1/2
f
1+127 (g) (Pr2/3 — 1)
Garimella et al. Rect. exp| G20k -5y 01 118< Re
Nu = <1vuggm + { g Ly — } ) (2.32)
[19] lam turb < 10671

where
Nulam
3, 1/3
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CHAPTER 3

EXPERIMENTAL SET-UP

To investigate heat transfer and fluid flow characteristics of water flow in
minichannels, an experimental test set-up is constructed. In this chapter, the details of
the set-up will be explained. Most of the equipment in the experiments were
provided from previous experimental works by two former MSc. Students [41], [42].

The details of all equipment used in the experiments are provided in Appendix B.
3.1. Minichannels Used in the Experiments

In order to evaluate heat transfer and fluid flow characteristics of flow in
minichannels, three donated minichannels were experimentally investigated. Ch7 and
Ch6 were donated by Hydro and Ch5 were donated by Argelik. They were produced
by extrusion process and have the relative surface roughness of about 01%. The cross
sectional views of these three channels are presented in Figure 3.1. All channels are
made of aluminum. One objective of the study is to investigate the effects of port
number on heat transfer and fluid flow. Therefore, the channels have different port
numbers. The port numbers of the channels were used in naming the channels. As
shown in Figure 3.1, the first channel has five ports whereas the second and third
channels have six and seven ports, respectively. Therefore, the minichannels were
named Ch5, Ch6 and Ch7 according to their port numbers for brevity. The geometric
details of the minichannels are given in Table 3.1. The technical drawings of the
manifolds for the connection of the minichannels to the root of the set-up are
provided in Appendix C.
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Table 3.1 Geometry properties of the minichannels

Parameter Units Ch5 Ché6 Chv
Port number - 5 6 7

Width mm 18.3 18 12

Height mm 2.5 2 1.8
Hydraulic diameter mm 2.27 1.66 1.30
Aspect Ratio - 0.52 0.41 0.89
Inner Wall thickness mm 0.2 0.25 0.25
Outer Wall thickness mm 0.4 0.4 0.3
Channel height mm 1.7 1.2 1.2
Channel width mm 3.3 2.9 1.35
Channel length mm 990 670 580
Cross sectional area mm? 27.8 18.8 11.6
Wetted perimeter mm 48.9 45.26 35.6

Inner heat transfer area mm? 48451 28067 19207

(all dimensions
are in milimeters)

QOOOOOer »
0,25 Q&

Ch7

Figure 3.1 Technical drawing of the minichannels
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3.2. Design of the Set-up

The set-up was designed for single phase liquid water flow experiments for cooling
purposes under a constant heat flux boundary condition. The liquid flows
continuously in a loop rather than passing through the test-section once and therefore
undergoes a cycle, and this was found to be sufficient to investigate fluid flow and
heat transfer in minichannels. In this section, the water cycle in the experiments,
equipment used for construction of the set-up, data acquisition system and test

section are explained.

3.2.1. Water Cycle

The water cycle contains a cooling bath, gear pump, flow meter, test section with
heaters, and a data acquisition system. The schematic view of the water cycle is
presented in Figure 3.2. A closed cycle was preferred due to its longer working time

under steady state conditions.

Experiments are run as follows. The water temperature at the exit of the bath is
adjusted to a desired temperature. Afterwards, the flow rate of the fluid is controlled
to the desired value by two valves in the set-up. The fluid is pressurized in the pump
and passes through the flowmeter. Then the pressure and temperature of the fluid are
measured at the inlet of test section. Temperature and pressure measurements are
repeated at the exit of the test section. The average temperature values are considered
to determine the properties of the fluid such as thermal conductivity and dynamic
viscosity. The data acquisition system stores the measured values. The details of the
test section and heating equipment are explained in Section 3.1.4.
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Figure 3.2 The water cycle in the experiments
3.2.2. Equipment

The equipment used in the closed cycle are cooling bath, pump, flowmeter,
thermocouples, RTDs, pressure transducers, power analyzer, variable-ac transformer,
data acquisition system, and dc power supply. The details of all equipment used in
the construction of the test set-up are provided in Appendix B.

A cooling bath [43] is used to reduce the temperature of fluid after the test section.
No external water reservoir is used in the system since the bath has an internal water
tank with seven liters capacity. The exit temperature of fluid from the bath was
controlled by selecting the desired exit temperature. Additionally, the bath exit
temperature was also checked by the data acquisition system through a thermocouple
connected at the exit pipe of the bath for verification. Generally, the bath exit

temperature of the fluid is selected equal to the ambient temperature to reduce
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thermal losses from the tubing. The maximum heat removal capacity of the bath is
800 W, however it was observed that the exit temperature of the water starts to
deviate slowly from the desired bath exit temperature over time for heat removal
rates higher than 500 W. Thus, 500 W is considered as the upper limit when
providing power to the heater. In addition to the gear pump, the cooling bath has an
internal pump thus also provides pumping power. The cooling bath is shown in
Figure 3.3. In order to make sure that the fluid is not over pressurized after the bath
and no high pressure damage occurs in the gear pump, a valve is placed after the
bath.

Figure 3.3 Cooling bath used in experiments

The water is primarily pressurized by a gear pump [44] . The gear pump is a positive
displacement pump that provides constant volumetric flow rate of fluid at steady
state and this flow rate is not affected by changes in upstream pressure. Due to this
characteristic, gear pumps are widely used in small channel steady flow experiments
[45]. In these experiments, the gear pump is used to drive the fluid at a constant flow
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rate with negligible oscillations. The desired flow rate by the pump can be adjusted
manually. The maximum flow rate capacity of the pump is 68.4 I/h when it provides
no pressure increase to the fluid. Therefore, the maximum flow rate of the flow is

limited by the pump’s capacity. The gear pump is shown in Figure 3.4,

Figure 3.4 The gear pump used in the cycle

Flow rate is measured by a flowmeter [46] placed after the gear pump. The
flowmeter is a rotameter type with regulator. The regulator in the rotameter acts
similar to a valve, thus a valve is visualized before the flowmeter in Figure 3.2. The
flowmeter is selected considering the maximum flow rate of the gear pump. The
flowmeter range is from 10 I/h to 60 I/h. The stated accuracy of the flow meter is
2.5% of full scale.

The power to the heater is provided from the electrical grid in the laboratory.
Although a DC power supply would have been better for constant power to the
heater, the power oscillations for all experiments were less than 1% and almost
negligible. The electrical grid is 50 Hz alternating current (AC) with 220 root mean

square voltage in the laboratory.
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In order to adjust the power input to the heater, a variable transformer-ac (variac)
[47] is implemented in the experimental set-up. Using a variable power transformer,
the voltage input to the heater was controlled between 0 and 220 V. Since the
resistance of the heater is constant, power input to the heater was adjusted by varying
the output voltage. The maximum possible real power output from the variac is 2.1

kVA. The variac is shown in Figure 3.5.

ka3

Figure 3.5 The variac used in the experiments

A power analyzer is connected to wires from the variac to the heater. Two wire
couples were connected from the power analyzer to wires between the variac and the
heater. One wire couple was connected in series to measure the current while the
other wire couple was connected in series to measure the voltage in the wire to the
heater. The accuracy of the power analyzer is 1.5% of the measured values. Due to
voltage fluctuations in the laboratory, the measured values from power analyzer were
noted and averaged in steady state conditions as explained in Section 4.6. The power

analyzer while in operation is shown in Figure 3.6.
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Figure 3.6 The power analyzer used in the cycle

Resistance temperature detectors (RTD) [48] and thermocouples (TC) [49] are used
for measuring the temperature in the set-up. The wall temperature of the channels is
needed to find local and average heat transfer coefficients. The sensitivity and
accuracy of RTDs is better than those for thermocouples. However, it was not
possible to implement RTDs to measure the wall temperatures of the channel for the
selected experimental configuration. Therefore, thermocouples were connected to the
wall surface of the channel. The thermocouples were distributed along the channel
wall with roughly equal spacing. RTDs were implemented in the manifolds before
the channel inlet and after the channel exit to determine the temperature of the fluid.
Using the measurements from RTDs which are inside the unheated manifolds, the
temperature of the fluid inside the channel is approximated assuming a constant
gradient due to the constant heat flux boundary condition. The locations of the
thermocouples for each channel are provided in Table 3.2. Additionally, schematic
view and photo of RTD and thermocouple connection can be viewed in Figure 3.10
and Figure 3.11.
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Table 3.2 Location of thermocouples

Ch5 Ché Ch7

(mm) (mm) (mm)
TC1 55 70 75
TC2 180 150 115
TC3 305 230 230
TC4 430 310 320
TC5 555 380 390
TC6 680 460 530
TC7 805 550 @ -
TC8 940 620 -
L 990 674 582

For the pressure measurements, two compact pressure transducers [50] which
measure absolute pressure values and a differential pressure transducer [51] are used.
They are implemented in the manifolds before the channel inlet and after the channel
exit to determine the pressure of the fluid. The voltage needed by the pressure
transducers were provided by the DC power supply [52].

The signal in volts from the thermocouples and RTD and the signal in amperes from
the pressure transducer are fed to the data acquisition system where the signals were

converted into necessary units.

For piping between the equipment, a pneumatic flexible polyurethane hose was
found to be suitable due to the low pressure drop inside the tubes. The inner and
outer diameters of the hose are 6.5 mm and 10 mm, respectively. The inner diameter
of the pipe is chosen to have as low a pressure drop as possible within the pipes. The
connections, valves and junctions were chosen according to the pneumatic piping.
The pneumatic hose can withstand temperatures between 40 °C and 70 °C and a

pressure up to 3.7 bar.
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3.2.3. Data Acquisition System

Temperature and pressure measurements were collected through a data acquisition
system whereas flow rate and power input were manually adjusted and read. The
data logger used in the experiments has 3 cards with each card having inputs for 20
voltage and 2 current readings. The current inputs from the pressure transducers and
voltage inputs from the RTDs and thermocouples were converted into signals in the
datalogger and the corresponding data were collected by the datalogger. The data
sampling rate was input by the user. Visual readings on the datalogger screen are also
possible. A software program on the HP VEE software development environment
was designed for collecting and storing data between intervals and was designed by
Argelik [41], [42]. This software program was also used in the current thesis. The
program lets the user to specify the interval of data collection and present data in a
csv format which makes it possible to take average values over time and perform
data reduction. Moreover, the user may check steady state conditions using
temperature and pressure graphs generated instantly by the program. The data logger
and DC power supply that power the data logger are presented in Figure 3.7.

OF F 206

Figure 3.7 Data logger and DC power supply used in the experiments.
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3.2.4. Test Section

The test section contains the minichannels, thermocouples, RTD’s, pressure
transducers, variac, power analyzer, heating layer group and compression layer
group. To connect the piping to the channels, manifolds were manufactured from
aluminum. RTD and pressure connection holes were also drilled and threaded in the
manifolds. Welding was one option but it was not performed due to possible damage
that may occur to the aluminum channels during the welding process. The upper and
lower covers of the manifolds are connected with screws and bounded with an
adhesive bonding method to prevent any leakage from the connection between these
covers and the minichannel. The technical drawing of the manifold of Ch7 is given in
Appendix C.

In order to provide constant heat flux conditions, resistive heating is applied. A DC
power supply is best for this constant power application. However, the DC power
supplies available in the lab are not sufficient to provide a significant temperature
difference between the fluid inlet and exit. Therefore, electrical power to the heating
resistances was supplied from the electrical grid in the laboratory which is an AC
power source. Due to voltage variations during the experiments, the power input to

the heaters varied slightly, and thus an average power value is used.

Initially, the wall itself was taken into consideration as resistance for heating.
However, the resistance values of channel walls were quite low since the resistivity
of aluminum is very low. For instance, the electrical resistance of Ch6 was measured
as 3.6x10™ Q. In order to supply 500 W electrical power, 37 A current is needed at a
13.4 V voltage difference using a DC power supply.

The second option considered was resistive coating on the channels. In heating using
a resistive coating, a material such as a combination of Titanium-chromium and
aluminum oxide is implemented on the surface using methods such as spray coating,
brush coating, needle coating or screen printing. Due to the limited budget of this

experimental study, other options were taken into consideration.
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Considering economic constraints, resistive heating wires were used as the heating
unit. The required resistance of the heaters was calculated by considering the cooling

capacity of the bath and maximum flow rate of the pump.

In the initial design, the heating wire was wrapped around the channels to provide a
constant heat flux. For electrical insulation between the channels and heating wire,
thin muscovite type mica insulation sheets [53] were inserted between them. The
thickness of the mica sheet is 0.5 mm. Thermocouples were placed along the wall
between the mica sheet and the wall to measure wall temperature distribution.
However, the temperature readings from thermocouples were unusually high in this
configuration, which indicated an error in the readings. Since the thermocouples
were calibrated as explained in Section 3.3, the author considered that the error was
probably due to the configuration. The two main sources of error of this large
magnitude are commented as contact resistances between the mica sheet and the
channel wall, and the position of the heating wires relative to the thermocouples.
Since the thermocouples have a finite width, there is a gap between the mica sheet
and channel wall. Additionally, there is a need for a finite gap between the wire
wraps around the mica sheet to prevent a short circuit in the resistance wires. A

resistance wire wrapped around a mica sheet is shown in Figure 3.8.

Heating
Wire

Figure 3.8 Heating wires wrapped around the mica sheet

Therefore, thermocouples closer to the heating wires were strongly affected by the
heating source and measured higher values than expected. Moreover, the gaps
between the wire wraps resulted in a rather wavy heat flux condition and disturbed
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the intended uniform heat flux condition. Therefore, a rectangular copper layer was
inserted between the heating source and channel to more evenly the distribute heat
flux and the correct thermocouple readings. The thickness of the copper layer is 1
mm and and the length and width are equal to the length and width of the channels.
Another mica sheet is inserted between the copper layer and heating source to
achieve electrical isolation. The thickness of the mica sheet is 0.5 mm. The

schematic view of this heating layer model is given in Figure 3.9.

Glass Wool Insulation

Iron Bar Layer

Glass Fiber Layer

Mica Laver

Heater Layer

Mica Laver

Copper Layer

Mica Laver

Channel Wall

Figure 3.9 Heating layer model (not to scale)
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During the initial experiments, a nonphysical temperature fluctuation along the
channel wall was observed. The reason behind this situation was identified to be
contact resistances between layers. To reduce contact resistances, first a
nonflammable silk cord was wrapped around the layers. However, it was not
sufficient to provide enough pressure to overcome the contact resistances. In order to
provide enough pressure to sufficiently reduce contact resistances, clamps were
considered. Since a rigid body is needed to provide pressure along the layers, an iron
metal layer is inserted between the clamps and heating sources. Additionally, a glass
fiber layer was inserted to increase thermal resistance between the iron metal layer
and heating layer. The thermal conductivity, thickness and thermal resistance per unit

area of the materials in the layer group are given in Table 3.3.

Table 3.3 Thermal conductivities of materials in layer group

Material Thickness (mm) k (W/mK) R” (m?K /W)
Aluminum (Ch.wall) 0.3-0.4 237 1.27 E-3-1.69E-3
Mica 0.5 0.3 1.67E00
Copper 1.0 401 2.49E-03
Glass fiber 3.0 0.036 8.33E01
Iron 5.0 80.2 6.23E-02
Glass Wool 30 0.031 9.68E02

If a simple 1D wall conductance model is assumed for the layer group, the thermal
resistance per unit area from the heater to the iron layer outer surface is 83.4 m* K/W
and the thermal resistance from the heater to channel inner surface wall per unit area
is 3.34 m? K/W. The thermal resistance per unit area to the outer surface of the steel
layer is 25 times greater than thermal resistance per unit area to the channel wall. As
a result, it was assumed that the heat flux is not highly disturbed by clamps
considering the simple 1D conductance model. However, the author wants to express
that implementing a constant heat flux boundary condition was the most challenging
part of the thesis using the available equipment and funding. The constant heat flux
boundary condition can be improved and simplified. The suggestions about these

improvements are given in section 6.3.
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After implementing the clamps, the channel and the layer group were insulated again
to prevent heat loss to surroundings. Specifically, 3-cm thick glass wool [54] was
wrapped around the test section. The thermal resistance per unit area of the layers
from the heating source to the surrounding including the 3-cm thick glass wool
insulation is 1050 m* K/W. These insulation values are considered as sufficient.

3.2.5. Preparation of the Set-up

In order to prepare the experimental set-up, all components except the test section are
connected to each other with piping. Afterwards, the tubes and manifolds are
connected with adhesive bonding [55] which can withstand temperatures up to 300
°C. RTDs and pressure transducers are connected to the manifold for measuring the
properties of the fluid. The sketch of the experimental set-up showing the
approximate location of the RTDs, thermocouples and pressure transducers are given
in Figure 3.10.

Manifold Manifold

@@ . . . e o . . o@@
I

®  Thermocouples

@ RTD

@ Pressure Transducers

Figure 3.10 Schematic view of the test section before the insulation (not to scale)

The test section without the layer group and insulation is shown in Figure 3.11.
Additionally, thermocouples attached to the minichannel and plug panels of the

thermocouples are also shown in Figure 3.11.
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Pressure Transducers

Thermocouples

Figure 3.11 Test section without layer group and insulation

After running the experiments to make sure no leakage occurs in the experimental
set-up, layer groups are added to the top and bottom of the minichannel. Layer
groups are prepared as two separate groups as the heating layer group and the
compression group which contains the glass fiber layer and iron layer. A picture of

the test section after placing the layers and compressing the layers with clamps is

provided in Figure 3.12.

Figure 3.12 Test section with layer groups

Before applying insulation, the set-up was run to check whether any problems are
present with the heating section and power input. Afterwards, the glass wool
insulation was applied to the test section. On top of the glass wool insulation, an
aluminum tape is applied to hold the insulation due to its heat reflective property.
The test section after the glass wool insulation was applied is demonstrated in Figure
3.13. After preparing the test section, the construction of the test set-up is finalized.

The picture of the final test set-up is shown in Figure 3.14.

56



Pressure Transducers

Data logger &
DC power supply

Power Analyzer

Variac

Figure 3.14 Photo of the experimental set-up
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3.2.6. Viscous Heating

Before providing a heat flux to the test section, the water is circulated under adiabatic
flow conditions sustained by no heating. An important aspect of small scale channels
is viscous dissipation inside the channels. As the hydraulic diameter of the channel
decreases, there might be a significant temperature difference for small channels due
to viscous heating. Koo and Kleinstreuer [56] analytically investigated viscous
dissipation in small scale channels considering experimental data from other studies
such as [23]. They emphasized that viscous dissipation might affect flow conditions
and measurements in experiments. They identified channel aspect ratio, Reynolds
number, Prandtl number and Eckert number as the main variables for predicting
viscous dissipation for common fluids such as water, methanol and iso-propane.
Moreover, they commented that viscous dissipation should specifically be taken into
consideration for water flow in channels having hydraulic diameters smaller than 50

pm.

In the current experimental study, no significant variations between inlet and exit
temperatures of the fluid were observed for all flow conditions inside all three
minichannels during adiabatic flow with no heating source. The maximum
temperature difference was less than 0.1 K, which is negligible considering the
sensitivity of the RTDs. In order to be certain that no experimental error exists, a
condition defined by Morini [57] is considered. Morini [57] defined that viscous
dissipation cannot be neglected if the following condition is satisfied:

Ec
oyt 3.1
4 Rex fRe 21 (3.1)
where Ec is Eckert number which is provided in eqn. (3.2):

Cp (Tfl,out - Tfl,in)

This criterion is defined as Morini Criterion for brevity by the author. The maximum

Ec

(3.2)

results of the Morini Criterion for flow in each minichannel are shown in Table 3.4
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The maximum value observed for the criterion is less than 10™. Therefore, viscous

dissipation along the channel is neglected.

Table 3.4 Maximum Morini [57] criterion results for each minichannel for viscous

dissipation
Maximum
Channel Morini
Criterion
Chs 1.65E-05

Ch6 2.86E-05
Ch7 6.39E-05

3.3. Calibrations

The calibration of the equipment is important to check the values in terms of errors.
Holman [58] defined three possible sources for calibrating equipment: a primary
standard, a secondary standard with higher efficiency than the equipment, and a
known source. In this thesis, secondary standard such as a high-accuracy
thermometer to calibrate thermocouples and RTDs and known sources such as

weight of water in a tank are applied for calibration and verification.

3.3.1. Flowmeter

The calibration of the flowmeter was performed before the purchase by the supplying
company. In order to be on the safe side, this calibration is verified with gravimetric
calibration [59]. The open cycle used in flowmeter calibrations is shown in Figure
3.15. The regulator is shown again as a control valve. The flow rate of the water
through the flowmeter is controlled with the regulator and a stop valve is added for
quick stop. The fluid is weighed after a time interval. Approximately 4 liters of water
is chosen as the fixed volume for all flow rates according to the procedure [59].
Hence, the time intervals for low flow rates are higher. Moreover, a correction factor
[59] is suggested for air buoyancy effects for measuring weight in a weighing scale.
On the other hand, the correction factor is calculated as less than 1.001 and thus

neglected owing to its small magnitude. The results of the calibration of the
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flowmeter are provided in Appendix D. The results are generally within 2% percent
with the controlled flowmeter value except for the lowest flow rates. The deviations
from the controlled flow rate are probably due to experimental errors such as
weighing scale sensitivity and manual reading error while varying the flow rate
through the valve. For an adjusted flow rate of 10 I/h by valves and flowmeter scale,
actual flow rate is found to be 6% lower. The reason for this is believed to be
evaporation from the tank due to higher time interval and lower sensitivity of the
flowmeter at low flow rates. Sensitivity of the flowmeter is 4% of the flow rate of 10
L/h and 2.5% of the flow rate of 60 L/h.

Weir > Qverflow

3
Stop — 74
valve

Y
Flow % Flow
device control

Timer/
(counter)

Figure 3.15 Open cycle for gravimetric calibration of the flowmeter [59]

3.3.2. Temperature Measurements

The calibration of the cooling bath was performed before purchase [42] by the
producers. However, the accuracy of the bath is tested again relative to a known
source before the experiments. The thermometer [60] with the best accuracy (0.3°C)
and highest resolution (0.1°C) from available thermometers was used as a known
source for verification of the bath temperature. The bath temperature showed an
excellent match with the thermometer’s readings. The temperature was taken over a
two minute interval to observe if any oscillations were present. However, it was

found out that the temperature of the fluid inside the bath does not vary with time.
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The calibration of the RTDs and thermocouples were performed in Tekin’s study
[42] by Arcelik. In this study, the curve fit equations for RTDs and thermocouples
were determined. All these curve fit equations were found to be linear. These
equations are entered to a data acquisition program, which is also used in this
experiment. A sample calibration curve from this study is provided in Appendix D.

The calibrations of the RTDs and thermocouples were checked using a method
similar to that for the fluid temperature in the cooling bath. For the thermocouple
calibration, a bath is needed as a known source according to the NIST standard [61].
Since the accuracy of the cooling bath is checked, the cooling bath filled with
deionized water is used as a reference bath to check RTD and thermocouple
measurement values. Additionally, the same thermometer is also used during the
measurements. First, the thermocouples are placed inside the bath with the
thermometer. After thermocouples measurements, RTDs’ measurements are
performed. A temperature measurement is taken for 2 minutes and after that the bath
temperature is increased by 0.4°C intervals. The temperature range between 10°C
and 45 °C is thought to be sufficient according to our experimental conditions. The
resolution of the temperature readings are given as 0.01°C due to curve fitting
equations from the mentioned previous calibrations. However, only 0.1°C resolution
is taken into consideration due to the thermometer and thermocouple sensitivities.
The thermocouples showed a perfect match with the reference temperature values.
On the other hand, fixed measurement errors for both RTDs are found to be present.
The inlet RTD measured values are 0.1 °C and 0.2 °C higher than the reference
temperature for several data. The exit RTD measured value reads 0.1 °C higher than
the reference temperature for several data. Therefore, fixed errors are corrected by
making corrections after the data are gathered according to these calibration values.
The temperature measurements are inside the calibrated temperature range. The
calibration data for temperature readings are presented in Appendix D.
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3.3.3. Pressure Measurements

Similar to temperature measurements, pressure measurements were also calibrated in
the previous study by Argelik. The curve fit equations from the previous calibration
study were entered to the data acquisition program. The previous calibration data of
compact pressure transducers are given in Appendix D. Additionally, curve fit

equations of the compact pressure transducers are given as follows:

plpsi] = 12682A[mA] — 50.147 (3.3)

plpsi] = 12705A[mA] — 50.52 (3.4)

In order to be more confident about the pressure measurements, a calibration set-up
is prepared according to [62]. Both compact pressure transducers are connected in
the same manner to the same pipe where the static pressure is constant. There was no
available known source for a reference pressure measurement. Therefore, two
pressure gauges with 0.5 kPa uncertainty that are calibrated by producer were
purchased [63] as they were thought to be the most economical option. The compact
pressure transducers measure absolute pressures. Therefore, the pressure readings of
the barometer in the laboratory are also added to the readings of the pressure gauges.
The author comments that any possible small error due to this calculation is
insignificant, because a small variation in absolute pressure does not have a
significant effect on the properties of water. Hence, this procedure is thought to be
sufficient. The most important part of the measurement is believed to be the

precision between two compact pressure transducers.

The schematic of the set-up is shown in Figure 3.16. The pressure source is
pressurized air. The pressure inside the piping is increased by opening the inlet valve
and varied by adjusting the relief valve. Additionally, a cut-off valve is placed just
before pressure transducers. The photograph of the pipe section of the assembly is
presented in Figure 3.17. The pressure in the piping is varied from 92 kPa to 120
kPa. A fixed error of 0.3 kPa is found between the pressure transducers. This error is

corrected after gathering the data.
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Figure 3.16 Schematic of the pressure transducer calibration assembly

Figure 3.17 Photo of the piping section in the pressure transducer calibration
assembly

For Ch5, a differential pressure transducer is used instead of the compact pressure
transducers. The previous calibration of the pressure transducers is given in
Appendix D. The curve fit entered to the data acquisition program is given as
follows:

Ap[bar] = 1.0485V[V] — 0.4153 (3.5)

The differential pressure transducer was installed to the system and calibrated [41]
after the compact pressure transducers. Additionally, available equipment within the
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laboratory was not sufficient to perform a calibration for the differential pressure
transducer. Thus, the calibration of the differential pressure transducer is considered

as recent and no calibration is applied to the differential pressure transducer.
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CHAPTER 4

EXPERIMENTS

The experimental approach, physical parameters and conditions in experiments, the
procedures followed during the operation, analysis of the outcome data and
calculations used for data reduction are explained in the following sections in this

chapter in details.
4.1. Approach

Cooling using two phase flow is generally complex and problematic for practical
cooling purposes for most applications. On the other hand, cooling by single phase
flow is widely used in cooling systems. Despite the obvious problems when an
electronic device is wetted, the enhanced heat transfer characteristic of liquid over
gas makes single phase liquid flow cooling a promising alternative. The experimental
works in literature have both constant temperature and constant heat flux boundary
condition. Mostly, air and water are used for practical cooling systems. However,
many cooling systems, especially electronic cooling systems, reject heat at a constant
rate in stable operations. Moreover, single phase liquid cooling are promising for
network server cooling [64]. In this thesis, deionized water was used as the cooling
liquid because of this reason. Therefore, constant heat flux boundary condition was

found to be appropriate for boundary condition.

Determining pressure drop along the channel for varying Reynolds number was one
of the main goals of the study. Hence, varying Reynolds number was obtained by
adjusting flow rate and fluid temperature at the exit of cooling bath. Flow rate was
controlled by changing the rotations per minute of the rotor of the gear pump and
adjusting the valves. By controlling temperature and pressure at the inlet of the test

section, the Reynolds number was approximately controlled. The pressure drop is
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directly measured by pressure transducers and corrected through calculations.

Additional correlations for minor losses are also added.

Several thermocouples were implemented on the upper wall of the channel. Using
these thermocouples, the temperature distribution along the channel wall was
measured. The closest thermocouples to the inlet and exit of the test section were the
ones used in average heat transfer calculations. The inlet and exit temperatures of the
cooling liquid were also important. The usage of RTDs was not possible for
temperature measurement on the channel wall. However, two RTDs having higher
sensitivity than thermocouples were used at the inlet and exit of the test section.
Monitoring the wall temperatures along the channel at several points, and inlet
pressure, exit pressure and temperature of the fluid is followed by heat transfer
calculations which are the second goal of the study. It is important to note that there
is a small distance difference between the RTD and thermocouple measurement at
the inlet and exit. A linear interpolation for temperature of the liquid at the locations
of thermocouples on the wall was performed with a linear interpolation between
RTD temperature readings due to the linear mean temperature increase behavior of
the fluid under constant heat flux condition [13]. After this method, heat transfer

coefficients were calculated.
4.2. Conditions

Single phase liquid flow experiments were conducted for various conditions. In this
section a summary of the experimental conditions is presented. Moreover, all of the

raw data from the experiments are given in Appendix E.

The water conditions in test cycle are given in Table 4.1. The properties of water
were found using an add-in for excel [65]. This add-in is generated using the
industrial standard IAPWS-IF97. The validity of the program was checked by
comparison with the book of Incropera et al. [13]. The difference was found to be
very small. The density, constant specific heat, dynamic viscosity and thermal
conductivity values of water generated through the program are provided in

Appendix F. The properties of water were evaluated at average fluid temperatures.
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The measured values for conditions are volumetric flow rate, inlet and exit pressures
and inlet and exit temperatures. These conditions are presented in Table 4.1 with
other calculated values such as Reynolds number and flow velocity. Reynolds
number, thermal conductivity and Prandtl number are also evaluated at average fluid

temperatures.

In order to investigate both the laminar regime and early transition flow regime, the
desired Reynolds number range for the experiments was up to a Reynolds number of
2500. However, the cooling capacity of the bath and flow rate range of the gear
pump limited Reynolds number range for some of the channels. Additionally, the
lowest flow rate is 10 I/h, which is the minimum reading level for the flowmeter.
Similarly, the highest flow rate is selected as 60 I/h which is the maximum reading
level for the flowmeter and close to the maximum flow rate capacity of the gear
pump. The highest mean velocity among all channels is calculated as 1.44 m/s for
Ch7. On the other hand, the lowest mean velocity is found to be 0.12 m/s for Ch5
which has the highest hydraulic diameter. The pressure drop for Ch6 and Ch7 are
measured using compact pressure transducers due to the maximum limit of the
differential pressure transducer. As expected, the maximum pressure drop occurred
in Ch7, the one with the smallest hydraulic diameter. On the other hand, the

differential pressure transducer is used to measure pressure for Ch5.

Table 4.1 The water conditions in the test section

Chs Ché Ch7
Parameter Unit Min. Max. Min. Max. Min. Max.
Q L/h 12 60 12 60 10 60
Un m/s 0.12 0.60 0.89 1.18 0.24 1.44
Pin kPa 79.9 82.1 67.9 74.3 86.4 68.8
Pout kPa 78.6 78.9 65.7 66.9 67.2 65.4
Ap kPa 1.1 35 1.8 8.6 2.6 20.1
Tin (RTD) °C 215 22.9 21.6 24.1 20.7 27.0
Tout(RTD) °C 28.6 31.7 29.0 32.6 28.8 36.3
AT=Tin-Tow  °C 5.9 13.6 6.17 10.5 7.1 8.7
Re - 227 1378 346 1732 360 2209
Pr - 5.87 6.10 5.78 6.06 5.29 6.00
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The most important controlled properties of the flow were inlet temperature and flow
rate. The dynamic viscosity, which is a variable in Re calculation, is very dependent
on temperature. Therefore, flow rates and exit temperature of the water from the bath
were adjusted to cover the largest Reynolds number range in laminar regime
possible. The adjustments were done by valves and reducing the rotation speed of

gear pump.

A temperature difference of 10°C between inlet and exit fluid temperature is desired
throughout the experiments. Due to limitations in heater and cooling bath power, for
some data the temperature difference is less than 10°C. The lowest temperature

increase is 5.9 °C in Ch5 as presented in Table 4.1.

During the experimentation process, heat loss to the surrounding was also taken into
account. Table 4.2 displays the amount of heat that is transferred into the cooling
fluid and the electrical power supplied to the electrical heaters, with ®.ic being the

electrical power supplied to the heaters.

Table 4.2 shows that maximum percentage of the electrical power transferred into the
cooling water is 96% with an uncertainty of calculation being between 5.2% and
7.8%. The uncertainty is calculated using the procedure presented in Section 4.4. On
the other hand, the percentage of transfer decreases to 70% in Ch7. However, the
transfer percentage is generally between 85% and 95% and lower values occurred in

low flow rates.

Table 4.2 The amount of heat transferred in the cooling fluid

Chs Ché Ch7
Parameter Unit Min. Max. Min. Max. Min. Max.
Delec w 140 526 180 500 181 475
0 = mpCpdTy W 114 445 435 143 129 423
On % 81 92 80 96 70 96
(Delec
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Figure 4.1 displays relatively good agreement in heat transfer balance from heaters to
cooling fluid especially for middle Reynolds number range. It is possible to comment
that the largest difference at low flow rates may occur due to several reasons. A
possible explanation might be that the flow is poorly mixed at the exit and inlet
manifold and the temperature readings deviate from actual bulk temperature of the
fluid. Another reason might be increasing heat loss from external sides due to

increasing natural convection.
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Figure 4.1 Forced convection heat transfer to electrical power ratio vs Reynolds
number

4.3. Repeatability

Repeatability is important in experiments to verify the degree of agreement of data
and consistency of the test set up. In the current experiments, the repeatability is also

considered.

The first tested channel is Ch7. For repeatability analysis, six of the conditions in
Ch7 experiments were repeated during the re-run of the set-up. For the other
channels, only three conditions were repeated due to time consideration. The
temperature measurements were normalized to have the same inlet temperature,
which is selected as 20 °C for easier comparison. The sensitivity of thermocouples
and RTDs are 0.5 °C and 0.55 °C plus 0.06% of the reading, respectively. The Ch6

repeatability analysis for normalized temperature readings, pressure drop along the
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channel and Reynolds number are displayed in Table 4.3. The difference in
thermocouple readings were less than 0.6°C for all data. The maximum exit fluid
temperature difference is 0.6°C whereas pressure drop difference is less than 0.5 kPa.
The repeatability of Poiseuille number and Nusselt number are presented in Chapter
5. The repeatability of the other two channels is slightly poorer than Ch6 but
sufficiently good to lend some confidence to the results. Their repeatability is not
presented here. However, the raw experimental data in Appendix E can be used to

evaluate the repeatability.

Table 4.3 Normalized repeatability data for Ch6 according to inlet temperature

Q Re Ap Tin T T, Ts T, Ts Ts T, Ts  Tout
L/h - kPa °C °C °C °C °C °C °C °C °C °C

18 519 21 20 249 263 275 292 312 324 337 352 303
18 521 22 20 251 265 277 294 316 327 340 355 305

Diff. 2 0.1 02 02 02 02 04 03 03 03 02

Diff. (%) 04 48 19 19 19 19 38 29 29 29 19

30 849 38 20 259 271 291 303 321 333 345 359 293
30 855 34 20 26.0 273 286 30.1 321 333 346 36.0 292

Diff. 6 0.4 01 02 05 02 00 00 -01 -01 02

Diff. (%) 0.7 11.8 11 22 54 22 00 00 11 11 22

42 1175 51 20 273 279 294 308 332 342 348 362 281
42 1177 52 20 26.7 277 29.0 30.6 33.0 337 349 362 27.7

Diff. 2 0.1 06 02 05 02 02 05 -01 01 04

Diff. (%) 01 2.0 78 26 65 26 26 65 13 13 52

The percentage differences are found by dividing the differences with minimal values for Re
and Ap. For temperature measurements, differences are divided by (Tin- Tout)-

4.4. Data Analysis

Single phase water flow in the minichannels was experimentally investigated as
outlined by the flow chart presented in Table 4.5. The data obtained is analyzed with
different methodologies according to readings and measurements from equipment.
These equipment can be divided into two groups: manual readings and computer

readings in defined intervals.
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Flow range, water bath temperature measurement and power input measurements in
the water cycle are read manually. Since these measurements were not recorded into
a computer, they are manually noted in short intervals to check for steady state
conditions. After steady state conditions were reached, data were collected for 15
minutes under steady state conditions. The flowmeter readings were checked and
recorded every thirty second after reaching steady state. Visually observed
oscillations in flow rate were very small. Despite the small oscillations in flow range,
the recorded values in steady state operation were averaged over time and accepted
as the final flow rate reading. The water bath temperature is the exit temperature of
water and to have a steady state operation this value should not differ throughout the
experimentation. Therefore, the water exit temperature was checked every thirty
seconds on a digital temperature screen in steady state operation. Additionally, the
exit temperature of water from the bath was recorded with a thermocouple and two
readings were compared to check for any inconsistency. As explained in the previous
chapter, the variac is used to control and adjust the power input to the heaters. The
voltage is adjusted by the variac and the power output is read by a power analyzer. In
steady state operation, power input readings in thirty second intervals were recorded
for fifteen minutes. Similar to flow meter readings, an average value of power input
over the steady state operation time period is accepted as the final power input to the

heater.

The temperature and pressure measurements are recorded to a computer using the
data acquisition unit. Thermocouples were used for wall temperature measurements
whereas RTDs were used for measuring the inlet and exit temperatures of water
flowing through the channel. Pressure drop along the channel was measured by
pressure transducers. The time intervals between measured data were 15 seconds
during the whole experiment. The measured data were directly visualized by the data
acquisition program HP VEE through real time graphs. Through these graphs, steady
state conditions were checked. Additionally, steady state conditions were also
confirmed by data mining using the excel output file using graphs. When the steady

state conditions were reached, pressure and temperature values were taken for
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another 15 minutes. Similar to manual readings, the data recorded in the computer
were averaged and the average results were accepted as final temperature and

pressure values.

For single phase liquid flow, fluid resistance and heat transfer characteristics for
varying flow rates were investigated. After collecting the data for the specified flow
rate, the heater was turned off for at least 30 minutes to cool the whole test section to
release thermal energy stored in the channel walls and insulation. After gathering
sufficient data for the channel, the experiment was stopped. The gathered data were

reduced through calculations in the following section.
4.5. Flow Chart

The operations of equipment were performed by following a flow chart. The
procedures in the flow chart are explained in Table 4.5 in detail. Flow order chart in

the thesis of Tekin [42] was taken as a template in the preparation of the chart .
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Table 4.4 Experimental Set-up Flow Chart

Turn on the computer, DC power supply, and the data logger.

Start data acquisition program on the computer for temperature recordings.

Be sure that all valves in the system are open.

Turn on the water bath and gear pump.

Adjust the bath temperature to the desired water exit temperature.

Check water temperatures with RTD and Thermocouples.

~N| O O | W N

Has inlet water temperature reached to the adjusted inlet temperature ?

YES

Continue with step 8

NO

Go back to 6

Turn on the heater.

Adjust power of heater to a small power input.

10

Adjust the flow rate with valve.

11

Adjust power of heater according to flow rate.

12

Wait until steady-state conditions are reached.

13

Has the inlet and exit water temperature reached steady state?

YES

Continue with step 14.

NO

Go back to step 12.

14

Has the wall temperature along the channels reached steady state?

YES

Continue with step 15.

NO

Go back to step 12.

15

Avre there any oscillations in pressure difference?

YES

Continue with step 16.

NO

Go back to step 12.

16

Avre there any oscillations in flow rate, water bath temperature, power input?**

YES

Continue with step 17

NO

Go back to step 12.

17

Is the experiment finished for the specified flow rate?

YES

Continue with step 18.

NO

Go back to step 12.

18

Note down the time interval and record the flow rate in the water cycle.

19

Avre the experiments finished for all desired flow rates?

YES

Shut down the system
e  Turn off the heater
e Wait for 20 minutes to cool water in the system
e  Turn off the pump and water bath.
e Terminate the data acquisition program on the computer.
e  Turn off the computer, DC power supply, and the data logger.

NO

Turn off the heater for 30 minutes to cool water in the system..Go back to step 8.

50 constant consecutive readings in the range of device accuracy.

*%x

Check from flowmeter and water bath screen.
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4.6. Data Reduction

Some of the equations presented in Chapter 2 on the basics of fluid flow and heat
transfer are general equations. The remaining equations used for experimental
calculation of data are presented for evaluation of pressure drop and heat transfer in
minichannels. Like Chapter 2, calculations are divided as fluid flow calculations and

heat transfer calculations.

4.6.1. Fluid Flow Calculations

Fluid flow calculations are used to obtain the friction factor. The friction factor
equation is given in Eqn. (2.4). However, this equation only contains friction factor
for fully developed flow along the channel. In the experimental study, there are some
minor losses. Before the evaluation of friction factor coefficient, the minor losses
should be excluded. These minor losses are hydraulic developing effect, contraction
loss in the inlet and expansion loss at the exit. The calculation of friction factor is

performed through Eqn. (4.1)
_ 2(pin B pout) Dy
fapp - < ,Dum2 - Kc - Ke>ﬂ (4-1)

Here K. and K, are loss coefficients due to inlet contraction and exit expansion.

The mean velocity u,, is calculated using the Eqn. (4.2)

Uy = Aicr (4.2)

The values of sudden contraction and expansion loss coefficients for rectangular
ducts are presented in Figure 4.2. The K. and K, values for the three minichannels
considered are 0.05 and 0.72 for Ch5, 0.20 and 0.75 for Ch6 and -0.33 and 0.48 for
Ch7, respectively. The area ratio (o) in Figure 4.2 is the change of area between inlet
and exit area at contraction and expansion connections. The hydraulic developing
effect is included in the apparent friction factor (fap) and the calculated friction factor

from data in the experiments (fexp) is the apparent friction factor.
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The Pouiseuille number is found by Eqgn. (4.3).

Poexp = fexpRe (4.3)
Lastly, the experimental fsp, and Po results from calculations are compared to

conventional values from Table 2.2.
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Figure 4.2 Sudden contraction and expansion loss coefficients for rectangular ducts
[67]
4.6.2. Heat Transfer Calculations

Fundamental equations for heat transfer calculation are given in Section 2.4. In this
section, additional equations used in the calculations for data reduction in order to
find heat transfer coefficient and Nusselt number in the laminar region are presented.
The power of the heater was adjusted manually to have a sufficient temperature
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increase in the cooling fluid. However, some of the heat is lost to the surroundings.
In order to calculate the heat removed by the cooling fluid, Eqgn. (4.4) is applied.

Qs = muCo(Trout — Triin) (4.4)
where C, is constant specific heat at average fluid temperature and Ty ;, and Ty gy
are the fluid temperatures at the inlet and exit of channel, respectively, and my, is the
mass flow rate of fluid. As mentioned previously, C, values are obtained from excel
add-in and temperature readings are from RTD measurements. Additionally, mass
flow rate is obtained from multiplying measured flow rate and density calculated

using the excel add-in for water properties.

The points where temperature readings using RTDs and thermocouples are taken are
slightly different. Thus, the fluid temperature is approximated at the location of
thermocouples using fluid temperature readings from RTDs at the inlet and the exit.
The temperature of the fluid along the channel using this methodology is evaluated
with Eqgn. (4.5).

Qfl x
mg Gy L

Tr(x) = +Tf1in (4.5)

where Ty, (x) is local fluid temperature at a distance of x from the inlet.

In order to calculate heat transfer coefficient, the temperature difference between
wall and cooling fluid is needed. Therefore, the closest thermocouples to the sides of
the channel for wall temperature and inlet and exit RTD reading for fluid temperature
were used to calculate temperature difference after correcting for fluid temperatures
using Eqn (4.5). The logarithmic mean temperature method is used for temperature

difference as given in Eqn. (4.6),

(Tw,in - Tfl,in) - (Tw,out - Tfl,out)
ln( Tw,in - Tfl,in ) (4-6)
Tw,out - Tfl,out

ATlm =
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where T, ;,, and T,, ,,,¢ are the wall temperatures at the inlet of the channel and exit
of the channel. It is important to note that these temperature readings are directly
measured on the wall as also explained in section 3.2.4.

The average heat transfer coefficient of convection is calculated using Eqn. (4.7)

__ O (4.7)
Ant ATim

=

where Ay is heat transfer area of the channel. The heat transfer area of the channels
is found by multiplying heated perimeter of the channel which is equal to the wetted
perimeter and heated length. Heat transfer area is shown in Eqgn. (4.8)

Apt = PpL (4.8)

where Py, is the heated perimeter. The values in Eqn. (4.8) are provided in Table 3.1.

After calculation of average heat transfer coefficient, experimental average Nusselt

number was calculated as demonstrated in Egn. (4.9).

__hD,

- (4.9)

=

The heat flux on the channel wall surface was assumed to be uniform and was found
through Eqn. (4.10).

q"=92 (4.10)
The local Nusselt numbers were calculated as demonstrated in Eqn. (4.11),

_hD,

- (4.11)

Nu

where local heat transfer coefficient (h) is found as shown in Eqn. (4.12).

_ q
Tw - Tfl

h (4.12)
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Lastly, the experimental Nu and Nu results from calculations were compared to
conventional values from Table 2.5, Table 2.6 and Table 2.7 The results will be

presented in the next Chapter.
4.7.  Uncertainity

The uncertainties of the variables in the experiments were calculated using the
methodology suggested by Moffat [66]. In his work, Moffat defined uncertainty of a

calculated value according to Eqgn. (4.13).

2 2 2 270-5

&y = [(;—;51> + (;—;52> + (;—;383) + e+ (;Tynen> ] (4.13)
Here &; is the uncertainty of independent variable x; and Y is the calculated
parameter. Table 4.4 shows the relative uncertainties found in the experiments. For
some parameters, a range is provided rather than a fixed relative uncertainty, because
the parameter was changed during the experiments even though the uncertainty of
the parameter is constant. The relative uncertainty of mass flow rate and Reynolds
numbers are not constant because the accuracy of the flowmeter decreases as flow
rate decreases. Thus, the highest relative uncertainty in Reynolds number occurred
for the lowest flow rate which is 5.82% for Ch7. The relative uncertainties in
Poiseuille number show a decreasing trend from Ch5 to Ch7. The reason for this is
the pressure drop in minichannels decreases as hydraulic diameter of the channels
increases. Since Ch5 has the largest hydraulic diameter, it has the lowest pressure
drop, thus highest relative uncertainty range. Similarly, highest uncertainties
occurred at lowest flow rates due to lower pressure drops at these flow rates.
Furthermore, the relative uncertainty of heat transfer coefficient and Nusselt numbers
were dominated by logarithmic mean temperature term. These levels of uncertainties
are thought to be sufficiently good to draw broad conclusions but the conclusions can
be strengthened by reducing these uncertainties. Suggestions for uncertainty

improvement are added as a future work in Chapter 6.
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Table 4.5 Relative uncertainties in calculated parameters

Ch5 Ché6 Ch7
Paramete Relative
r uncertainty Relative Relative
(%) uncertainty (%) uncertainty (%)
Dy, 4.08 5.48 6.25
Acr 3.73 5.19 5.81
At 2.46 2.66 3.38
AT, 3.31-9.62 6.47-13.74 3.94-8.56
m 2.51-4.01 2.58-4.01 2.58-4.01
Re 4.11-5.23 4.58-5.49 4.93-5.82
Pr 1.81 1.81 181
h 6.48-13.2 9.36-16.80 7.21-12.03
Nu 6.96-14.4 9.96-17.52 8.16-13.20
Po 13.12-31.25 12.38-23.07 8.75-18.38

The uncertainty in Po number is calculated using Eqn. (4.14) which is derived using

Eqgn. (4.13). The other uncertainties are evaluated similarly.

gpo = PO [2 (%")2 + (S—:)Z + (‘Z‘—;)Z + (SL—L)Z +3 (%Q)Z +5 (%”)2
2 ) s (4.14)

+s() +2() +2 ()
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CHAPTER 5

RESULTS & DISCUSSION

In this chapter, heat transfer and fluid flow results for three minichannels are
presented and discussed within the context of conventional theory and small scale
correlations. Eighteen experiments for Ch5 and Ch6 were conducted while 23
experiments were conducted for Ch7. The repeatability experiments are also included

in the presented results for comparison.

The chapter is divided into two main parts which are heat transfer and fluid flow.
Each experimental data is reduced through data reduction for each minichannel using
calculations presented in Chapter 2 and Chapter 4. First, each minichannel is
discussed separately. Afterwards, fluid flow and heat transfer characteristics of all

minichannels are compared and discussed.

Before the discussion of the results, the major assumptions in this study are given as

follows:

e Heat flux boundary condition on the walls is assumed to be uniform. This

assumption is considered to be accurate as discussed in details in section 3.2.

e The water temperature along the channel changes linearly with axial distance.
According to fundamental knowledge of heat transfer as stated in [4], the

temperature variation should be linear.

e The wall temperatures on the top surface of the minichannels were measured
by thermocouples. These measurements are assumed to be same with inner
channel temperature due to high conductivity of walls of minichannels as

discussed in details in section 3.2.
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e It is assumed that no clogging occurred inside the minichannels during the
experiments. Because, the cooling fluid in this study is deionized water which

contains no minerals and impurities.
5.1. Fluid Flow

In this section, pressure drop calculations are evaluated using experimental data and
conventional correlations. Pressure drops along the channel were measured with
differential pressure transducers for Ch5 and compact pressure transducers for Ch6
and Ch7. Poiseuille number and Reynolds number are the flow variables investigated
for the minichannels. Rather than presenting results as pressure drops along the
minichannels, results are presented in terms of Poiseuille number versus Reynolds
number. Another possible way of presenting results is demonstration of fanning
friction factor variation with respect to Reynolds number. On the other hand, this
demonstration will be identical to the Poiseuille number versus Reynolds number
demonstration if Poiseuille number is divided by Reynolds number. Both methods
are found in literature although their outcome is identical in terms of fluid flow.
Agreement with conventional Hagen-Poiseuille flow theory and transition to
turbulent regime is the main focus of the study. Additionally, developing region
effects on Poiseuille number was another point of investigation. According to Hagen-
Poiseuille theory, Poiseuille number is constant for fully developed laminar flow. On
the other hand, the flow inside the minichannels is not fully developed for almost all
of the experimental data. Table 5.1 gives axial dimensionless distance at the exit of
the channel. The fluid flow inside the minichannels is not hydrodynamically fully
developed as x* calculated using Eqn. (2.7) should be larger than one for
hydrodynamically fully developed flow as indicated in Chapter 2. Only for seven
data x* are larger than one. Despite the fact that the change of Poiseuille number
between x* of 0.2 and 1.0 is small as shown in Table 2.2, theoretical Poiseuille
numbers are considered for hydrodynamically developing flow using Table 2.2.
Similarly, Po for developing flow is plotted on graphs instead of for fully developed

flow.
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Table 5.1 Dimensionless axial distance for developing flow in minichannels

Ch5 Ché Ch7
Data

Re Xoxit Re Xoxit Re Xoxit
1 277 1,60 346 1,16 360 1,24
2 330 1,34 429 0,94 370 1,21
3 413 1,07 519 0,78 657 0,68
4 413 1,07 521 0,77 694 0,65
5 489 0,91 601 0,67 958 0,47
6 551 0,80 687 0,59 996 0,45
7 600 0,74 849 0,47 1221 0,37
8 702 0,63 855 0,47 1257 0,36
9 698 0,63 928 0,43 1320 0,34
10 833 0,53 1013 0,40 1431 0,31
11 880 0,50 1079 0,37 1500 0,30
12 980 0,45 1175 0,34 1532 0,29
13 982 0,45 1177 0,34 1669 0,27
14 1057 0,42 1269 0,32 1737 0,26
15 1131 0,39 1334 0,30 1819 0,25
16 1224 0,36 1532 0,26 1840 0,24
17 1321 0,34 1599 0,25 1926 0,23
18 1378 0,32 1732 0,23 1976 0,23
19 2039 0,22
20 2065 0,22
21 2078 0,22
22 2116 0,21
23 2209 0,20
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The results are presented through both graphs for visualization of the trends and
tables to discuss numerical results. Additionally, the Blasius equation is used to
determine any possible transition to turbulent regime. The Blasius equation is given
in the fundamental heat transfer textbooks such as [4,5,13] for friction factor
calculation in turbulent regime. It is for smooth circular pipes but also widely used
for rectangular channels in the literature as in [11,22,24,25].The multiplication of
turbulent friction factor in the Blasius equation [13] with Reynolds number are

illustrated in graphs and given in Eqgn. (5.1).

Refiur, = Re(0.0791Re™025) (5.1)

5.1.1. Minichannel 1 (Ch7)

The experimental Poiseuille number and theoretical Poiseuille number for Ch7 are
given in Table 5.2 as numerical values. Additionally, the experimental Poiseuille
numbers in Tables in section 5.1 are found using Eqn. (4.3) for all minichannels. The
decrease of Po at early Re range might be due to poor mixing of water at the exit
manifold which may cause a slight pressure alteration at low flow rates, particularly.
Considering the higher uncertainties at low flow rates, it is not reasonable to suggest
that an unexpected phenomenon occurs due to the decrease of Poiseuille number.
Generally, the ratio of experimental values to theoretical values is within
approximately 20% of deviation boundaries of theoretical results up to a Reynolds
number of 1532. After this value, the ratio of experimental value to theoretical value
increases significantly. This indicates that the flow entered transition regime.
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Table 5.2 Poiseuille number for Ch7

Po Po
Data Re (fexpes;) (fappﬂlz(;) POexp/ POtheo
1 360 18.35 15.40 1.19
2 370 17.34 15.40 1.13
3 657 14.93 15.50 0.96
4 694 12.93 15.52 0.83
5 958 12.22 15.73 0.78
6 996 13.07 15.77 0.83
7 1221 13.95 15.98 0.87
8 1257 13.35 16.00 0.83
9 1320 15.36 16.06 0.96
10 1431 16.61 16.18 1.03
11 1500 15.35 16.23 0.95
12 1532 17.11 16.27 1.05
13 1669 17.40 16.37 1.06
14 1737 18.28 16.44 1.11
15 1819 17.39 16.52 1.05
16 1840 17.08 16.56 1.03
17 1926 18.53 16.61 1.12
18 1976 24.03 16.67 1.44
19 2039 22.61 16.71 1.35
20 2065 21.24 16.72 1.27
21 2078 22.55 16.75 1.35
22 2116 21.54 16.79 1.28
23 2209 22.62 16.85 1.34
Min. Diff. (%) 3.1
Max. Diff. (%) 44

The trend followed by Poiseuille number versus Reynolds number for Ch7 is
illustrated in Figure 5.1. The laminar Po with developing flow curve in Figure 5.1
has been developed using Eqn. (A.1) in Appendix A. As mentioned, there is a
decrease in Poiseuille number at low Reynolds numbers which might be an
experimental error. On the other hand, there is an increasing Po trend after
approximately Re of 1200. The slope of the trend is almost equal to the slope of the

Blasius equation which is given in Eqgn. (5.1). Due to the uncertainties, it is difficult
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to find the critical Reynolds number exactly. However, there is a drastic increase in
Poiseuille number around Reynolds number of 2000. Therefore, it is reasonable to
say that the flow enters the transition regime at a Reynolds number between 1800
and 2000. Additionally, the increase in Po after Re equals to 1000 is probably due to
hydrodynamically developing effect which showed higher gradient than predicted by

conventional theory with developing flow.
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Figure 5.1 Poiseuille number versus Reynolds number for Ch7
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5.1.2. Minichannel 2 (Ch6)

The experimental Poiseuille number and theoretical laminar Poiseuille number for
Ch6 is given in Table 5.3 with numerical values. Similar to Ch7, there is a decrease
in Poiseuille number in the range of small Reynolds numbers. The cause of this
situation may be the same reasons which are poor mixing at the exit manifold and
high uncertainty. The experimental results are within 10% of the theoretical values
for 500 < Re < 1300. An interesting point might be the difference between data 7 and
data 8 which are repeated conditions. The results are within uncertainty limits but
this indicates that pressure drop values are somewhat varying around theoretical
values. On the contrary, data 3-4 and data 12-13 are also repeated condition pairs and

show very good repeatability.

Table 5.3 Poiseuille number for Ché

Data Re Plerp Potneo POeyp/ PO
(fexp Re) (fapp Re) epT T e
1 346 22.15 16.58 1.34
2 429 20.24 16.59 1.22
3 519 16.98 16.63 1.02
4 521 17.86 16.63 1.07
5 601 16.83 16.68 1.01
6 687 15.92 16.74 0.95
7 849 18.11 16.88 1.07
8 855 15.92 16.88 0.94
9 928 16.97 16.94 1.00
10 1013 18.21 17.02 1.07
11 1079 17.65 17.08 1.03
12 1175 16.84 17.17 0.98
13 1177 17.50 17.17 1.02
14 1269 18.50 17.25 1.07
15 1334 18.81 17.31 1.09
16 1532 19.64 17.49 1.12
17 1599 19.81 17.56 1.13
18 1732 21.09 17.68 1.19
Min. Diff. (%) 23
Max. Diff. (%) 34
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The trend followed by Poiseuille number versus Reynolds number for Ch 6 is
illustrated in Figure 5.2. The laminar Po with developing flow curve in Figure 5.2
has been developed using Egn. (A.1) in Appendix A. A drop explained previously is
obvious for the first three data. For middle Reynolds number ranges, the Poiseuille
number follows a roughly constant trend considering hydrodynamically developing
effects on pressure. Ch6 has a smaller hydraulic diameter than Ch7. Therefore, the
increase in Poiseuille number due to hydrodynamically developing effects is less
than in Ch6 as observed in Figure 5.2. A possible early transition is investigated with
the Blasius equation. Even though the Blasius equation shows strong agreement with
last three data, this result may also be considered as an experimental reading error
due to uncertainty or stronger hydrodynamically developing effects occur than
predicted for conventional channels. Therefore, the minichannel agrees with constant
Poiseuille theory if developing effect is taken into account and the trend is somewhat
constant even though there is scatter and there is some deviation from theory.
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Figure 5.2 Poiseuille number versus Reynolds number for Ch6

5.1.3. Minichannel 3 (Ch5)

Experimental Poiseuille numbers and comparison with theory for Ch5 is presented in

Table 5.4 with numerical values. Like the previous channels, the Poiseuille numbers

for the first and second data are unreasonably high although they show great

repeatability. Considering that Ch5 has the highest hydraulic diameter and smallest

pressure drop, its uncertainty values are quite large particularly at low flow rates.

Therefore, this large Poiseuille number for the first and second conditions might be

explained with similar reasons with the previous channels. On the other hand, other

than these three data all values are within 20% error limits of conventional theory.
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Table 5.4 Poiseuille number for Ch5

Data Re Poexp Potneo POeyp/ PO
(fexp Re) (fapp Re) exp T e
1 277 24.83 15.45 1.61
2 330 24.89 15.45 161
3 413 16.25 15.45 1.05
4 413 20.12 15.45 1.30
5 489 18.13 15.46 1.17
6 551 14.13 15.48 0.91
7 600 16.73 1551 1.08
8 702 13.54 15.58 0.87
9 698 14.99 15.58 0.96
10 833 12.77 15.69 0.81
11 880 15.28 15.73 0.97
12 980 12.98 15.81 0.82
13 982 14.52 15.81 0.92
14 1057 15.06 15.88 0.95
15 1131 13.83 15.95 0.87
16 1224 13.88 16.04 0.87
17 1321 15.66 16.13 0.97
18 1378 13.87 16.18 0.86
Min. Diff. (%) 238
Max. Diff. (%) 61

The trend followed by Poiseuille number versus Reynolds number for Ch5 is
illustrated in Figure 5.3. The laminar Po with developing flow curve in Figure 5.3
has been developed using Egn. (A.1) in Appendix A. There is a decreasing trend
observed up to a Reynolds number of 700. For Reynolds number larger than 700, the
theory slightly over estimates experimental values. The deviation from theory is
approximately 10%. However, the constant trend is obvious for Re > 700. No signs
of early transition to turbulent regime are observed for Ch5. Additionally, it is
important to note that an increase in Po due to hydrodynamically developing effects
is not evident. The reason behind this is the axial dimensionless number (x*) is
generally large for most of the data given in Table 5.1 owing to a larger hydraulic

diameter.
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Figure 5.3 Poiseuille number versus Reynolds number for Ch5

5.1.4. Comparision of Minichannels

The theoretical values of Poiseuille number are different for each minichannel due to
different aspect ratios. Therefore, the experimental Po values are normalized by
dividing them by their theoretical Po values. Figure 5.4 shows this normalized term
for all minichannels at different Reynolds numbers for all data points. It is important
to note that laminar Po values with developing flow effects from Table 2.2 are used

as for the theoretical value.
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For the early laminar range, there is a decreasing trend at a Reynolds number range
of 250<Re<700 as noted before. In contrast, Po for all the minichannels shows a
somewhat constant trend with slightly increasing slope for Ch6é and Ch7 for
Reynolds number higher than 700. Additionally, almost all data is within a 20%
range for the Reynolds number range 700 < Re < 1800. For this Re interval, Po for
Ch7 shows the highest incline slope due to developing effects. This situation explains
that there is a larger developing effect than predicted by theory for minichannels
having hydraulic diameter around Ch7. Due to having a larger hydraulic diameter
than Ch7, the incline slope of Po for flow inside Ch6 is smaller than Ch7. Having the
largest hydraulic diameter, Ch5 has almost no incline trend for Reynolds numbers
higher than 700. This means the experimental results and theory are in good
agreement for Ch5. Considering the largest uncertainties for Po and taking
developing effects into account, constant Po theory holds for the tested minichannels
and no unexpected deviations are present in the study. Furthermore, no signs of early

transition up to a Reynolds number of 1700 are observed.
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Figure 5.4 Experimental Po to theoretical Po ratio for all minichannels
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5.2. Heat Transfer

In this section, heat transfer experimental results of single phase flow inside
minichannels obtained after data reduction are presented. The experimental results
are compared with two types of correlations: conventional correlations and small
scale correlations. These correlations are listed in Table 2.6 and Table 2.7. It is
important to note that some characteristics of the correlations do not match with the
tested channels. To be more specific, some of the correlations are for different
geometries like circular channels while the boundary condition of several
correlations is constant wall temperature. Furthermore, some correlations are for
thermally developing or simultaneously developing flow whereas other correlations
are suggested to evaluate heat transfer for fully developed flow. Nevertheless, there
are articles [22,28] reporting that some of these correlations well predicted
experimental data for flow in small scale channels even though the conditions of the
experiments are not the same as with the correlations. As a consequence, the
agreement of several correlations is examined with the experimental data despite this
situation. The results are presented in tabular and graphical form. The data in the
tables and graphs are close to each other but not identical in terms of correlations
results, because the Prandtl numbers are not identical even though they are very
close. The exact Prandtl number of the experimental data was used for the
correlations results in Tables. However, Prandtl number for data of a minichannel is
arithmetically averaged for correlations in graphs so as to clearly observe the trend
without any tiny jumps and dips. Similar to the fluid flow section, a turbulent
correlation is also applied to graphs to investigate any possible transition to the
turbulent regime. The Gnielinski correlation [13] is used as the turbulent correlation
due to its wide acceptance in the literature. It should be noted that there are two
correlations named as Gnielinski in graphs as one of them is for laminar flow [29].

The turbulent Gnielinski correlation is as given in Eqgn. (5.2)

_ (f/2)(Re —1000)Pr
Y S T 12.7(f/2) 2 (Pre/E — 1))

(5.2)
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where f; is the fanning friction factor for turbulent flow and given in Eqn. (5.3)

4f, = (1.82InRe — 1.64)72 (5.3)

Additionally, note that all data in the experiments are in thermally developing region
because x* < 1.0 for all data for all minichannels. This situation will be discussed in

details for each minichannels separately.

5.2.1. Minichannel 1 (Ch7)

The experimental average Nusselt number results and its comparison with
conventional correlations are presented in Table 5.5 and shown in Figure 5.5. The
single phase liquid flow inside the channels is thermally developing for most of the
data. Therefore, thermally developing Nusselt numbers in Table 2.5 are also found
meaningful in terms of comparison despite the fact that these Nusselt numbers are
local Nusselt numbers. The other correlations in Table 5.5 are average Nusselt
numbers for thermally developing or simultaneously developing flow except for the
last correlation presented which is for fully developed flow in rectangular channels
suggested by Shah and London [5] as demonstrated in Eqn. (2.14). The other
correlations can be viewed in Table 2.6. While presenting experimental Nusselt
numbers in Table 5.5, the ratio of calculated Nusselt number to experimental Nusselt
number is applied for correlations in order to view the difference between
experiments and correlations numerically. Nusselt numbers show an incline for early
Re range, up to a Reynolds number of 700, which contradicts the constant Nu theory.
All correlations failed to predict the data for this Re range. For low flow rates, the
logarithmic mean temperature differences are smaller and therefore uncertainties in
temperature measurements are magnified. Additionally, Figure 4.1 states that more
energy lost to surroundings at low Re which is also another reason of deviation of
Nusselt numbers. At the middle Re range, the Nusselt number shows good agreement
with the fully developed Shah and London correlation and thermally developing
Nusselt numbers. On the other hand, the other correlations overestimated the results
by approximately 50%. This difference is likely due to different geometry conditions.

If a scaling factor is applied to the other correlations, they would predict the
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experimental Nu since their trends are similar to the experimental Nu . The Shah and
London correlation for thermally developing flow and laminar Gnielinski correlation
demonstrate a very similar trend with the experimental data. For instance, the Shah
and London correlation for thermally developing flow predicts the results quite well
if a scaling constant of approximately 0.68 is applied. For such a case, the
experimental Nu would be predicted within 10% limits for a Reynolds number range
400<Re<1800, which is the smallest deviation between predicted and experimental
results among the correlations. Similar statements can be made for the laminar

Gnelinski correlation. Same can be considered for laminar Gnelinski correlation.

Figure 5.5 illustrates the average Nusselt number trends for a range of Reynolds
numbers. As mentioned above, there is an increase in average Nusselt number for
low Re. Several researchers [20,22,24] found a similar increase of Nu at low Re
ranges. Stronger thermally developing effects than expected might also be the reason
for this incline in the low Re range in addition to experimental errors. Around a
Reynolds number of approximately 1800, a drastic incline in Nu occurred as
demonstrated in Figure 5.5. To follow and compare the trend with the turbulent
Gnielinski correlation, the correlation is divided by 2.2 for only Ch7. To put it
differently, Gnielinski correlation predictions in Figure 5.5 are shifted by multiplying
them with a constant equal to 1/2.2. The Gnielinski correlation shows excellent
agreement with data after a Reynolds number of 1800. Thus, flow enters the
turbulence region around Re=1800, which is consistent with the fluid flow results
and therefore lends strength to this conclusion.
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Table 5.5 Experimental and calculated Nu using conventional correlations(Ch7)

Re Exp.! Theo.? S&PHF® S&PWT* S&LTD®> Gni.® S&LFD’

[EXp /EXp [Exp [EXp /EXp [EXp

360 244 1.54 1.64 1.98 1.93 1.64 1.52
370 2.53 1.49 1.58 1.90 1.86 1.57 1.46
657 3.03 1.26 1.44 1.71 1.64 1.42 1.23
694 3.25 1.18 1.35 1.60 1.53 1.33 1.14
958 3.50 1.11 1.36 1.58 1.50 1.33 1.06
996 3.58 1.09 1.33 1.54 1.47 1.30 1.04
1221 3.86 1.03 1.33 1.50 1.42 1.28 0.96
1257 3.66 1.08 141 1.58 1.50 1.34 1.01
1320 3.77 1.06 1.42 1.58 1.50 1.35 0.98
1431 3.85 1.05 1.43 1.57 1.49 1.35 0.96
1500 3.73 1.09 1.48 1.62 1.54 1.39 0.99
1532 3.55 1.15 1.56 1.70 1.61 1.46 1.04
1669 4.05 1.02 1.40 1.51 1.43 1.30 0.92
1737 421 0.99 1.42 1.51 1.43 131 0.88
1819 4.07 1.03 1.49 1.57 1.49 1.37 0.91
1840 4.36 0.96 1.40 1.47 1.39 1.28 0.85
1926 4.70 0.90 1.32 1.37 1.31 1.20 0.79
1976 5.38 0.79 1.18 1.22 1.16 1.07 0.69
2039 5.15 0.83 1.21 1.25 1.19 1.09 0.72
2065 5.46 0.78 1.20 1.22 1.17 1.07 0.68
2078 531 0.80 1.21 1.24 1.18 1.09 0.70
2116 5.53 0.77 1.15 1.18 1.12 1.03 0.67
2209 5.78 0.75 1.15 1.16 111 1.02 0.64
Min. Diff. (%) 1.9 15 16 11 24 0.8
Max. Diff. (%) 54 64 98 93 64 52

'Exp. indicates experimental results

*Theo.indicates theoretical results with thermally developing flow (2.19)
*S&P HF indicates Stephan & Preusser with CHF boundary condition (2.20)
‘S&P WT indicates Stephan & Preusser with CWT boundary condition (2.21)
*S&L TD Indicates Shah and London with thermally developing flow (2.22)
®Gni. indicates Gnielinski laminar flow (2.23)

'S&L FD indicates Shah and London fully developed flow (2.14)
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Figure 5.5 Experimental average Nusselt number and calculated Nusselt number
through conventional correlations versus Reynolds number (Ch7)

Table 5.6 presents the experimental Nu results and ratio of predicted Nu number
from small scale correlations to experimental results. The small scale channel
correlations extremely overestimate the Nuresults. Choi’s correlation and
Garimella’s correlation predicted heat transfers more than two times while Peng et
al.’s correlation goes as high as four times the experimental Nu results for several
data. Figure 5.6 displays the experimental and calculated Nu from small scale
correlations. Only Weng and Peng’s correlation somewhat follows the experimental
Nu trend. However, it also overestimates the data roughly by 30% for the middle Re
range. Unlike small scale correlations, experimental Nu values for Ch7 are

independent of Re excluding developing effects.
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Table 5.6 Experimental and calculated Nu using small scale correlations (Ch7)

Re Exp. Choietal. Pengetal. Wang  Garimella[19]
[38] [14] &Peng [EXp.
[EXp. IEXPp. [12]
TEXp.
360 2.44 0.71 2.56 0.66 1.58
370 2.53 0.69 2.48 0.64 1.52
657 3.03 1.14 2.98 0.86 1.43
694 3.25 1.11 2.81 0.82 1.34
958 3.50 1.53 3.24 1.00 1.50
996 3.58 1.54 3.20 0.99 1.49
1221 3.86 1.84 341 1.10 1.65
1257 3.66 1.99 3.62 1.17 1.76
1320 3.77 2.10 3.72 1.22 1.84
1431 3.85 2.25 3.82 1.27 1.95
1500 3.73 2.41 3.99 1.33 2.08
1532 3.55 2.58 4.21 1.41 2.20
1669 4.05 2.47 3.84 1.31 2.09
1737 4.21 2.58 3.94 1.35 2.20
1819 4.07 2.80 4.17 1.44 2.38
1840 4.36 2.64 3.90 1.36 2.24
1926 4.70 2.58 3.72 1.30 2.18
1976 5.38 2.35 3.34 1.17 1.98
2039 5.15 2.46 3.44 1.22 2.06
2065 5.46 2.45 3.39 1.20 2.07
2078 5.31 2.49 3.44 1.22 2.10
2116 5.53 2.39 3.28 1.17 2.01
2209 5.78 2.47 3.30 1.18 2.09
Min. Diff. (%) 11 148 0.3 34

Max. Diff. (%) 180 321 44 124

The local Nusselt number versus dimensionless axial thermal distance which is the
reciprocal of Graetz Number(x*=1/Gz=x/(Dy, Re Pr)) is illustrated in Figure 5.7. The
purpose of this graph is to determine the effect of axial distance on local Nu and
visualize the thermal developing effect along the channel. It is important to note that
Re and x is different for each thermocouple for a constant x* value. The scatter at low
x* is obvious especially for the first and the last thermocouple for each minichannel.

The reason for this is flow becomes turbulent at the end of the channel and thus the
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local Nusselt number increases significantly. The thermal entry length of turbulent
flow is very small compared to laminar flow. Thus, thermally developing effects are
not as important for turbulent flow as observed for TC5 and TC6. Therefore, the
steep incline in Nu at low x* is due to the dependency on Re rather than thermally
developing effects. The local Nusselt number does not converge to a value for the x*
range of 0 < x* < 0.24. As a result, the flow is not fully developed for any data along
the channel because x* < 1.0 even when experimental errors are considered as
expected. Generally, a good precision is observed for local Nu for each local Nu at

each of the thermocouple locations.
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Figure 5.6 Experimental average Nusselt number and calculated Nusselt number
using small scale correlations versus Reynolds number (Ch7)
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Figure 5.7 Local Nusselt number versus x* (Ch7)

5.2.2. Minichannel 2 (Ch6)

Experimental Nu results and the ratio of calculated theoretical Nu from
conventional correlations to experimental Nu are listed in Table 5.7. The theoretical
correlations show very good agreement with experimental results. The laminar
Gnielinski correlation and the Stephan and Preusser correlation for constant heat flux
condition provide predictions within approximately 10% deviation limits.
Furthermore, theoretical values for thermally developing laminar flow also show
good agreement with experimental Nu . The worst match is found for the fully
developed Shah and London correlation for high Reynolds number range because of

developing region effects.
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Table 5.7 Experimental and calculated Nu using conventional correlations (Ch6)

Re Exp.! Theo.? S&PHF® S&PWT* S&L TD’ Gni.® S&L FD’

[EXp /Exp /EXp [EXp /EXp /EXp
346 402 112 1.00 1.21 1.18 1.00 1.11
429 4.55 1.00 0.91 1.09 1.06 0.90 0.98
519 441  1.03 0.97 1.16 1.11 0.96 1.01
521 434  1.05 0.98 1.17 1.13 0.97 1.03
601 4,75 0.96 0.92 1.10 1.05 0.91 0.94
687 4.88 0.94 0.93 1.09 1.04 0.91 0.92
849 5.24 0.88 0.91 1.06 1.01 0.89 0.85
855 499  0.92 0.96 1.11 1.06 0.93 0.89
928 492  0.94 1.00 1.15 1.09 0.97 0.91
1013 552 @ 0.84 0.91 1.04 0.99 0.88 0.81
1079 498 0.94 1.04 1.17 1.11 1.00 0.90
1175 5.08 @ 0.92 1.05 1.17 1.11 1.00 0.88
1177 497  0.94 1.07 1.20 1.13 1.02 0.90
1269 520 0.91 1.05 1.16 1.10 1.00 0.86
1334 524 = 0.90 1.07 1.17 1.11 1.01 0.85
1532 542  0.88 1.09 1.16 1.10 1.01 0.82
1599 549 0.88 1.11 1.16 1.11 1.02 0.81
1732 571 @ 0.85 1.09 1.13 1.08 0.99 0.78

Min. Diff. (%) 0 0 4 1 0 1
Max. Diff. (%) 15 11 21 18 12 22

Exp. indicates experimental results

*Theo.indicates theoretical results with thermally developing flow (2.19)
S&P HF indicates Stephan & Preusser with CHF boundary condition (2.20)
*S&P WT indicates Stephan & Preusser with CWT boundary condition (2.21)
°S&L TD indicates Shah and London with thermally developing flow (2.22)
®Gni. Indicates Gnielinski laminar flow (2.23)

'S&L FD indicates Shah and London fully developed flow (2.14)

Figure 5.8 illustrates experimental Nu and conventional Nu values predicted using
conventional correlations versus Reynolds number. The laminar Gnielinski follows
the experimental data closely. Other conventional correlations are also showing good
agreement with the experimental Nu . On the other hand, the thermally developing
effect is clearly seen in experimental Nu . Note that all data for Ch7 are in thermally
developing region. This effect is found to be higher than the theoretical Nu with
developing flow. On the other hand, it should be noted that the slope of the increase

due to thermally developing effects is lower compared to Ch7. The turbulent
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Gnielinski correlation without a scaling constant is also displayed in Figure 5.8.
According to its trend, there is no sign of early transition to turbulent flow in this

Reynolds range, 250 < Re < 1800. Furthermore, the repeated data show good

precision.
10 4
7/
9 /
/
g Pr,,=5.91 /
/ -
; / ~
AN
- =
S = - = ' ] O
= 5 - 8,,,/\ oo °
-/ D PO 0 000Q00000000000000P000000Q00000000000000000000000000000
4 Y
-
3 O Experimental
= Theoretical Nu with thermally developping flow [3]
------ Shah and London fully developed for rect. Channels [5]
2 = == Gnielinski Turbulent [13]
== . Stephan& Preufler CHF [37]
=== = Stephan& Preufler CWT [37]
1 Shah and London developing for circ. Channels [5]
: Gnielinski Laminar [29] _ _ _
0

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Re

Figure 5.8 Experimental average Nusselt number and calculated Nusselt number
through conventional correlations versus Reynolds number (Ch6)

The comparison of experimental Nu and predicted Nu using small scale correlations
is presented in Table 5.8. Unlike Ch7, small scale correlations show better agreement
with experimental Nu . Garimella’s correlation showed a good match which is within
15% up to Reynolds numbers equal to 1000. For Re > 1000, this correlation
overestimates the data. This is due to the experimental data used for the correlation.
The flow entered the transition regime gradually at Reynolds ranging between 800

and 2000 in Garimella’s experimental work [19]. Peng et al.’s correlation shows
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good agreement for a high Reynolds number range, 1050<Re, and predicted the data

within 11% deviation limits in this Re range.

Table 5.8 Experimental and calculated Nu using small scale correlations (Ch6)

Re Exp. Choietal. Pengetal. Wang  Garimella[19]

[38] [14] &Peng [EXp.

[EXp. IEXp. [12]

TEXp.
346 4.02 0.41 0.58 0.39 1.14
429 4.55 0.46 0.59 0.41 1.02
519 441 0.60 0.68 0.49 1.07
521 4.34 0.61 0.69 0.50 1.09
601 4.75 0.66 0.69 0.51 1.02
687 4.88 0.75 0.73 0.55 1.02
849 5.24 0.90 0.78 0.61 1.03
855 4.99 0.95 0.82 0.65 1.09
928 4.92 1.06 0.88 0.70 1.15
1013 5.52 1.05 0.83 0.67 1.09
1079 4.98 1.25 0.96 0.78 1.26
1175 5.08 1.36 0.99 0.82 1.32
1177 4.97 1.39 1.01 0.84 1.35
1269 5.20 1.45 1.01 0.85 1.37
1334 5.24 1.53 1.04 0.89 1.44
1532 5.42 1.73 1.09 0.95 1.57
1599 5.49 1.80 1.11 0.97 1.63
1732 5.71 1.88 1.11 0.99 1.68
Min. Diff. (%) 5.2 1.3 1.2 2.1
Max. Diff. (%) 88 42 61 68

Figure 5.9 shows the experimental Nu and calculated Nu from small scale
correlations for visualization purposes. Choi’s correlation is very steep and linear
over this Reynolds number range. It shows no agreement at all with the experimental
Nu. Wang and Peng’s correlation is for turbulent flow with Reynolds number larger
than 1500 as indicated in Table 2.7. Even though the flow is not turbulent, Wang and
Peng’s correlation shows good agreement for the high Re range. Additionally, it is
observed that Peng et al.’s correlation is quite sensitive to the distance between

channels by looking at the difference in its trends between Figure 5.6 and Figure 5.9.
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Figure 5.9 Experimental average Nusselt number and calculated Nusselt number
through small scale correlations versus Reynolds number (Ch6)

Figure 5.10 shows local Nu versus x* for different thermocouple locations. Unlike
Ch7, the scatter for low flow rates is quite small. The possible reasons for the scatter
are small temperature variations along the channel due to uncertainties in
temperature measurements. Pr is very sensitive to changes in temperature and a
small change in temperature may shift the x* value. Nevertheless, the scatter is small
and the thermally developing effect is clearly present in Figure 5.10. The
experimental Nu is lower than theory for x* larger than 1.0 which indicates the flow
is not thermally fully developed despite the experimental errors. However, the slope

decays significantly after x* equals to 0.4.
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Figure 5.10 Local Nusselt number versus x* (Ch6)

5.2.3. Minichannel 3 (Chb)

Table 5.9 shows the experimental Nu values and normalized predicted Nu values
using conventional correlations by dividing by experimental Nu values. It is
observed that conventional correlations failed to predict accurately the experimental
Nu values. The Shah and London correlation for fully developed rectangular
channels predicted the closest values with 65% overestimation. Other correlations
generally predicted twice the experimental data. The sudden experimental Nu drop is
curious considering experimental Nu of flow in other minichannels. A possible
reason for this might be deviation of the actual boundary condition from a constant
heat flux boundary condition. Constant heat flux boundary condition assumes a
uniform heat flux from all surfaces. In the experiments, the heaters were placed on
the outer surface. On the other hand, experimental average Nusselt number is
evaluated using heat transfer area inside the minichannels. As hydraulic diameter
increases, the temperature along the wetted perimeter might not be constant due to
temperature variations because of the existence of the inner walls in multiport
minichannels in addition to experimental uncertainty. Therefore, H1 boundary

condition might not be fully applied for the experimental study. This implies that the
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temperature at heated surface might be higher than the inner wall especially for

larger diameter multiport minichannels. Since the temperature on the heated surface

is measured, the calculated Nu values might be relatively lower. It is believed that

this effect increases as hydraulic diameter increases. Nevertheless, evaluation of

average Nusselt number through this approach is important to determine heat transfer

with conventional methods. The experimental Nu values of flow inside multiport

minichannels with diameters 1.42 mm from [33] and 2.06 mm from [28]are similar

to those in the present minichannels. In other words, the correlations also over

predicted these Nu results in accordance with current experimental Nu values.

Table 5.9 Experimental and calculated Nu using conventional correlations (Ch5)

Re Exp.! Theo.? S&PHF® S&PWT* S&LTD® Gni.® S&LFD’

[EXp [EXp JEXp JEXp [EXp [EXp

277 1.89 218 2.07 2.49 2.45 2.06 2.16
330 211 1.96 1.89 2.27 2.22 1.88 1.94
413 225 185 1.82 2.19 2.12 1.81 1.82
413 229 182 1.78 2.14 2.08 1.77 1.79
489 244  1.70 1.71 2.05 1.98 1.69 1.67
551 235 177 1.81 2.16 2.08 1.79 1.74
600 240 174 1.80 2.15 2.06 1.78 1.71
702 263 1.60 1.69 2.00 1.91 1.66 1.55
698 246 171 1.81 2.14 2.05 1.78 1.66
833 263 161 1.76 2.07 1.97 1.73 1.56
880 240 176 1.96 2.29 2.18 1.92 1.70
980 250 171 1.95 2.25 2.13 1.89 1.64
982 249 171 1.96 2.26 2.14 1.90 1.64
1057 250 171 1.99 2.27 2.16 1.92 1.64
1131 253 170 2.02 2.29 2.17 1.95 1.62
1224 248 174 2.12 2.38 2.25 2.03 1.65
1321 260 1.67 2.06 2.29 2.17 1.96 1.57
1378 255 171 2.14 2.36 2.24 2.03 1.60
Min. Diff. (%) 61 69 100 145 69 55
Max. Diff. (%) 118 114 149 91 106 116

TExp. indicates experimental results

“Theo.indicates theoretical results with thermally developing flow (2.19)
*3&P HF indicates Stephan & Preusser with CHF boundary condition (2.20)
*S&P WT indicates Stephan & Preusser with CWT boundary condition (2.21)
*S&L TD indicates Shah and London with thermally developing flow (2.22)
®Gni. indicates Gnielinski laminar flow (2.23)

'S&L FD indicates Shah and London fully developed flow (2.14)
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In Figure 5.11, the experimental and theoretical values from conventional

correlations are illustrated. The experimental Nu follows a constant term after a

slight increase in the small Reynolds number range. The developing effects are quite

small compared to Ch6 and Ch7 for flow inside Ch5 due to a higher hydraulic

diameter. Therefore, none of the correlations with developing effects were successful

at catching the trend of Ch5. Moreover, no indication of early transition was

observed. The precision of the repeated data is very high and these data are almost

identical.
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Figure 5.11 Experimental average Nusselt number and calculated Nusselt number
through conventional correlations versus Reynolds number (Ch5)
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Comparison of the Nu value predictions of small scale correlations and experimental

Nu values are given in Table 5.10 and demonstrated in Figure 5.12. Similar to Ch7,

none of the small scale correlations showed good agreement with the experimental

Nu. The experimental values are approximately constant and show no dependency

on Reynolds number like small scale correlations. Since the incline of experimental

Nu is small, constant Nu for this channel can be evaluated. By averaging

experimental Nu by excluding the first and second data where a slight gradual

increase in Nu occurs, a constant Nusselt number is evaluated to be 2.47 for Ch5.

Table 5.10 Experimental and calculated Nu using small scale correlations (Ch5)

Re Exp. Choietal. Pengetal. Wang Garimella[19]
[38] [14] &Peng [12] [EXp.
[EXp. IEXp. IEXPp.
277 1.89 0.67 1.50 0.69 2.25
330 2.11 0.74 151 0.72 2.03
413 2.25 0.91 1.63 0.81 1.94
413 2.29 0.89 1.59 0.79 1.90
489 2.44 1.01 1.65 0.84 1.82
551 2.35 1.21 1.86 0.97 1.92
600 2.40 131 191 1.02 1.93
702 2.63 1.42 1.91 1.04 1.84
698 2.46 1.52 2.05 1.12 1.98
833 2.63 1.75 2.14 1.20 2.01
880 2.40 2.05 2.43 1.38 2.25
980 2.50 2.24 2.50 1.45 2.32
982 2.49 2.25 2.52 1.46 2.33
1057 2.50 2.44 2.61 1.54 2.45
1131 2.53 2.63 2.71 1.61 2.56
1224 2.48 2.94 2.90 1.75 2.79
1321 2.60 3.03 2.88 1.76 2.82
1378 2.55 3.26 3.02 1.86 3.02
Min. Diff. (%) 226 50 1.8 82

Max. Diff. (%) 1.1 202 86 202
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Figure 5.12 Experimental average Nusselt number and calculated Nusselt number
through small scale correlations versus Reynolds number (Ch5)

Local Nu results over the dimensionless axial length are visualized in Figure 5.13.
The decline rate at low Re range is smaller than for Ch6 and Ch7 due to the observed
smaller thermally developing effects. The local Nu results at the thermocouples
locations generally follow a trend except TC3. The large scatter in Nu at TC3
indicates a possible temperature measurement error. Additionally, local Nu at TC2 is
also higher than other Nu values even though it is constant. This might be due to
uncertainties and temperature variation in peripheral direction as has been noted
before. Considering these facts, most of the experimental Nu values are between 2

and 3 which are in accordance with average Nusselt number values in Table 5.9.
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Figure 5.13 Local Nusselt number versus x* (Ch5)

5.2.4. Comparision of Minichannels

Like experimental Po results, the experimental Nu values are normalized by dividing
by conventional values which are estimated using theoretical Nu with thermally
developing flow (Eqn. (2.14)) and Shah and London correlation for fully developed
flow inside rectangular channels (Eqn. (2.19)). For comparison, theoretical Nu
values with thermally developing flow and the Shah and London correlation for fully
developed rectangular channels are shown together to visualize the magnitude of
thermally developing region effects. The experimental Nu divided by the theoretical
Nu is illustrated in Figure 5.14. Ch5 has lower normalized values compared with
Ch6 and Ch7 due to its largest hydraulic diameter. The values for other minichannels
are close to unity and approximately within 20% error limit with theoretical
thermally developing flow. The difference between normalized values of fully
developed predictions and thermally developing correlation predictions is largest for
Ch7 due to smallest hydraulic diameter. On the other hand, the magnitude of this
difference for Ch6 is quite close to the difference for Ch7. On the other hand,
thermally developing effects are almost unseen for Ch5 due to lower x* values. At
low Re range, theoretical values overestimate experimental Nu results for all

minichannels even though the values converge to a constant in the higher Re range.
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The convergence rate is found to be according to hydraulic diameter. Specifically,

Ch5 having the largest diameter converges fastest while Ch7 having the smallest

hydraulic diameter converges the slowest.
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Figure 5.14 The ratio of experimental Nu to theoretical Nu for thermally developing
flow (TD) and fully developed flow (FD) versus Re for all minichannels

The average heat transfer coefficients in the laminar regime for all channels are

shown in Figure 5.15. Similar results can be drawn as with the Nu vs Re discussion

for all minichannels. An interesting point is that the average heat transfer coefficient

of Ch6 is larger than that for Ch7 although its hydraulic diameter is smaller. The

reason behind this is the difference in aspect ratio as shown in Table 3.1. Due to its

smaller aspect ratio, the heat transfer convection coefficient in Ch7 is the largest.
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Figure 5.15 Average heat transfer coefficient versus Re for all minichannels

5.2.5. Conventional Correlations

Six different theoretical correlations are used to predict the experimental data and
applicability of these correlations for the tested minichannels are investigated. The
accuracy of the correlations to predict the data and precision to follow the trends with
geometric characteristic properties are summarized in Table 5.11. The geometry for
most of the correlations is circular. Therefore, trends of the correlations are more
meaningful for comparison rather than exact agreement. The laminar Gnielinski
correlation and Shah and London correlation for thermally developing flow predicted
the trend of experimental Nu very good for Ch7 and Ch6. However, these two
correlations do not follow the trend of experimental Nu of Ch5 where developing
effects are not as critical as for Ch6 and Ch7. One of the possible explanation for this
could be that could be differences in dimensionless axial thermal distance for the
flow inside the minichannels. However, the distribution of x;,;, values are quite
similar for all minichannels as observed in Figure 5.16. Therefore, the difference in
thermal development is probably due to different hydraulic diameters of the
minichannels. The aspect ratio is different for all channels but cannot be the cause of
different thermally developing effects because the aspect ratio of Ch6 and Ch7 are
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close. Another interesting point is that the Stephan & Preusser correlation with
constant wall temperature boundary condition estimated the trend of experimental
Nu of Ch6 and Ch7 better than the Stephan & Preusser correlation with constant heat
flux boundary condition despite the fact that constant heat flux boundary condition
was applied during the study. Both Stephan & Preusser correlations overestimated
the thermally developing effect in Ch5 like the laminar Gnielinski correlation and
thermally developing Shah and London correlation. Theoretical Nu values with
thermally developing flow from Table 2.5 predicted data within acceptable error
limits for Ch6 and Ch7. On the other hand, it could not follow the experimental
Nuover Re as well as laminar Gnielinski correlation and Shah and London for
thermally developing correlation for Ch6 and Ch7. For Ch5, all correlations
overestimated the experimental Nu. However, the theoretical Nu with developing
flow correlation and fully developed Shah and London correlation for rectangular

channels estimated the trend of experimental Nu quite well.

According to these results, the laminar Gnielinski correlation and the thermally
developing Shah and London correlation best predicted the trend of data for channels
with hydraulic diameters between 1.3 mm and 1.7 mm. However, these correlations
should be multiplied by a correction factor according to the aspect ratio of
rectangular minichannels to improve their accuracy. The author suggests the
correction factors in Table 5.12. Using the suggested correction factor, the
correlations are able predict experimental values within 11% error limits for all data

except that in the low Re range.
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Table 5.11 Agreement and accuracy of predicted Nu with experimental
Nu considering geometry properties of channels

Ch7v Ché Chb
Trend  Accuracy  Trend Accuracy Trend Accuracy
1 slight L
Theo. average agreement average underestimation V&Y good overestimation
S&P HF? poor overestimation poor agreement poor overestimation
3 L slight L
S&P WT good  overestimation  good overestimation poor overestimation
4 S slight L
S&L TD" very good overestimation very good overestimation poor overestimation
. L high L
5
Gni. very good overestimation very good agreement poor overestimation
S&L FD° poor agreement poor underestimation  very good overestimation
a 0,89 0,41 0,52
Dy, (mm) 1,3 1,66 2,27

Theo.indicates theoretical results with thermally developing flow

’S&P CHF indicates Stephan & Preusser with constant heat flux boundary condition

3S&P CWT indicates Stephan & Preusser with constant wall temperature boundary condition
*S&L TD Indicates Shah and Londan with thermally developing flow

°Gni. indicates Gnielinski laminar flow

®S&L FD indicates Shah and London fully developed flow
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Table 5.12 Correction factors for conventional correlations for Ch6 and Ch7

Ch7 Ché

S&L TD* 0.68 0.91
Gni.? 0.74 1.00
o 0.89 0.41

IS&L TD Indicates Shah and Londan with thermally developing flow
%Gni. indicates Gnielinski laminar flow

5.2.6. Small Scale Correlations

The Choi correlation is very dependent on Re as shown in Table 2.7. There is a very
steep incline in the laminar range. For small scale channels used in Choi’s work [39],
the thermally developing effect is not considered during Nu evaluation even though
x* is less than 0.03 for some data. However, the slope of the incline is very high to be
considered as an effect of a developing flow. Therefore, for Choi’s results the author
suspects an early transition due to experimental error, high relative roughness or
undiscovered tripping at the inlet of the channel since no Reynolds dependency

except developing effects were observed in the current results.

The Peng et al. correlation is different from the other correlations if the terms in the
correlation are considered. It contains a geometric term which is the hydraulic
diameter divided by the distance between channel mid points to consider port effects
of the channels. This correlation was able to predict the high Re range in the laminar
region for Ch6 however it overestimated Ch5 and Ch7. This is due to a shift caused
by the mentioned geometric term. Moreover, the correlation assumes the heat
transfer convection coefficient to be dependent on Re and the flow to be fully
developed by not including any axial length term in the correlation as demonstrated
in Table 2.7. On the other hand, the x* values of the tested channels are between 0.01
and 0.5, which can be considered the thermally developing region for conventional
channels. The non-constant values of Nuvalues in the correlation, which is
considered as a Reynolds number dependency, might also be thermally developing
effect.
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The Garimella correlation is a lengthy correlation which includes thermally
developing effects and is valid for laminar, transition and turbulent regimes. The
transition gradually starts in the Reynolds number range 800<Re<2000 for this
correlation. For current experimental Nu values, the Garimella correlation somewhat
predicted the trend of Nu up to a Reynolds number between 800 and 1000 for all
minichannels. After this Reynolds number range, it failed to follow the experimental
Nu values. For Ch6, the predictions of the correlation are quite close to measured
values although it overestimates the results for the other two minichannels. A
correction factor for different aspect ratios can be considered similar to the discussed

conventional correlations for this Re range.

The Wang correlation is suggested by replacing the 0.023 constant of the Dittus-
Boelter turbulent correlation [13] with 0.00805 and is suggested for turbulent flow
for Reynolds number larger than 1500. The critical Reynolds number is defined as
between 400 and 1000 in their experimental study. However, since this Reynolds
number range coincides with that for the laminar region of conventional channels,
the correlation is included for comparision. Despite that it is for turbulent flow, the
correlation provided more accurate predictions than the other small scale correlations
except the Peng et al. correlation for Ch6 and showed a somewhat similar trend with

the results of all minichannels for the Reynolds number range, 1000<Re<2000.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

6.1. Summary

Heat transfer in small channels is becoming more important owing to their enhanced
heat transfer characteristics. However, fluid flow and heat transfer characteristics are
not clearly established for single phase fluid flow inside minichannels and there are
still wide discrepancies and question marks about this issue within the literature.
Some studies suggest conventional channel theory is not adequate and new
correlations are required for heat transfer and fluid flow inside minichannels whereas
other studies support that conventional theory applies. Therefore, the aim of this
study is to determine the fluid flow and heat transfer characteristics of single phase
fluid flow inside three minichannels to further investigate these discrepancies after a
detailed literature review. Rectangular minichannels are tested due to the large
number of investigations in the literature focused on circular minichannels. In this
study the port numbers of the tested minichannels are different from each other to
observe its effects on fluid flow and heat transfer. The laminar regime is studied
within the scope of this study owing to the larger discrepancies in this regime

compared to the turbulent regime.

The fundamentals of the fluid flow and heat transfer particularly for tested channels
are briefly explained in separate sections. Pressure losses increase rapidly as
hydraulic diameter decreases; thus, the flow inside minichannels is usually limited to
the developing region to minimize pressure losses. Therefore, conventional heat
transfer correlations both for developed flow and developing flow are reviewed.
Furthermore, the small scale correlations from literature review are also provided in

tabular form for comparison of results. Fluid flow characteristics for developing and
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developed flow are also provided. Additionally, small scale correlations from the

literature review section are gathered and presented in tabular form.

A new experimental test set-up is constructed with available equipment in the lab and
a limited project budget. The properties of equipment are explained. After designing
the test cycle, assembly of the components, manufacturing of new parts, and

calibration of the equipments are explained in detail.

The scope of the study is single phase fluid flow and heat transfer in the laminar
region and experimental conditions are provided to view the limits of the study. The
approach taken and procedures followed during the experimentation are explained in
detail. Repeatability analysis is also performed for several data for each channel and
relatively good repeatability is observed. Uncertainties are evaluated to distinguish
differences between the experimental results and theory due to experimental errors
and physical deviations. In additional to the mentioned chapter on theory, the

calculations used for data reduction are also explained explicitly.

After experimental investigation of the three minichannels, the data are reduced to
meaningful parameters. The reduced data are considered and discussed separately in
two sections: fluid flow section for pressure drop and heat transfer section for
cooling. First, the results from each minichannel are discussed separately.
Subsequently, a comparison is made between fluid flow and heat transfer results for
all minichannels. The applicability of conventional theory to these experimental

results is discussed. The applicability of small scale correlations is also examined.
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6.2. Conclusions

Based on the experimental data for all three minichannels, the following conclusions

are drawn on fluid flow and heat transfer:

Poiseuille theory for developing flow holds for almost all data for all minichannels
considering the uncertainties and deviation at low Re. Hence, the pressure drop in

minichannels can be roughly evaluated using Po theory with developing flow.

Effects due to developing flow are found to be most important for smaller hydraulic
diameter channels. As the hydraulic diameter increases, incline in Po versus Re due
to developing effect decreases. The effects of developing flow might be higher for

smaller minichannels.

Only flow in Ch7 entered the turbulence region at a critical Reynolds number
between 1800 and 2000. The transition from laminar to turbulence was clearly
observed for both fluid flow and heat transfer results. The flow in other minichannels
was in the laminar region. Therefore, it is concluded that flow is laminar for these
minichannels and similar to tested minichannels for Reynolds number range, Re <

1800 reported in the literature..

Several different conventional correlations predicted the trends for all minichannels.
For Ch6 and C7, the laminar Gnielinski correlation and the thermally developing
Shah and London correlation best predicted the trends of the results whereas the
theoretical Nu with developing flow best predicted the results of Ch5. The difference
is believed to be due to thermally developing effect. Like fluid flow, developing
effect is more critical for smaller hydraulic diameter channels according to the

results.

The geometry of channels for Gnielinski correlation and thermally developing Shah
and London correlation are circular whereas the minichannels in this study are
rectangular. The effect of geometry should be corrected to improve their accuracy for
the rectangular channels. Therefore, correction factors should be applied to the

laminar Gnielinski correlation and thermally developing Shah and London
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correlation. A correction factor set for these two correlations is suggested to be used

with rectangular channels with similar aspect ratio based on the experimental results.

Among the small scale correlations, the Garimella correlation which accounts for
developing flow followed the experimental trends up to Re of 800. After this range,
the correlation predicts the flow to enter the transition region but this is not the case
for any minichannels tested. The Peng et. al. correlation only provided good
agreement with experimental results for Ch6 for large Re but showed very poor
agreement for the other channels for all Re. Furthermore, the Choi correlation over
estimated all experimental data whereas the Wang and Peng correlation showed
somewhat similar agreement with the experimental Nu trends. The small scale
correlations except for Garimella do not account for thermally developing effects
which is believed to be the source of the Nu dependency on Re in the laminar
regime. In conclusion, only the Garimella correlation with a correction factor applied
is found appropriate for the tested minichannels. Lastly, no signs of Nu dependency

on Re is observed excluding the thermally developing region.

The port number effect on heat transfer and fluid flow effect was found to be not
obvious for the tested channels because of different hydraulic diameter. In other
words, it was difficult to draw a clear conclusion how different port numbers affect
the results. For better investigation of port effect, it was found that channels with
fixed hydraulic diameter but different port number are needed. Otherwise, hydraulic
diameter becomes dominant factor and hydraulic diameter is found to be the most

important geometric factor in the scope of this study.
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6.3. Future Work

Several modifications are suggested to improve the accuracy of the results or extend

the scope the work and are summarized below:

e The equipment used in the test set-up are mostly available equipment in the
laboratory. Therefore, the implementation of new equipment with higher
sensitivity will increase the accuracy of the results and decrease the

uncertainty, especially at low Reynolds number range.

e The Reynolds number range in this experimental work only includes the
laminar regime. Purchase of a gear pump with higher discharge flow rates
would extend the Reynolds range to cover the transition and turbulent
regimes. As a result, fluid flow and heat transfer characteristics of flow in the

transition regime and turbulent regime can be investigated.

e By using different channel configuration, geometrical effects can be
investigated more extensively. Some possible investigation may be performed
by varying one and fixing two of the following properties for rectangular
multiport minichannels: port number, hydraulic diameter and aspect ratio.
Afterwards, a heat transfer correlation might be suggested for flow with

similar geometric properties.

e Vacuum conditions around the test section can be applied to overcome any
possible natural convection heat loss and thermal energy storage in the

insulation.

o Different types of fluids such as liquid R-134 or propanol can be used to

verify that results are also applicable to other fluids.

e A low voltage high current DC power supply can be purchased for directly

heating minichannels by using its wall as a resistance.
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APPENDIX A

INTERPOLATION EQUATIONS FOR POISEUILLE
NUMBER AND NUSSELT NUMBER

The coefficients of approximate interpolation equation [3], Egn. (A.1), for Poiseuille
number (Po) for developing flow is presented in the Table A.1. For intermediate
values of aspect ratios, use linear interpolation.

a+c(xH +e@xh)

PGS +d ) +f )®

(A1)

Table A.1 Interpolation equations for Table 2.2[3]

Constants
Equations a b ¢ d e f
a=1.0 14197 —7.0603 2603 1431.7 14364 —220.77
a=0.5 142.05 —54166 1481 1067.8 13177 —108.52
a=0.2 142.1 —7.3374  376.69 800.92 14010 —33.894
0=0.1 286.65  25.701 337.81 1091.5 26415 8.4098

The coefficients of approximate interpolation equation [3], Eqn. (A.2), for fully
developed Nusselt number for three side heated (Nusg 3) and four side heated channels
(Nusg,4) is presented in the Table A.2.

a+co+ea?

Nues =
Yra 1+ba+da?+fa

(A2)
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Table A.2 Interpolation equations for Table 2.4 [3]

Constants
Equations a b ¢ d e s
NUqs 8.2321 2.0263 1.2771 0.29805 2.2389 0.0065322
N U 82313 19349 —2.295 0.92381 7.928 0.0033937

The coefficients of approximate interpolation equations [3], Eqn. (A.3) and Eqn.
(A.4), for developing Nusselt number (Nu) for four side heated channels is presented
in the Table A.3. Use Eqn. (A.4) for a=1 and Eqn. (A.3) for other a values in Table

A.3. For intermediate values of aspect ratios, use linear interpolation.

a+c(x*)+e(x*)?

Nu = A.3
CTTF D) +d )2+ f (x0)? (A3)
Nu=a+b(x*) +c(n(x"))? +d(n(x*)) + e (x*)~5 (A4)
Table A.3 Interpolation equations for Table 2.5 [3]
Constants
Equations «a b c d e f
a=0.10 36.736 2254 17559 66172 555480 1212.6
0=0.25 30.354 18754 13842 154970 783440 —8015.1
0=0.33 31.297 21313 14867 144550 622440 —13297
0=0.50 28.315 3049 27038 472520 1783300 —35714

a=1.00 6.7702  -3.1702  0.4187 2.1555 276 x 107 NA
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APPENDIX B

DETAILS OF THE COMPONENTS IN THE

EXPERIMENTAL SET-UP

It should be noted that information about most of the components in this

experimental set-up are identical with data in two former MSc. Students’ theses [41],

[42] because several same components are used for the experiments.

B.1. REFRIGERATED CIRCULATING BATH

The technical details of the bath used for conditioning coolant in the cycle are given

below [43].
Brand Name:

Catalog Number:

Bath Capacity:

Temperature Range:

Temperature stability:

Temperature control:
Temperature setting

Temperature display:
Temperature sensor:

Cooling capacity:

Wattage:

Cole Parmer

KH-13500-30

7 Liters

-40 to 200°C

+0.01°C

PID

Digital

LED

100 Q Pt RTD

800 W @ 20°C, 650 W @ 0°C, 500 W @ -10°C

2550 W total, 2000 W heater
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Pressure pump: Max flow 15 L/min, Max head 5 psi

Compressor: 1/2 hp

Refrigerant: R-404A

Bath opening: 65/8"x71/4”

Working depth: 6"

Overall dimensions : 26 5/8"W x 11 3/8"H x 18 7/8"D
Power Input: 230 VAC, 50 Hz

Amperes: 12 A

B.2. DIGITAL GEAR PUMP SYSTEM

The technical details of the gear pump used to pressurize the cycle are presented
below [44].

Brand Name: Cole Parmer

Catalog Number: KH-74014-55
Wetted parts Body: 316 SS
Gears: PPS

Seals: PTFE

Flow rate: 0.316 mL/rev

18.96 mL/min at 60 rpm

1137.6 mL/min at 3600 rpm

Differential pressure 75 psi (max)
Max system pressure 300 psi

Max temperature 40°C (system)
Temperature range -46 to 54°C
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Port size 1/8" NPT(F)

Viscosity 0.2 to 1500 cp
Dimensions 7 3/4"L x 11 1/2"W x 7 1/4"H
Power 220 VAC

B.3. COMPACT PRESSURE TRANSDUCER

The technical details of the compact pressure transducers used to measure pressure

values at the inlet and exit of test section are presented below [50].

Brand Name: Cole Parmer
Catalog Number: KH-68347-40
Output 4-20 mA
Process connection 1/4" NPT (M)
Range 200 psia
Accuracy 0.5% full scale
Power 810 30 VDC

B.4. RTD PROBE

RTDs are used in both cycles to determine the temperature at the inlet and exit of

channel to determine fluid temperature [48]

Brand Name: Cole Parmer
Catalog Number: KH-08117-80
Temp range: -50 to 500°C
Probe length: 2"

Diameter: 0.093"
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Time constant: 10 seconds

Sheath material: 316 SS

B.5. THERMOCOUPLE WIRE

Thermocouples are used to measure the wall temperature of channel in which fluids
flow [49].

Brand Name: Cole Parmer

Catalog Number: KH-08542-04

Length: 1000 ft

Temp range: -200 to 204°C

Error limit: +0.75% reading from -200 to -65°C;

+0.5°C from -65 to 130°C

+0.75% reading from 130 to 350°C

Type: T

Advantages: Chemical, moisture and abrasion resistance
Gauge: 30

ID; 0.0100" (0.25 mm) dia

OD: 0.030" x 0.048"

Model: T30-2-506
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B.6. FLOWMETER

The details of the flowmeter used to measure flow rate in the cycle is presented
below [46].

Brand name: Flowtech
Model: DK®800S-6
Temp range: 0 to 60°C
Pressure range: up to 1 MPa
Accuracy: 2.5%

Flow range: 6 to 60 It/h
Weight: 0.45 kg

B.7. DIFFERENTIAL PRESSURE TRANSDUCER

The details of differential pressure transducer for measuring pressure drop along the

channel is provided below [51].

Brand Name: Validyne

Catalog Number: 1-N-1-28-S-4-A
Dimensions 1.5"L x 1.5"W x 4.5"H
Output +5 Vdc @0.5 mA
Operating temperature -65 to 250°F (-54 to 121°C)
Process connection 1/8" NPT(F)

Range +0.08 to £3200 psid
Accuracy +0.25% full scale

Power 9 to 55 Vdc
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B.8. DC POWER SUPPLY

The details of DC power supply for powering data acquisition system is provided

below [52].
Brand Name:
Catalog Number:
Voltage:

Current:

MCH Technic
MCH 305D-2 DC Power Supply
0-30V Adjustable

0-5A Adjustable

Dual-Output DC Power Source

Two Independent:

With Serial Button:

With Parallel Button:

Voltage

Stability

Load:

Recover Time

Ripple & Noise
Temperature Factor
Current

Current, Load Stability
Ripple & Noise
Working Condition

Line Power Supply

Operating Temperature:

Storage Temperature:

30V-5A
60V-5A
30V-10A
0 to Descripted Continuously Variable
Voltage: <0.01%+2mV
<0.0%+2mV
<100uS
<IMVRMS (efficent)
<300PPM/°C
0 to Descripted Continuously Variable
<0.2%+3mA

<3mArms

220V+10% 50/60Hz
-10°C to 40°C Moisture<90%

-20°C to 80°C Moisture<80%
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B.9. DATA ACQUISITION SYSTEM
The details of data acquisition system for measurement storage is listed below [68].
Brand Name: Agilent

Catalog Number: 34970A Data Acquisition / Switch Unit

Slot 3

Interface GPIB and RS232

Multimeter Digital and internal with 6 1/2-digit (22-bit)

Scanning up to 250 channels per second

Modules 8 switch and control plug-in

Memory 50k readings

Alarm Hi/Lo on each channel

Measurement Thermocouples, RTDs and thermistors, ac/dc volts and

current; resistance; frequency and period

Software Free Bench Link data logger software enables tests

without programming

Brand Name: Agilent
Catalog Number: 34901A 20-Channel Multiplexer + 2 Current Channels
Module

(Built-in thermocouple reference junction)

Model description: 34901A 20 ch Multiplexer+ 2 current channels
Type 2-wire armature (4-wire selectable)
Speed(ch/sec) 60

Max volts 300V

Max amps 1A
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B.10. VARIABLE TRANSFORMER (VARIAC)

The details of variable transformer for controlling the power of the heater is given
below [47].

Brand Name: Superior Electric
Catalog Number: 226U

Input Volts 240

Input hertz 50/60

Output Volts 0-280

Output max amps 7.5

Output max power 2.1 KVA

Weight 18 lbs

Phase Single phase

B.11. POWER ANALYZER

The details of power analyzer used to measure the power supplied to the heater is

given below.

Brand Name: AEMC Instruments

Type: True RMS Power Analyzer 3930

Current ranges: 0.1to 1.3 amps, 0.5to0 6.5 amps and 1.0 to 13 amps
Voltage ranges: 10 to 130 and 50 to 650 (Vms)

Supply: 58V, 100V, 127V, 220V and 380V

Dimensions: 13x7.1x12.1” (330x180x310 mm)

Weight: 2.7 kg

Accuracy: 1.5%
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APPENDIX C

THE TECHNICAL DRAWINGS OF THE MANIFOLD

The manifolds were manufactured from aluminum. After cutting the aluminum
blocks into rectangle blocks as shown in Figure C.1 and Figure C.2, the inner water
passage inside manifolds were manufactured using CNC machines. The four dots on
the outside corners of the upper cover were used for placing screws to attach upper
and lower covers. The inner two dots are just for showing the location of RTD and
pressure transducers which are attached on lower cover. The back side of the lower
cover were drilled and threaded for pipe connection. Similarly, two holes were
drilled and threaded on top surface of lower cover for RTD and pressure transducer
connection. The dimensions of these connections are presented in Figure C.3.
Additionally, the assembly of the manifold is shown in Figure C.3. The minichannel
was connected with the manifold at the shallow long passage inside the manifold

while piping was connected with the manifold at the back of the assembly.
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APPENDIX D

THE CALIBRATION TABLES AND GRAPHS FOR
MEASUREMENT DEVICES

The Table D.1 shows the data of gravimetric calibration. Qeaq and Qa¢ are actual
flowmeter measurement from calibration experiment and read flow meter value,

respectively.

Table D.1: Gravimetric calibration data for flowmeter

Qreaa (L/) ~ Weight (g) ~ Time(s)  Volume(L) Qact (L/N)  Qreas/Qacr
10 3670 1400 3.68 9.47 1.06
15 3895 970 3.91 145 1.03
20 3983 730 3.99 19.7 1.02
25 3962 570 3.97 25.1 1.00
30 3935 480 3.95 29.6 1.01
35 4054 410 4.07 35.7 0.98
40 4048 360 4.06 40.6 0.99
45 4068 320 4.08 45.9 0.98
50 3930 290 3.94 48.9 1.02
55 3996 260 4.01 55.5 0.99
60 4028 240 4.04 60.6 0.99
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Figure D.1: A sample calibration curve for a calibrated RTD

Table D.2: Calibration data for RTDs and Thermocouples

Tret CO) | Trc CC) | Trrp 6t (CC) | Tr1p intet (CC) | Tret CC) | Trc (CC) | Tr1p it (°C) | Tr1p intet (°C)
10.0 10.0 10.1 10.1 27.6 27.6 21.7 21.7
104 10.4 10.5 10.5 28.0 28.0 28.1 28.2
10.8 10.8 10.8 10.9 28.4 28.4 28.5 28.6
11.2 11.2 11.2 11.3 28.8 28.8 28.9 28.9
11.6 11.6 11.7 11.7 29.2 29.2 29.1 29.4
12.0 12.0 12.1 12.2 29.6 29.6 29.7 29.7
12.4 124 12.5 12.6 30.0 30.0 30.1 30.1
12.8 12.8 12.9 12.9 30.4 30.4 30.5 30.5
13.2 13.2 13.3 13.3 30.8 30.8 30.9 31.0
13.6 13.6 13.7 13.8 31.2 31.2 31.3 31.3
14.0 14.0 14.0 14.1 31.6 31.6 31.7 31.7
14.4 144 14.4 14.5 32.0 32.0 321 321
14.8 14.8 14.9 15.0 32.4 32.4 32.5 32.6
15.2 15.2 15.3 15.3 32.8 32.8 32.9 32.9
15.6 15.6 15.7 15.7 33.2 33.2 33.2 33.3
16.0 16.0 16.1 16.1 33.6 33.6 33.7 33.8
16.4 16.4 16.5 16.6 34.0 34.0 34.1 34.1
16.8 16.8 16.9 17.0 34.4 34.4 34.5 34.5
17.2 17.2 17.3 17.3 34.8 34.8 34.9 35.0
17.6 17.6 17.7 17.7 35.2 35.2 35.3 35.3
18.0 18.0 18.1 18.1 35.6 35.6 35.7 35.7
18.4 18.4 18.5 18.5 36.0 36.0 36.1 36.1

144




18.8 18.8 18.9 18.9 36.4 36.4 36.5 36.5
19.2 19.2 19.3 19.3 36.8 36.8 36.9 36.9
19.6 19.6 19.7 19.8 37.2 37.2 37.3 37.4
20.0 20.0 20.1 20.2 37.6 37.6 37.7 37.8
20.4 20.4 20.5 20.6 38.0 38.0 38.1 38.1
20.8 20.8 20.9 20.8 38.4 38.4 38.5 38.5
21.2 21.2 21.1 214 38.8 38.8 38.9 38.9
21.6 21.6 21.7 21.7 39.2 39.2 39.3 39.3
22.0 22.0 22.1 22.1 39.6 39.6 39.7 39.8
22.4 22.4 22.5 225 40.0 40.0 40.1 40.1
22.8 22.8 22.9 22.9 40.4 40.4 40.4 40.5
23.2 23.2 23.3 23.3 40.8 40.8 40.8 40.9
23.6 23.6 23.7 23.7 41.2 41.2 41.3 41.4
24.0 24.0 24.1 24.1 41.6 41.6 41.6 41.7
24.4 24.4 24.4 24.5 42.0 42.0 42.1 421
24.8 24.8 24.9 25.0 42.4 42.4 42.5 42.5
25.2 25.2 25.3 25.3 42.8 42.8 42.8 43.0
25.6 25.6 25.7 25.8 43.2 43.2 43.3 43.3
26.0 26.0 26.1 26.1 43.6 43.6 43.6 43.7
26.4 26.4 26.5 26.5 44.0 44.0 44.1 44.1
26.8 26.8 26.8 26.9 44.4 44.4 44.5 44.6
27.2 271.2 27.3 27.3 44.8 44.8 44.9 44.9

Table D.3: The calibration results for the CPTs
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PSI | 221 | 222 PSI | 221 | 222 PSI | 221(A) [ 222 (A)
0-200 psi gikis 0-200 psi inis 0-200 psi ortalama
0 0,003983 | 0,003985 0 0,003982 | 0,003989 0 0,003983 | 0,003987
1 0,004064 | 0,004063 1 0,004061 | 0,004065 1 0,004063 | 0,004064
2 0,004137 | 0,004136 2 0,00414 | 0,004143 2 0,004138| 0,00414
3 0,004212 | 0,004214 3 0,004216 | 0,004217 3 0,004214 | 0,004215
4 0,004291 | 0,004295 4 0,004298 | 0,004299 4 0,004295 | 0,004297
5 0,004366 | 0,00437 5 0,004376 | 0,004377 5 0,004371 | 0,004373
6 0,004445 | 0,004448 6 0,004453 | 0,004454 6 0,004449 | 0,004451
7 0,004524 | 0,004526 7 0,00453 | 0,00453 7 0,004527 | 0,004528
8 0,004601 | 0,004602 8 0,004606 | 0,004607 8 0,004603 | 0,004604
9 0,00468 | 0,00468 9 0,004683 | 0,004684 9 0,004681 | 0,004682
10 0,004759 | 0,004758 10 0,004764 | 0,004761 10 0,004761 | 0,00476
11 0,004838 | 0,004837 11 0,004841 | 0,004842 11 0,004839 | 0,00484
12 0,004917 | 0,004915 12 0,004918 | 0,004917 12 0,004917 | 0,004916
13 0,004997 | 0,004994 13 0,004996 | 0,004995 13 0,004997 | 0,004994
14 0,005078 | 0,005073 14 0,005078 | 0,005076 14 0,005078 | 0,005074
15 0,005152 | 0,005147 15 0,005156 | 0,005152 15 0,005154 | 0,00515
20 0,005543 | 0,005536 20 0,005551 | 0,005545 20 0,005547 | 0,00554
40 0,007121] 0,007114 40 0,007133 | 0,007124 40 0,007127 | 0,007119
60 0,008742 | 0,008733 60 0,008706 | 0,008695 60 0,008724 | 0,008714
80 0,010273 ] 0,01026 80 0,010282 | 0,010268 80 0,010277 | 0,010264
100 0,011859 | 0,011846 100 0,011862 | 0,011847 100 0,011861 | 0,011846
120 0,013432] 0,013416 120 0,013435] 0,013417 120 0,013433| 0,013417
140 0,01502 | 0,015001 140 0,015017 | 0,014993 140 0,015018 | 0,014997
160 0,016588 | 0,016564 160 0,016597 | 0,016574 160 0,016592 | 0,016569
180 0,018162 | 0,018146 180 0,018169 | 0,018148 180 0,018165 | 0,018147
200 0,019752| 0,019717 200 0,019747] 0,019723 200 0,019749 | 0,01972
221
250
y = 12682x - 50,417
R?=1
200 o
~ 150
&
g
8
“ 100
50
0 : : : :
0 0,005 0,01 0,015 0,02 0,025
Akim (A) [==221 (A) — Linear (221 (A))]

Figure D.2: The calibration curve for the CPT [equation (14)]
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Table D.4 The calibration results for the differential pressure transducer

bar \%

0,0 | 0,342348
0,5 0,88057
1,0 | 1,362816
1,5 1,85528
2,0 | 2,377242
2,5 | 2,746445

3,0 | 3,294953
3,5 | 3,660102
4,0 | 4,213051
4,5 | 4,685636
5,0 | 5,166647

w ~ 01 O

N

Pressure [kPa]

P55D Validyne 1-N-1-28-S-4-A
S/N 124413
Differential Pressure Transmitter

rd

3

/V

/ y = 1,0485x - 0,4153 |

R?=0,9993

/

& P55 Validyne

0 1 2 3 4

rx.1
Ot

Voltage [V]

Figure D.3 The calibration curve for the DPT
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APPENDIX E

THE RAW EXPERIMENTAL RESULTS

In this section, the raw data of the experiments are presented. Using these data, the
results of experiments can be used for repetition of experiments or benchmarking.
The raw experimental data are presented in 3 separate tables. These tables are

provided in the following pages as Table E.1, Table E.2 and Table E.3
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APPENDIX F

THE WATER PROPERTIES

The water properties during the experiments were found by using excel add-in for
water generated by using standard industrial standard IAPWS-1F97. Here, properties
of water were presented with comparison heat transfer book of Incropera et al. [13] .

Table F.1 Density of water for different temperature at a pressure of 0.9 bar

Density (kg/m?)
Incropera Relative
T(°C) APWS-IF97[65] [13] Difference

275 999.9 1000.0 0.01%
280 999.9 1000.0 0.01%
285 999.5 1000.0 0.05%
290 998.8 999.0 0.02%
295 997.8 998.0 0.02%
300 996.6 997.0 0.05%
305 995.1 997.0 0.19%
310 9934 993.0 -0.03%
315 991.5 991.1 -0.04%
320 989.4 989.1 -0.03%
325 987.2 987.2 0.00%
330 984.8 984.3 -0.06%
335 982.2 982.3 0.01%
340 979.5 979.4 -0.01%
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Table F.2 Specific heat of water for different temperature at a pressure of 0.9 bar

Specific Heat( ki/kg K)

Incropera Relative
T(°’C) APWS-IF97[65] [13] Difference

275 4.213 4211 -0.06%
280 4,201 4,198 -0.07%
285 4.193 4.189 -0.09%
290 4,187 4,184 -0.08%
205 4.184 4.181 -0.06%
300 4.181 4.179 -0.05%
305 4.180 4.178 -0.04%
310 4.179 4.179 0.01%
315 4.179 4.179 0.01%
320 4.179 4.180 0.02%
325 4.180 4.182 0.05%
330 4.182 4.184 0.06%
335 4.184 4.186 0.06%
340 4.186 4.188 0.04%

Table F.3 Thermal conductivity of water for different temperature at a pressure of 0.9
bar

Thermal Conductivity (W/m K)

Incropera Relative
T(°’C) APWS-IF97[65] [13] Difference

275 0.564581 0.574 1.64%
280 0.574082 0.582 1.36%
285 0.583516 0.59 1.10%
290 0.592769 0.598 0.87%
295 0.601733 0.606 0.70%
300 0.610318 0.613 0.44%
305 0.618454 0.62 0.25%
310 0.626091 0.628 0.30%
315 0.633196 0.634 0.13%
320 0.639754 0.64 0.04%
325 0.645761 0.645 -0.12%
330 0.651226 0.65 -0.19%
335 0.656163 0.656 -0.02%
340 0.660594 0.66 -0.09%
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Table F.4 Dynamic viscosity of water for different temperature at a pressure of 0.9
bar

Dynamic viscosity (N s/m?)

Incropera Relative
T(°C) APWS-IF97[65] [13] Difference

275 0.565 0.574 1.64%
280 0.574 0.582 1.36%
285 0.584 0.590 1.10%
290 0.593 0.598 0.87%
295 0.602 0.606 0.70%
300 0.610 0.613 0.44%
305 0.618 0.620 0.25%
310 0.626 0.628 0.30%
315 0.633 0.634 0.13%
320 0.640 0.640 0.04%
325 0.646 0.645 -0.12%
330 0.651 0.650 -0.19%
335 0.656 0.656 -0.02%
340 0.661 0.660 -0.09%

Prandtl number is generated by using its general equation:

ol

pr =2 (F.1)
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